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Abbreviations
Cool Roof Roof, that is coated with reflective or/and insulating coating

CPVC Critical Pigment Volume Concentration

CUI Corrosion Under Insulation

MCC Micro Crystalline Cellulose

PVC Pigment Volume Concentration

SRI Solar Reflectance Index

TDS Technical Data Sheet

TIC Thermal Insulation Coating

TPS Transient Plane Source

TSR Total Solar Reflectance

UHI Urban Heat Island

VOC Volatile Organic Compound

α Thermal diffusivity [m²/s]

e Thermal effusivity [W·s0.5/(m2·K)]

λ Thermal conductivity [W/m·K]
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1 Introduction
Thermal insulation coating (TIC) is not probably first thing that comes to mind when
thinking about rocket science. Thermal insulation coating development started with
NASA in the end of 1960’s when they needed to keep very cold fuel tanks cold so that
the liquid oxygen or nitrogen stayed in liquid form. Other need was to keep away intense
heat that occurred when shuttles entered back to earth’s atmosphere. [1]
TICs can obviously be used in many other interfaces or substrates than space shuttles.
Thermal insulation coatings can be applied everywhere where is needed to keep struc-
tures, buildings, or pipelines colder than ambient or inside temperature [2]. TICs are
versatile products. These coatings can be applied either inside or outside of the struc-
ture. Properties can include thermal insulation, heat reflectance, emittance, low thermal
conductivity, fireproofing, sound dampening and anti-condensation. All based on mi-
croscale particles filled with gas which prohibits the heat radiation to penetrate the ther-
mal insulation coating. [3]
Cool roof paint is coating that also reflects heat coming from sunlight. Cool roofs date
back to ancient times. In ancient Greece, cities had the first cool roofs which were
painted with chalk or lead white paint that reflected some of the heat from the sun. [4]
Energy demands are very high in modern cities because of the need of extensive heating
or cooling [5]. Urban heat island (UHI) effect occurs when many tall buildings become
hot and air temperature around those buildings raise [6]. Smog is one of the worst things
that is caused by UHI. With cool roofs temperature of buildings and ambient tempera-
ture around buildings is lowered and smog does not form as easily. [7]
Goal of this thesis was to test different insulation fillers and prepare functional thermal
insulation coating for industrial or residential uses. Only one filler was mixed with binder
when preparing the tested coatings. The relevance of this thesis is caused by the need
to create new environmentally friendly and energy saving technologies.
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2 Background
Coatings in general are used as decorative and functional. Functional coating has more
properties than classical decorative coating. It protects the substrate that it is applied
on but has additional function too [8]. This thesis is covering thermal insulation aspects
of functional coatings.
Global warming is making need to keep world cooler and thermal insulation coatings are
one easy and cheap answer to that need. To keep buildings cooler air conditioning is
needed. Usually, the peak energy demand of AC falls to only few hours of the day. This
means high stress to power distribution systems. Energy costs money and there is in-
crease in CO2 emissions if fossil fuels are consumed in energy production. Transmission
of heat through building can occur either inside or outside of the building depending on
the climate. In hot climates it is important to keep heat coming from solar radiation
outside of the buildings when in cold climates it is needed to keep the heat inside of the
building.
In Finland climate is not that hot, at least not yet, but global warming has brought very
hot summers to northern Europe. Keeping buildings colder than ambient temperature
is not main goal in Finland. Instead holding the warmth inside of the buildings during
winter is what can be done in cooler climates like in Finland. [9] In year 2019 Finland
used 26% of total consumed energy to heating spaces [10]. It is important to minimize
energy consumption and use only sustainable materials and methods to produce en-
ergy. Thermal insulating is needed more that before in building industry. To minimize
energy usage is the key factor. By adding thicker insulation materials energy can be
saved when heat does not transfer out of the structures. Thermal insulation coatings
properties and application possibilities should be studied wider to manufacture better
insulation coatings. Thermal insulation coatings are good alternative for mountable in-
sulations like rock or glass wool. TICs are economical, have excellent insulating proper-
ties and are easy to use on wide range of substrates. Due to used fillers in preparation
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of TIC, coating has thermal insulation properties like reflecting, radiating, and/or isolat-
ing the heat.
Legislation changes has made it mandatory to paint roofs with cool roof coatings in Cal-
ifornia, US [11]. In year 2008 European Council has launched EU Cool Roofs Council (EU
CRC) for promotion of cool roofs [12]. Figure 1 demonstrates cool roof coatings princi-
ple. It reflects and emits heat from sunlight, but some of the heat is absorbed inside of
the building. How much of the heat is absorbed depends on the reflectance and emit-
tance values of cool roof coating.

Figure 1 Cool roof principle [13].
This illustration applies also to thermal insulation coatings. TIC lowers thermal conduc-
tivity through the substrate. Coating absorbs heat but reflects and emits the heat and
reduces heat conductivity. One can say that the thermal insulation coating captures heat
inside of the coating but does not easily release it. TICs can be used to coat hot sub-
strates and it can provide safe touch thus protecting workers from burn injuries when
touching for example hot pipes. When manufacturing thermal insulation coating all the
used raw materials should have very low thermal conductivity.
TICs have been around for decades, but at the beginning products for residential users
were marketed with false promises and products were poor and overall opinion turned
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against these products. But as usual advances are made in science and now most of the
products do what they say they would, that is insulating.

2.1 Thermal insulation coating
Thermal insulation coating consists of binder, fillers, solvents, additives, and pigments.
Fire protection and other additives can be used to improve coatings functionality. It is
most ecofriendly and sustainable to make TIC from water-borne binders without or low
VOCs.
TIC provides thermal insulation to the surface by lowering surfaces thermal conductivity
and by reflecting heat back to atmosphere or inside of the structure depending on where
the heat is originating from. TIC has low thermal conductivity due to fillers that are used
in it [13]. TIC can be applied on either side of substrate. Painting substrate with TIC con-
serves energy. TIC dries fast and it is possible to be recoated quickly. It is easier to spray
complex substrates than mount traditional insulation. Corrosion under insulation (CUI),
can be minimized compared against normal mountable insulation like glass or rock wool.
TIC can also reduce condensation and sound. Thick layer of TIC can provide safe touch.
Safe touch means when hot surface is coated with TIC and someone accidentally touches
surface skin burning accidents will not happen in 5 seconds at 60 °C temperature [14].
Low thermal conductivity of coating can make even thin layer to provide necessary in-
sulation. The final coatings dry thickness can be anything between 0.5 and 50 mm.
Higher insulation properties can be achieved with increased thickness of multiple layers
of coating. First few millimeters of coating provide most of the insulating properties.
Usually, manufacturers promise maximum wet film thickness to be only 0.5 mm per
coat. Thicker wet films than that usually lead to film breaking if supporting fibers are not
used. Wet film thickness per coat can be as high as 5 to 8 mm according to one manu-
facturer. That is obtained by using for example glass fibers in coating. Very thick films
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have problems with impact resistance. Those films break more easily than thinner films.
TICs are made of very elastic binders, but the film can still break. Other limitations of TIC
are that there is usually need for multiple coats to obtain desired film thickness and
insulation properties. It takes longer to spray multiple coats if film thickness is low per
coat. Temperature must usually be over 0 °C to cure the film. Some manufacturers
promise even curing at subzero temperatures. Moisture is absorbed quickly by TIC and
it does not necessarily release absorbed water quickly enough that it will not affect ad-
hesion and mechanical properties of the coating. One major disadvantage is that TIC do
not handle extended water ponding, it can lead to film detachment from substrate but
that can be avoided by planning the slopes of substrates for example roofs, so ponding
does not occur [15]. Water-borne binders can cause flash rust. Flash rust effect happens
when water-borne coatings are applied on steel. Rusting starts immediately at the mo-
ment the coating is applied. Oxygen and water are the main cause of this effect. Flash
rust can be seen as small specks of rust instantly forming when water of coating comes
contact with metal substrate. [16] There are additives for coatings to minimize flash rust.
TICs can be of any color or TIC can be overcoated with tinted paint. White reflects the
most heat, so white is usually preferred if coating is used in sunlight as cool roof coating.
Gloss and hardness of TICs are very low. Dirt pick-up rate or cleanliness does not affect
the thermal insulation properties, but cool roof coatings reflectance suffers if there is
some other compound or dirt on top of the coating.
TIC functionality is based on the fillers. Fillers consist of closely packed small hollow par-
ticles with nanoscale pores inside particles. Density has to be low, that means that the
thermal insulation coating has lots of air in it. Hollow particles, like aerogel or micro-
spheres, are filled with gas, usually with air. Air does not conduct heat very well. Air has
thermal conductivity of 0.024 W/m*K [17]. These hollow particles form a layer of gas.
That layer acts as a barrier for heat and it blocks most of the forming heat channels or
thermal bridges.
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In Figure 2 is seen aerogel fillers network architecture.

Figure 2 Aerogel network [13].
Most of the thermal transfer is easily blocked by thermal insulation fillers but there are
very small openings where heat can still be transferred. Mean free path is the average
distance what a particle moves before it collides. Collision changes particles energy or
direction. Gas molecules inside nanoscale pores lose the ability to flow freely that leads
to vacuum state of the gas molecules. This leads to close to zero convection heat trans-
fer. The mean free path of air is 68 nm [18]. If the filler pore diameter is lower than the
mean free path the gas conductivity is also lower. If the gas conductivity is low so is the
thermal conductivity. Pore size distribution is also a factor for achieving low thermal
conductivity. [17,18]
Zhang et al. [19] have studied hollow glass microspheres and found that broken spheres
result as higher thermal conductivity. Broken spheres have lost gas that is inside of them
and broken pieces do not reflect as much heat, so all thermal insulation properties de-
crease. This applies also to aerogel. Polovnikov [20] studied hollow and full-bodied mi-
crospheres and found out that hollow spheres had lower thermal conductivity than full-
bodied. This finding is also based on the gas that is inside microspheres. When preparing
TIC, one has to mind about survival of filler particles. Insulating properties are dimin-
ished if the filler’s structure is broken. The amount and the size of the filler particles
affects also insulating properties. Larger particle size leads to higher thermal conductiv-
ity [13].



7

TICs apply methods of thermodynamics: conduction, convection, radiation and reflec-
tion [21]. Heat transfer theory states that solar radiation is mostly transferred as heat to
the object. When structure’s roof is under sunlight it absorbs heat from it. Heat is then
transferred from roof to inside of the building. That leads to higher room temperatures
in buildings and rising need for electricity of air conditioning machines. TIC is answer to
that problem. If roof or structure is coated with thermal insulation coating, most of the
heat from sun can be insulated or reflected before it has a chance to pass through the
coating. Heat transfers as combination of conduction, radiation and convection. Which
leads to three thermal insulation modus, called obstruction, reflection and radiation.
Depending on the thermal insulation filler, coating can be described as obstructive, re-
flective, radiative or composite thermal insulation coating. [13]
Obstructive thermal insulation coating is passive and resists heat transfer because of the
filler that is used like aerogel or ceramic spheres. Also, binder can function as heat trans-
fer blocker, but filler is the main reason for insulation. Obstructive TIC has low thermal
conductivity. These thick obstructive coatings are still most widely used TICs [13].
Reflective thermal insulation coating reflects heat in general. Total solar reflectance
measurements are used to determine reflectivity of the coating. Reflectivity can be ob-
tained by reflective fillers like hollow microspheres or pigments which have high reflec-
tance in visible light and near-infrared areas. Reflection happens on the surface of the
coating and therefore thicker film does not always mean better reflection properties.
Roughness of the film also affects reflection. Smooth film reflects better than rough film.
Reflecting TICs are slowly gaining obstructive TICs hold in the global market. [13]
Radiative thermal insulation coating emits absorbed heat back to atmosphere. Objects
that are exposed to sun’s radiation emit heat at the same time as it absorbs heat. If the
emittance is lower than absorbance the structure increases in temperature. If the emit-
tance is greater than absorbance the structure becomes cooler. Emitted energy is infra-
red radiation. In radiative thermal insulation coatings fillers can convert absorbed en-
ergy to molecular energy. Radiation from object through the atmosphere to the outer
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space happens mostly on wavelengths between 8 and 13 µm. Best fillers have high ab-
sorption in wavelengths between 8 and 13 µm but those are also expensive. Thermal
radiation can be modified by filler particle diameter, roughness of the film or concentra-
tion of the filler. [13]
Composite thermal insulation coating has a combination of previously mentioned meth-
ods. Best TICs have low thermal conductivity, can reflect heat and also emit absorbed
heat. Thermal insulation coating with titanium dioxide (TiO2) as reflecting pigment and
aerogel as functional filler to obtain low thermal conductivity is one example of compo-
site TIC. These composite TICs are the products of interest at the moment because the
prices of functional fillers, namely aerogel, are declining rapidly.

2.1.1 Thermal conductivity
Thermal conductivity, λ, is measure of material’s heat conducting properties. Low ther-
mal conductivity makes material to transfer heat slower. Many insulation materials de-
pend on the heat blocking effect of air [22]. Still air conducts poorly heat. Air has thermal
conductivity of 0.024 W/m·K [15]. Water has thermal conductivity almost 20 times
higher than air. So, moisture or excessive water that does not evaporate from coating
raises thermal conductivity. Structure’s colder parts have typically lower thermal con-
ductivity compared against hotter parts which have higher thermal conductivity. Lakatos
[23] has found out that ambient air has only small effect on thermal conductivity be-
tween −10 °C and 25 °C. Temperatures over 100 °C produces larger effects. Liu [24] has
studied that small aerogel particles are best option for forming small agglomerates in
coating. Smaller particles have higher interfacial thermal resistance. This leads to low
thermal conductivity.
Thermal conductivity and thermal diffusivity of solid matter depends on the structure,
density and porosity of material. Conductivity and diffusivity are also dependent on the
temperature and the pressure. [22,25]
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Thermal conductivity is a measure of the amount of the heat transferred through the
sample by conductive flow. Thermal conductivity can be calculated with Equation 1 [26].

λ α ρ (1)

where λ is the thermal conductivity (W/m·K)
α is the thermal diffusivity (m²/s)
Cp is the specific heat (J/m³·K)
ρ is the bulk density (kg/m³) of the coating

Thermal diffusivity describes the rate how heat disperses throughout an object. Thermal
diffusivity can be calculated by rearranging the thermal conductivity Equation 1 to Equa-
tion 2 [27].

α (2)

where α is the thermal diffusivity
λ is the thermal conductivity
CP is the specific heat
ρ is the density of the coating

This means that diffusivity is conducted heat divided by stored heat.
Thermal diffusivity can be measured by transient heat transfer method. This technique
records measurement and heat of the sample simultaneously. Transient sensors can be
used to quickly measure thermal conductivity properties. Measurements are made in
the scale from seconds to few minutes. Measuring of the thermal conductivity or diffu-
sivity can be done by transient plane source (TPS) method. [22,25]



10

TPS technique is a newer version of the hot-strip method. The hot-strip method is quite
same as the hot-wire technique. In hot-strip method the sensor is extended strip com-
pared to the wire in hot-wire technique. The strip is a metal foil inserted between two
samples. The hot-strip method is called also the hot-disk method and by the name of its
Swedish developer, the Gustafsson probe. With this method it is possible to measure
thermal conductivity and thermal diffusivity both at the same time. The contact re-
sistance can be removed in the analysis. Quickly repeated measurements give higher
conductivity or diffusivity values because of the heat stored in the sample after meas-
urement. That means even the measurement is quick the waiting period when heat dis-
appears from the sample is longer. With TPS method it possible to measure accurately
thermal conductivity between 0.005 and 500 W/(m·K) at temperatures from -243 to 927
°C, depending on the used sensor. TPS method is excellent choice for determining ther-
mal conductivity and thermal diffusivity of thermal insulation coatings. [22,25]
The sensor used in the TPS method is covered with nickel and shaped as double spiral.
In Figure 3 is Kapton C5501 sensor that can be used with TPS method. This sensor con-
sists of many concentric circles allowing the current to travel from one end to the other.
[22,25]

Figure 3 Kapton C5501 sensor.
The Kapton sensor can be used for measuring temperature ranges between -243 and
177 °C. The Kapton sensor is simultaneously the heat source and the thermometer. The
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sensor can measure the changes in the sample’s temperature and the increase in the
time-dependent temperature. [22,25]
Thermal conductivity and thermal diffusivity measurements are executed by inserting
the Kapton sensor between two identical pieces of the specimen. The sensor is coated
with Mica or Kapton insulation layer depended on the measuring temperature. Mica
sensors are used for higher temperatures than can be measured with the Kapton sen-
sors. By measuring the heat elements electrical resistance, the dynamic temperature of
the sensor can be determined. The temperature coefficient of resistance is used in cal-
culations. Current goes through the nickel spiral and causes rise of the temperature. The
heat that is generated by the sensor dissipates throughout both samples. Comparing
temperature versus the time response in the Kapton sensor results in accurate calcula-
tions of thermal conductivity or thermal diffusivity. [25,28]
The Kapton sensor has high precision, but measurements can be conducted only at tem-
peratures less than 177 °C. Zhang et al. [29] have estimated uncertainty of the Kapton
sensor C5501 to be ±3 %.

2.1.2 Thermal effusivity
Thermal effusivity means object’s capability to release heat from itself. Thermal effusiv-
ity explains why when touching metal or wood, metal feels colder even when both are
at the same temperature. This is because of the heat transfer from the skin to the metal
is faster than from the skin to the wood [30]. Material size and geometry affect the ther-
mal feeling. Thick coating film will conduct heat away from skin more than thin film of
coating. Roughness of the film changes the contact surface between skin and coating.
Rough coating films have smaller contact surface and thus feel warmer than smooth
coating film [31]. Low effusivity means that the coating does not feel hot when touched.
High thermal effusivity materials have higher energy flux if there is high temperature
difference between the coating and the hand [32].
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Thermodynamics define thermal effusivity as the square root of the material's thermal
conductivity and its volumetric heat capacity [32]. Cp ρ is called volumetric heat capac-
ity.
Thermal effusivity can be calculated with Equation 3 [33].

(3)

where e is the thermal effusivity (W s0.5/m2 K)
λ is the thermal conductivity
Cp is the specific heat
ρ is the density of the coating

Effusivity can be directly linked to safe touch. When effusivity is low, one can touch a
hot object longer without suffering burn injuries. Thermal burn injuries happen if tissue
temperature rises above a threshold value. Average person can touch a 60 °C surface
for five seconds without burn injuries. [34]
Thermal insulation coatings can lower the surface temperature and the speed of thermal
energy transfer from hot objects like pipes. With TICs objects surface temperature can
be lowered for example from 100 to 85 °C but the surface can be touched without burn
injuries even if it is hotter than 60 °C. Materials have different thermal conductivity
rates. Metals conduct heat faster than thermal insulation coating. In fact, the hand on
TIC cools the coating faster than the heat from the substrate can pass through coating
to the hand. This is principle of safe touch. [32]
Arthur et al. [34] studied effect of material type and thickness on the safe touch tem-
perature. The safe touch temperature is the material’s maximum surface temperature
at which burn injuries will not happen when material is in contact with skin for long
period of time. It was determined that the safe touch temperature can be increased
from 60 to 115 °C for plastics by increasing the thickness of sample.
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2.2 Cool roofs
Cool roof coating consists of raw materials that can reflect most of the solar radiation
and emit the absorbed energy away from the coating. These reflective raw materials are
often called as cool materials [35]. First cool roof coatings consisted of natural materials
with high reflectance indices. Cool roof coating can be prepared by adding a highly re-
flecting inorganic filler to an organic binder.
The main goal of cool roof technology is to reduce the amount of the heat absorbed by
a roof surface, thus maintaining comfortable inside temperature in upper floors of the
tall building in hot summer times. Normal roofs absorb much heat from the sun and
transfer that heat inside of the building. These types of roofs stay hot even when the
sun goes down. When the solar reflectance of common roofs is low the urban heat island
effect is higher. [36]
Higher solar reflectance can be achieved by coating buildings, roofs and walls with cool
roof coating. By coating roofs with cool roof coatings protects the environment as lower
cooling energy usage, lower emissions of NOx and CO2 from power plants, less strain on
power grids and simultaneously it saves money. Because of the high solar reflectance
and thermal emittance of used cool materials in the cool roof coating helps reflect and
emit most of the heat away from building. As air conditioning and cooling needs are
diminished also urban heat island effect is minimized. [35]
External roofs have to endure wide temperature changes by day and night. That is the
reason why cool roof coatings have to be made with relatively soft binders to enhance
elastomeric properties of the coating. Coating has to be able to shrink and expand as
the substrate does depending on the ambient temperature. Cool roof coatings with high
amount of reflective fillers usually lose much of the elasticity provided by the soft binder.
[35]
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As said before cool roof coatings must have high solar reflectance and emittance abili-
ties. Both of these are dimensionless parameters ranging from 0 to 1. The reflectance
value expresses the ability of reflecting sunlight which occurs at wavelengths from 0.3
to 2.5 μm. The solar reflectance of normal white colored roofs ranges from 0.55 to 0.85.
The emittance value expresses the weighted average ability to emit thermal radiation
which occurs at wavelengths from 4 to 80 μm. [37]
Cool roof coatings environmental performance is greatly affected by the heating penalty
when coatings are used in cold climates like in Finland. Heating energy consumption
increases because of the high solar reflectance. The net negative environment impact
which comes from using cool roof coatings in cold climates because the coating reflects
warmth from sun in wintertime that could warm the buildings. This leads to fact that
cool roof coatings should not be used in cold climates or at least it has to be considered
if the pros overweight cons. The energy amount what cool roof coating reflects during
winter is usually smaller than the amount of energy reflected in summer. During winter
there is fewer hours of sunlight, light comes from lower angle and the light spreads more
leading to the lower intensity of the solar radiation. [38] One option in colder climates
is to use thermal insulation coating inside of the building, not on the roof. This helps
keeping heat inside of the building and not reflecting all the sun’s energy away from roof
and upper structures.
Cool roof coatings can be used also in other places than roofs. Coatings can provide pas-
sive cooling indoors but also outdoors. If coating is applied on roads or pavements it
helps cooling microclimates. Softness of these coatings will eventually be problematic in
these kinds of applications. [39]
Maintenance is needed to keep cool roof functional. Depending on the coating raw ma-
terials maintenance can be cheap and easy or costly and regular. Acrylate coatings can
crack and require recoating. Silicone coatings have high dirt pick-up rate and need reg-
ular cleaning. Polyurethanes, on the other hand are relatively maintenance free. In
northern areas snow cover on roof can also reduce the solar reflectivity of cool roof. For
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ideal cool roof coating just raining water is needed for maintaining optimal solar reflec-
tivity. Ponding of water is not desirable. It happens when rainwater forms small pools
on roof coating. Cool roofs lower temperature makes evaporation of water slower.
Acrylic coatings suffer more from ponding than styrene or polyurethane acrylics. Pond-
ing can be avoided by designing roof with steep enough slope or with sufficient draining.
Also, indoor moisture that can accumulate over years to roof materials has to be con-
sidered. Because the structure is no longer heated by the sun to same level as it was
without cool roof coating the moisture build up can be faster. This moisture problem
occurs mostly in colder climates. [40]
Fillers usually used in cool roof coatings are hollow microspheres. Spheres can be made
from silica or plastic. These spheres have excellent reflective features. Microspheres
have also low thermal conductivity which also prevents heat transfer. To add more re-
flectivity to cool roof coating titanium dioxide is used as pigment. [40]
Surface-modified silica nanoparticles have been reported to have a positive effect on
dirt pick-up rate in coatings. These surface-modified silica nanoparticles tend to migrate
to the surface of the cool roof coating. When reaching the surface of coating these par-
ticles have effect on surface energy of the coating. If particles are modified to be hydro-
philic water will remove dirt and clean the coating surface sufficiently. The more there
is silica nanoparticles on the surface of the coating then stickiness of coating is reduced.
This leads to lower dirt pick-up rate. [41]
Xue et al. [42,43] also studied dirt pick-up rate and water permeability of styrene acry-
late cool roof coating. If highly elastic styrene acrylate copolymer emulsion has low glass
transition temperature, then the coating tends to be sticky and collects more dirt. Dirt
pick-up resistance was measured by calculating average reflection coefficient drop. If
the average reflection coefficient drop was low, it resulted as better dirt pick-up re-
sistance. Water permeability of waterproof coating is defined by how long coating re-
tains water impermeability. Coating which sustains water for 30 minutes under pressure
of 0.3 MPa is minimum qualification level. Measured impermeability of styrene acrylate
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copolymer based white cool roof coating exceeded 3 days. This was excellent water im-
permeability value.

2.2.1 Solar reflectance
In thermal radiation heat moves with electromagnetic waves at the speed of light. There
is no need for specific medium to make heat to transfer, and it is most efficient in vac-
uum. When heat wave hits a surface some of the heat is reflected and some is absorbed
by object simultaneously heating the object. Part of the radiation can pass through the
object. Any object with temperature higher than 0 K emits heat. Objects that are black
absorb all the heat radiation and emit also large amount of heat. Thermal radiation hap-
pens at wavelengths between 0,1 and 100 μm. [17]
By increasing solar reflectivity of urban cities is the main option when thinking about
cooling city atmospheres. Santamouris [44] has made predictive model for the long-
term effect of solar reflectance increase on urban surfaces. In this study Santamouris
reported that if global solar reflectance value rises by 0.01 in a 1 m2 surface it produces
a cooling effect of 3 × 10–15 K, which results in a reduction of 7 kg in CO2 emissions.
White or colored water-based cool roof coating with high solar reflectance, weather re-
sistance and low dirt pick-up rate can be prepared with pure acrylic emulsion or silicone
acrylic emulsion as the binder and hollow glass or thermoplastic spheres as filler. [45]
Solar reflectance is the fraction of the solar energy that is reflected by the coating. Solar
reflectance is also called as albedo. Solar energy is consisted of a spectrum of wave-
lengths, starting from the ultraviolet through the visible, and all the way to infrared light.
In Figure 4 is solar irradiation spectra. Solar radiation is mainly concentrated as energy
wavelengths between 200 and 2500 nm. The total solar irradiance at normal occurrence
is about 1.3 kW/m². [46]
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Figure 4 Solar irradiation at ground level and top of the atmosphere [46].
Beyond the wavelength of 2500 nm the energy coming from the sun is so small that it
does not count towards solar reflectance index (SRI) measurements. The ultraviolet
spectrum, from 200 to 400 nm, represents 5% of the solar radiation, including the type
of rays responsible for sunburn. About 46% of solar radiation is distributed in the visible
spectrum, from 400 to 720 nm, in colors ranging from violet to red. Almost half of the
solar radiation, 49%, is distributed in the near-infrared spectrum, from 720 to 2500 nm,
this range is felt as heat. Almost 95% of the solar radiation falls into the visible and near-
infrared regions, between 400 and 2500 nm range, making these wavelengths the most
important region. [46]
Methods for determining solar reflectance of coatings with UV-Vis-IR spectrophotome-
ter with an integrating sphere have been developed. By measuring how coating can re-
flect solar radiation at different wavelengths and calculating weighted average of these
measured values gives the total solar reflectance (TSR) value. This dimensionless value
can be expressed usually as percentage from 0 to 100 %, or a number between 0 and 1.
Ordinary coatings can have TSR value as low as 0.1, this means that only 10 % of solar
radiation is reflected. Good cool roof coatings have to reach at least value of 0.8 to ob-
tain good reflectivity over 80 %. This reflectance value of 0.8 comes from ASTM standard
C1483 which defines a liquid applied coating as a radiation control coating, also infrared
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emittance has to be over 0.8 at ambient temperature. These cool roof coatings can re-
flect solar heat across the ultraviolet, visible and infrared wavelengths. In theory all ma-
terials can reflect solar energy. Higher reflectivity leads to better thermal insulation
properties of the coating between 400 and 2500 nm region. Some of this reflectivity
comes from binder but mostly from fillers which should have good reflectivity in visible
and near-infrared region. Right fillers are the key for optimal thermal insulation proper-
ties. Color can be used as indicator of solar reflectance in visible light range. Light colored
coatings reflect more solar heat than darker coatings. White color in cool roof coating
means that it reflects almost all solar radiation at visible spectrum between wavelengths
400 and 720 nm. If coating appears to be some other color than white it absorbs solar
radiation in specific wavelength of that color and reflectivity suffers. If coating seems
black it absorbs all solar radiation at visible spectrum. Black is not suitable color for cool
roof applications. TSR of rutile TiO2 is over 0.75, when TSR of carbon black can be very
low between 0.03 and 0.05. These values express that TiO2 reflects over 75 % of solar
heat, when carbon black absorbs over 95 % of solar heat. Rutile TiO2 is commonly used
as pigment in cool roof applications. If colored coating is desired, color should be ob-
tained through colored fillers. Fillers are usually white or light grayish. [45,46]

2.2.2 Emittance
Emittance value describes the thermal energy what is emitted across all wavelengths
per unit area per unit time. Surfaces capability to re-emit absorbed heat is characterized
by thermal emittance at given temperature per unit area. Thermal emittance is a meas-
ure of how easily a surface will give up heat or in other words emit infrared energy.
Thermal emittance is a ratio between hot surfaces emittance value and a perfect black-
body emitters emittance value at the same temperature. Emittance values are between
0 and 1. Very shiny mirror can have value of 0 and blackbody can have value of 1. Coating
or surface that is exposed to the solar radiation will become hotter until it releases as
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much heat as it receives thus reaching thermal equilibrium. A surface with high emit-
tance value will give off heat more easily and reach equilibrium at a lower temperature.
This is the reason that cool roof coatings should have high emittance value. Emittance
and thermal emittance (ɛ) terms are used when surface is not homogenous nor smooth
like in thermal insulation coatings or other kinds of insulation products. Emissivity is a
term that is used when surface is homogenous, smooth and simple, like metals. [46,47]
However, roofs painted with cool roof coatings are not perfect reflectors. All surfaces
do absorb at least some of the solar heat. Some of the absorbed heat is emitted back as
infrared radiation. As emittance value is between 0 and 1, with a low emittance value
coating is much hotter than a high emittance value coating because the low value coat-
ings cannot get rid of absorbed heat as effectively than higher emittance value coatings.
Most ordinary exterior coatings and painted surfaces have emittance values close to
0.95. [48]
Several different phenomena happen to the incident solar radiation when it gets to con-
tact with cool roof, as was shown in Figure 1. For even adequate cool roof coating most
of the solar radiation should be reflected back to atmosphere. Some of the heat from
the solar radiation is absorbed by the coating. Most of the absorbed heat should also be
emitted back to atmosphere as infrared radiation. Small portion of heat is leaving the
coating by convection. [41]

2.2.3 Solar reflectance index
The solar reflectance index (SRI) is a value based on the combination of total solar re-
flectance and thermal emittance values. SRI is used to predict the thermal behavior of a
coating which is affected by solar radiation. SRI value depends also on wind speed, tem-
perature and peak solar irradiance. Solar reflectance index for a black surface is typically
0 when reflectance is 0.05 and emittance is 0.90. SRI value for standard white is 100
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when reflectance is 0.80 and emittance is 0.90. This type of calculation means that val-
ues over 100 are possible for good cool roof coatings. [49]
The SRI is calculated at three convective coefficients, 5 W/(m2K), 12 W/(m2K) and 30
W/(m2K), which correspond to low, medium and high wind conditions. [49] Higher SRI
value means that the material accumulates less heat. The SRI value can be calculated for
a given convective coefficient according to the standard ASTM E1980-11 [50].
SRI value of a cool roof coating can be calculated with Equation 4 [50].

* (4)

where B is the temperature of black surface
S is the temperature of test surface
W is the temperature of white surface

There are many online calculators that can be used to calculate SRI values and possible
energy savings. When using these calculators other factors than just SRI value has to be
considered like energy costs, insulation values, region and climate. [49]
If roof coating has very high solar reflectance value it can stay cool under sunlight even
if the thermal emittance is low. By changing ordinary roof coating to cool roof coating
cooling electricity usage, power need and cooling equipment capacity can be decreased.
This change can lead to small raise in heating energy consumption depending on the
climate. Cool roof coatings can have lowering effect on the citywide ambient air tem-
perature in summertime, lowering also UHI effect and increasing comfortable conditions
for occupants. [51] One manufacturer claims that their cool roof coating has SRI value
of 130. SRI value 130 is the theoretical maximum value, when reflectance is 1.0 and
emittance is also 1.0.
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2.3 Other properties of thermal insulation coatings
Thermal insulation coatings are versatile products. Insulation properties that come from
small, encapsulated pores of gas affect also in other properties. Same fillers nanoscale
porosity applies also to anti-condensation properties by lowering thermal conductivity
of the coating and sound reduction. With different additives coating can be made for
example to resist fire, flash rust or fungi.

2.3.1 Anti-condensation
Anti-condensation paints are becoming popular among residential housing and indus-
tries to get rid of moisture that usually builds up in non-desired locations. Air has always
some moisture in it. When air gets cold it cannot hold on to all water that is in it. Mois-
ture can be observed for example in windows after cold mornings or bathroom walls
and mirrors after shower or bath. This moisture is called condensation. Condensation
forms easily when ventilation is low, usually on cold surfaces. Condensation can help
mold to grow on walls and roofs and eventually lead to rotting of wood. If the tempera-
ture of the wall is greater than the ambient moist atmosphere it has contact with, con-
densation will not appear or will be delayed on the wall. As the air is insulated with
thermal insulation coating against the colder wall surface, condensation and mold
growth are drastically reduced. Anti-condensation paint can be applied to basement,
kitchen, and bathroom walls as well to factory walls and pipes, everyplace where mate-
rials are contact with colder air temperatures.
Most important properties of anti-condensation paint include low thermal conductivity
and/or ability to absorb moisture. Higher surface temperature can be achieved by anti-
condensation paint with low thermal conductivity. Good anti-condensation paints
should have thermal conductivity lower than 0.15 W/m*K. Low thermal conductivity
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anti-condensation paint will help keeping the substrates temperature higher than it
would be if ordinary paint is used. [52,53]
Anti-condensation paint should be formulated so that the critical pigment volume con-
centration (CPVC) is not exceeded. If the CPVC is surpassed coating’s surface will be po-
rous. That porosity will make the coating to absorb some condensation, but it will also
deteriorate coating’s scrub and stain resistance. Non-porosity, scrub resistance, lower
dirt pick-up as well as impermeability of water can be obtained by keeping CPVC under
threshold. [52,53] SiO2 layer from aerogel is most desirable for low thermal conductivity
to provide the best anti-condensation properties. [53]
In hot and humid environments, condensation can cause equipment ageing and even
cause insulation deterioration. Guo et al. [54] have studied anti-condensation. Study
shows that liquid silicone rubber coating which contains phase change capsules can sig-
nificantly enhance the anti-condensation performance of metal. With temperature con-
trol coating condensation rate was lowered.
Surface energy of the coating is factor for anti-condensation properties. Low surface
energy means hydrophobic and high surface energy means hydrophilic. The contact an-
gle measure can be used for measurements of surface energy of materials, evaluation
of coating properties and wettability. [54]

2.3.2 Sound reduction
Soundproof paint is also called as acoustic or insulated paint, sound deadening or damp-
ening paint. Porosity of the thermal insulation coating can also have effect in sound re-
duction. The acoustic coating can absorb the sound waves emitted by loudspeaker or
other sound source, but coating is not as effective as mountable soundproofing ele-
ments. Paint can help to dampen sounds, but dogs barking or children running upstairs
cannot be totally dampened with coating. Soundproof coating is ineffective for any
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sounds above conversational volume. Soundproof paint has usually much higher density
than normal wall paints because the fillers that are used in these coatings are usually
ceramic microspheres with sound absorbing fillings. These sound absorbing fillers are
the key factor of sound reduction. Main sound absorption mechanism includes heat
transfer absorption, acoustic scattering, and waveform transformation. [55] Aerogel or
microspheres can also be used as sound absorbing fillers. A cavity, with an insulating
material is often best for sound dampening. Sound reduction effect can be measured
with acoustic impedance tube.

2.3.3 Corrosion inhibition
Corrosion under insulation (CUI) is a type of localized corrosion in oil and gas industry
especially when water penetrates into damaged mounted thermal insulation or coating.
CUI usually happens when moisture for example from rainwater or process liquid spills,
penetrates the insulation material, and condensation occurs on the steel substrate. Re-
quirement for low temperature corrosion to occur is an electrolyte solution which forms
when contaminants that are in the insulation material dissolve in the water. Thermal
insulation coating prevents this incident. TIC can be applied on a primer that is anticor-
rosive or directly on the substrate. TIC can be painted with top coating for protective or
decorative reasons without diminishing thermal insulation properties. Maintenance
costs are lower when thermal insulation coating is used as main insulation material com-
pared to traditional mounted insulations. Applications can range from pipes, process
plants, structures in the sea to doors and window frames. [56]
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3 Raw materials
Raw materials were provided by eight different companies. All materials were used as
received.
Coating formulas contained one of the acrylate binders and one of the fillers that are
discussed from chapter 3.2. Defoamers and thickeners were used in all formulas. Water
was used as solvent. Starting point formulations were utilized if manufacturer could pro-
vide one.

3.1 Acrylate polymers
Acrylate polymers, also called as acrylics or polyacrylates, are polymers that have excel-
lent elasticity and good resistant to film breakage, but extended water resistance is
poor, and it can be sensitive to large temperature changes. Temperature range does not
include very high temperatures, like over 200 °C. [8] These properties can be enhanced
by using hybrid materials consisting of inorganic particles and organic particles. Poly-
acrylate dispersions or emulsions are used as binder for outdoor and indoor water-
borne coatings. In Figure 5 is chemical formula of polyacrylate. Polyacrylates do not con-
tain the acrylate group.

Figure 5 Polyacrylate
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Acrylate polymers are commonly used as binders in roof coatings. Acrylates provide
good solar reflectivity, but it can lose some of this reflectiveness if the coating becomes
dirty or the surface of the coating cracks. As water-borne these binders are eco-friendly.
Xe et al. [57] have enclosed a detailed recipe and a flow chart in their study of preparing
acrylate thermal insulation coating. Fillers they used included hollow glass spheres. Also,
Karami et al. [58] enclosed recipe, with an aerogel as filler and titanium dioxide as pig-
ment, for acrylate thermal insulation coating. Recipes used in this thesis were quite sim-
ilar to those mentioned above. Thermal insulation filler particles are uniformly dispersed
in an acrylic binder by mixing. With right fillers coating possesses very good thermal in-
sulation properties and enhanced energy saving in the buildings or pipelines.
Two of the tested binders (AB and D) and three of the reference samples (R2, R3 and R6)
were acrylate dispersions.

3.1.1 Styrene acrylics
Styrene acrylics, known also as acrylate-styrene copolymers, have excellent film-forming
properties, cohesiveness and these copolymers also dry fast. Styrene adds adhesion,
hardness and water resistance to acrylic coating. These water-based and quite inexpen-
sive copolymers are widely used in architectural coatings. Styrene-based coating’s color
can turn from white to yellow due to exposure of ultra-violet light, but acrylate-styrene
copolymers have better ultra-violet stability. [7,8,59]
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In Figure 6 is chemical formula of styrene acrylic, styrene in left and acrylic in right.

Figure 6 Styrene acrylic copolymer [60]
Khezri et al. [61,62] studied aerogel’s effect on glass transition temperatures of styrene
acrylic copolymer with Differential scanning calorimeter. Glass transition temperature,
Tg, of only random copolymer was higher than copolymer with aerogel filler. Reduction
of Tg was obtained because aerogel filler increased styrene acrylic copolymer segments
mobility by reducing packing of copolymer chains.
One of the tested binders (C) and reference samples (R3) was based on styrene acrylic
copolymer.

3.1.2 Polyurethane acrylics
Polyurethane based coatings are very durable and have longest lifespan of these tested
coatings. Polyurethane acrylics have good tensile strength, resist cracking and are flexi-
ble in cold or hot environment. Water ponding is not a problem as it is with pure acrylics
coating. Dirt pick-up rate is low which means that substrate does not need to be re-
coated often. These dispersions have also good exterior durability and UV resistance.
Properties also include good adhesion to different roofing substrates. These are all very
important properties for cool roof coating. Acrylate polyurethane dispersion is the best
choice for extreme conditions. [63]
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In Figure 7 are chemical formulas of polyurethane (above) and acrylate (below).

Figure 7 Polyurethane acrylic [63]
Acrylate polyurethane is typically water-based. By removing oil from urethane and re-
placing it with acrylic, coatings do not yellow when aging. [63]
One of the tested binders (E) and reference samples (R1) was an acrylate polyurethane
hybrid product.

3.1.3 Siloxane emulsion
There was one other type of binder that was tested for high temperature applications.
It was not acrylate copolymer, but elastomeric siloxane emulsion. Siloxane is a func-
tional group in organosilicon chemistry with Si−O−Si link as pictured in Figure 8.

Figure 8 Siloxane functional group.
Silicone resin emulsion coatings are hydrophobic, flexible and have low thermal conduc-
tivity, thermal stability and surface energy. Crack resistance and water resistance are
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high. Siloxane emulsion coating has longer lifespan than acrylate copolymer coatings.
Dirt pick-up rate is high and that leads to more maintenance and cleaning. Because of
the high dirt pick-up rate and poor recoating ability this binder is not suitable for cool
roof coatings, but main option for high temperature applications. [64]
Kamakshi et al. [65] have studied how acrylate and polysiloxane can be combined
through emulsion polymerization to prepare binder that could reach even better water
and weather resistance. This combination could help if polysiloxane is for some reason
needed to be used as the binder in cool roof coating.

3.2 Thermal Insulation Fillers
There are many different fillers that are used in thermal insulation coatings. Most of the
thermal insulation fillers contain silica and have hollow structure. There are many natu-
ral products that are used as fillers, for example oyster shells, sand, graphene, water
glass, zeolites, perlite, kieselguhr and bio-based spheres to name a few [66,67]. These
mentioned other fillers were left out because of the higher density, larger particle size
and higher thermal conductivity than tested filler materials. Tested filler materials were
silica-based aerogels and silica-based or acryl-nitrile microspheres.
If thermal insulation coating has obstructive, reflective, and radiative fillers it will have
better thermal insulation capacity than if some of those properties are missing from the
filler [13]. In this thesis only one filler was mixed to the binder to obtain data from spe-
cific filler, not a mix of fillers. But that filler might have all three properties mentioned
above.
Thermal insulation coatings optimal filler ratio has been studied by Panchenko et al. [3]
They tested different filling ratios and it was determined by using the critical pigment
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volume concentration (CPVC) method. The optimum filling ratio was 55 %. In this thesis
the pigment volume concentration (PVC) was kept under 50 %.

3.2.1 Aerogel
Silica aerogels are gel-like materials that consists of porous amorphous silica particles.
First aerogel was developed by American scientist Samuel Kistler in 1931 [68].
Aerogel is a nano lightweight highly porous material with complex three-dimensional
network structure and large specific surface area. It is characterized by low thermal con-
ductivity, high temperature resistance and low density. Aerogels main component is air.
Aerogel is open celled material, and it contains usually more than 90 % air or gas of its
volume. These aerogel particles have pores size of nanometers. This nanoporosity is key
factor for low thermal conductivity. Aerogels are extremely light and non-flammable.
Aerogels can be manufactured by supercritical drying techniques and can be tailored by
using sol–gel technology. Aerogel particles can be easily broken when mixing. In infrared
spectrum range between 3 and 8 µm it is nearly transparent. Performance of SiO2 aero-
gel coating mainly depends on the uniformity and the stability of the dispersion of SiO2
aerogel in aqueous medium. [69,70]
Aerogels can also be made of different materials than silica, like carbon or cellulose.
Carbon based aerogels have good electrical conductivity and mechanical properties. Im-
purities that come from precursors has led to demand for more pure synthetic carbon
based alternatives. Carbon aerogels can be tailored to have low thermal conductivity.
That feature allows carbon aerogels to be used as thermal insulation fillers or flame re-
tardants. [71]
Aerogel exploits the Knudsen effect. The Knudsen effect is a phenomenon that happens
when the pore size of the aerogel in a system is smaller than the mean free path of the
gas molecules occupying the pores. Gas molecules confined inside of the aerogel pores
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tend to collide with the pore walls. When these collisions occur, heat is conducted from
one side of the pore to the other side through gas. This has effect on the mean free path
of the gas molecules. The actual mean free path of the molecules can be estimated with
the Matthiessen’s rule. When the pore size is smaller than the mean free path, mole-
cules have higher probability to collide with the pore walls. This contributes proportion-
ally to thermal conductivity by the number of gas molecules. If the pore size is above the
mean free path of gas, thermal conductivity will be higher. [72,73]
The probability of collisions can be expressed as the Knudsen number. It is the ratio of
the bulk gas mean free path to the pore size or the length of the system. If the pore size
is bigger than the mean free path, collisions happen less frequently and the Knudsen
number is low, < 0.1. If pore size is smaller than the mean free path, collisions happen
more frequently, and the Knudsen number is near 1.0. When the Knudsen number is
large the gas-phase conductivity is reduced. [72,73]
Pore diameters of used aerogels in this thesis were about 20 nm. In Figure 9 is illustration
how aerogel blocks gas into aerogel matrix. In the left square is the conventional insula-
tion material which allows gas to travel freely and transport thermal energy. In the right
square gas is trapped in small pores of the aerogel and that restricts the gas conductivity.

Figure 9 Gas movement in insulation material and in aerogel [74].
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Low thermal conductivity values are reachable with pores filled with air at normal pres-
sure. Nanoporous materials with reduced gas pressure have reached even lower ther-
mal conductivity values. Reduction of the gas-phase thermal conductivity happens when
the gas-phase thermal conductivity mechanism moves from Fourier regime to Knudsen
regime. More studies are still needed to fully optimize relation of the pore structure and
the effect on thermal conductivity to optimize thermal insulation properties of the coat-
ing that uses Knudsen effect to its advantage. [72]
The difference of hydrophobic and hydrophilic silica aerogels can be seen in Figure 10
as FTIR spectra of the hydrophobic (on left) and hydrophilic (on right) silica aerogel na-
noparticles.

Figure 10 FTIR spectra of hydrophobic and hydrophilic silica aerogel [75].
Fidalgo et al. [75] have studied the silica aerogel nanoparticles hydrophobic and hydro-
philic FTIR spectral difference. Hydrophilic silica aerogel has broad peak around wave-
number 3500 cm-1. High intensity of this peak is due to the absorbed water. Hydrophobic
silica aerogel has lower intensity peak around same wavenumber due to many hydroxyl
groups that have reacted and converted to hydrophobic groups. Peak near 1620 cm-1 is
visible in hydrophilic aerogel spectra, but not in hydrophobic aerogel spectra because of
the lack of O-H vibration in the water. [75]
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Silica based aerogels are nowadays viable thermal and acoustic insulation materials for
buildings because of the manufacturing costs of the aerogels have come drastically
down during the last decade. Still the production costs are much higher than other in-
sulation materials, even if the aerogel has only half the thermal conductivity compared
against conventional insulation materials. Supercritical drying while preparing the aero-
gel can be safety hazard. Other drawbacks with aerogels include poor mechanical
strength. This fragility comes from the thin connections of silica aerogel blocks. Aerogels
can have instability to the atmospheric moisture, high brittleness and dust release while
preparing the coating. This dust release can be avoided by good ventilation and very
slow adding rate of the aerogel particles to the binder. [76,77,78,79]
Durães et al. [80] have studied hybrid aerogels that have more properties than only
thermal insulation. These aerogels can be chemically doped with silica-functionalized
magnetite nanoparticles adding the magnetic behavior to the aerogels and simultane-
ously improving aerogels thermal insulation and mechanical properties. These hybrid
aerogels can be used for example in magnetic separation and drug delivery applications.
Another hybrid aerogel was amine and thiol functionalized to be used to purify
wastewater from heavy metals. This amine functionality can be used also to remove CO2
from gaseous environments. How these properties can be utilized in the coating industry
has to be studied further.
Hybrid inorganic-organic aerogels can be classified as in two classes. Aerogels with van
der Waals and/or hydrogen bond interactions between components are classified as
Class I and aerogels with strong covalent or ionic-covalent bonds are classified as Class
II. [78]
Lakatos [23] has studied ageing of aerogel. Ageing means slow change of materials prop-
erties with time. Usually, time makes aerogels to lose physical and thermal properties.
This ageing can occur through irradiation, in ultraviolet or infrared region. Ageing can be
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caused also by heating the aerogel. It was found out that thermal annealing at temper-
atures over 180 °C changes aerogels structure and can reduce thermal conductivity as
much as 20 %.
Wetting of aerogel can be arduous because of the very high specific surface area per
gram of the aerogel. Specific surface area of the aerogel can be as high as 600 – 800
m2/g. To get all that area in contact with binder means slow adding of the aerogel filler
to the binder with low RPMs on the mixer. If aerogel is not wetted properly it will ag-
glomerate and remain as lumps in the binder and the properties of coating suffers. In
worst cases, when preparing the thermal insulation coating, some of the aerogel can be
filtered away from coating because of the possibly big agglomerate size (>100 µm).
When applied with brush or roller these lumps will make the paint film uneven and have
influence on the adhesion. When spraying, the paint does not suffer as much if the paint
sprayer can break some of the big lumps, but these lumps can also block the paint
sprayer.
The critical pigment volume concentration (CPVC) expresses approximately the amount
of the pigment or the filler that can be wetted by the binder. Any value below CPVC
means that there is enough binder to wet pigment/filler and if value is higher than CPVC
there is not enough binder to wet pigment/filler. It can be estimated what is the CPVC
of single filler by using common oil absorption test for pigments. This test is done by
adding linseed oil to dry pigment/filler and rubbing it with spatula until coherent mass
forms. Result is expressed as grams of oil per 100 grams of pigment/filler. [66] If pigment
volume concentration (PVC) is higher than CPVC, the coating will lose at least mechanical
properties, the film can be porous, have voids and it will be rough and uneven [81].
PVC can be calculated by Equation 5 [66].

∗ (5)
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where Vp is pigment volume
Vb is binder volume

PVC of prepared coatings in this thesis was 45±3 %, exceptions with MCC 28 % and
Mg(OH)2 36 %. Microspheres can have CPVC near 70 %, approximation of aerogels CPVC
was not found from literature.
If fillers are not wetted properly it will affect the dispersion. This will have effect on the
surface energy. Hydrophobic aerogels have vast amount of polar groups at the surface
and this leads to easy agglomeration and poor compatibility with aqueous medium. This
can be avoided by using compounds, like wetting agents or dispersants that can enhance
repulsion between aerogel particles and lead to even dispersion in aqueous medium.
Wetting agent reduces surface tension, improves wettability of the aerogel and helps
dissolving to water-borne binder. Also, dispersants can be used to avoid flocculation
caused by steric hindrance. [82]
Liu et al. [83] studied aerogel wettability in aqueous medium and found out that if aer-
ogel surface was modified first by adding wetting agents and after that dispersants, aer-
ogel dispersion was more stable, and agglomerates did not build up so easily. He et al.
[84] found out that it is possible to use 40 volume-% amount of aerogel filler without
using wetting agent when preparing acrylic water-borne thermal insulation coating.
When proper wetting agent is used the filler amount can reach 70 volume-%. Wetting
agent is needed to get all the used filler to mix uniformly to the binder. In this thesis
total functional filler volume percentage did not exceed 37 %.
Chemical composition and structure on the surface determine the wettability of solids.
Surface free energy is key feature of surface wettability properties. Aerogel can deteri-
orate if it absorbs water from environment through polar O-H groups on the surface of
the aerogel. Wettability properties of aerogel can be changed by using different precur-
sor chemicals. If dry SiO2 aerogel is inserted into wetting agent, surface of the aerogel
will absorb thin layer of this wetting agent thus changing surface properties of aerogel.
[85,86,87]
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Wettability alteration can be measured by transmittance [83] or using a contact angle
meter [86]. Transmittance measurement is best option for fillers in thermal insulation
coatings, because contact angle measurement has to be made only on filler not whole
paint and filler particle size is too small.
Fillers 1, 2 and 3 were aerogels.

3.2.2 Microspheres
There are a lot of different microspheres that can be used as thermal insulation fillers
for example hollow or solid glass, thermoplastic, ceramic, and bio-based spheres. Usu-
ally, microspheres are at micrometer size range and spherical as it is in the name. Hollow
microspheres help reduce density of the coating. Some spheres have thicker shells to
achieve better pressure resistance, but this leads to higher density. The gas inside the
pores of the spheres improves thermal insulation and the spheres themselves reflect
solar radiation at wide wavelength range, most effectively at visible and near-infrared
areas. Reflective properties of microspheres are affected by the particle size. When the
particle size is smaller the solar reflectance is higher. The amount of the microspheres
in the coating can be larger when smaller particle size is used thus raising the reflecting
opportunities.
Thermal insulation coating with hollow microspheres reflects solar heat at all wave-
lengths. Compared with white pigment TiO2 which does not reflect solar heat as well as
hollow microspheres, TiO2 does not necessarily reflect near-infrared radiation very well.
At higher wavelengths CaCO3 has same reflective properties as TiO2, still both com-
pounds do not reflect as good as microspheres. [88] This reflectance of hollow micro-
spheres helps cool roof coating to keep insides of buildings cooler. It is possible to use
more than one reflective filler in thermal insulation coating, but the reflective properties
of this mix are not necessarily the sum of the reflectivity values of these fillers. In worst
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cases reflectance can be much lower than with one filler. The color of hollow glass mi-
crospheres is dependent on the ability to disperse light at visible wavelengths. The color
is defined by sphere wall thickness, pores in sphere and surface type of the sphere. Mi-
crosphere shells are light gray and when observed by naked eye spheres inside a con-
tainer seem to be white. This whiteness of spheres helps keeping pigment amounts
smaller and by that making coating production costs lower. [89]
Also, hollow microspheres can help maintaining binder’s elasticity and increase the life
span of the coating. Thermoplastic spheres enhance elasticity better than glass spheres
because the plastic (organic acryl nitrile) is more resilient than glass. There are also plas-
tic microspheres which can be considered as microplastic and it is not the environment
friendliest choice of fillers. [88,90]
Hollow glass microspheres are based on silica compounds. Usually those are made of
soda-lime borosilicate. Glass spheres have low density, excellent mechanical properties,
and good fluidity. Hollow glass microsphere has multiple phases in it. These are solid
and gas phase as well crystal and amorphous phase. Hollow glass microspheres are most
common used spheres because those are the cheapest ones. [88,89,90]
Thermoplastic microspheres have thermally expandable core or shell. Thermoplastic
polymer shells are filled with a blowing agent, typically a low boiling hydrocarbon like
isobutane. If thermoplastic microsphere is heated above the glass transition tempera-
ture of the shell, the blowing agent inside the sphere will expand the shell of the micro-
sphere. Expansion can be as much as four times the diameter of sphere and sixty times
of the volume of sphere. After the spheres are cooled, they maintain the expanded form.
In coatings pre-expanded microspheres are better option than microspheres that need
heating. In high temperature applications expandable microspheres can better choice.
Thermoplastic microspheres do not absorb water because of the polymer shell. Also
these microspheres have better mechanical properties at subzero temperatures than
glass microspheres. Thermoplastic microspheres have significantly lower density than
glass microspheres. That leads to lower overall density of the thermal insulation or cool
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roof coating. Because these microspheres are made from acrylic polymer the compati-
bility with acrylic binders is good. Coating with thermoplastic spheres have also better
adhesion to steel substrates. [90]
The hollow structure of microspheres makes light scatter efficiently. Refractive index of
the filler is usually different than other raw materials in the coating like the binder or
pigments. Glass microspheres refractive index is quite low, near 1.0. Common binders
have higher refractive index than hollow glass microspheres. [89]
Using glass spheres as a post-addition additive to commercial paint, not thermal insula-
tion coating, provides also higher reflectance effect and thus improves thermal insula-
tion properties. But if the commercial paint is not formulated as thermal insulation coat-
ing this does not seem very viable idea. [90]
Hu et al. [91] have studied how different inner diameters from 153 to 255 nm of hollow
silica nanospheres affect thermal insulation. It shows that when inner diameter de-
creases thermal insulation properties of the coating are better. When 15 % of total mass
of thermal insulation coating was nanospheres temperature was 5.0 °C lower compared
against reference coating without nanospheres. Larger amount of spheres also affected
drying time of coating so that it dried faster.

Wu et al. [92] added TiO2 layers as nanoparticles with the formation of the Si‒O‒Ti
bonds on the surface of the hollow glass microspheres. These spheres had outer diam-
eter between 20 and 50 µm. The thermal conductivity of these modified spheres was
0.058 W/(m*K) which was similar to untreated hollow microspheres. The visible and
near-infrared reflectance of the hollow glass microspheres coated with TiO2 increased
by 35 % compared against non-coated hollow glass microspheres. Glass sphere volume
concentration of 70 % can lead to a selective solar reflectivity value of 0.92 while the
mid-infrared emittance remains above 0.85 [93].
Effect of broken microspheres on coating properties was studied by Zhang et al. [19]. It
was concluded that broken spheres raise density and thermal conductivity because of
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the lost gas from insides of the spheres. Although mechanical properties like tensile
strength and elongation are enhanced, hardness suffers. One can assume that reflec-
tance suffers also.
Spheres used in this thesis had diameter between 20 and 30 µm. Fillers 4 and 5 were
microspheres.

3.2.3 MCC & Mg(OH)2

Micro crystalline cellulose (MCC) in Figure 11, chemical formula (C6H10O5)n was tested
as functional filler 6 with binder AB.

Figure 11 MCC
Micro crystalline cellulose is purified, partially depolymerized cellulose obtained by
treating α-cellulose with mineral acids using hydrochloric acid to reduce the degree of
polymerization. MCC can be made from wood processing products. [94] The raw mate-
rial can be either dissolving or paper-grade pulp. Nowadays manufacturing is cost-effec-
tive. High-capacity production of micro crystalline cellulose can be done with equipment
integrated into pulp mills.
MCC is widely used in pharmaceutical and food industry. In coating industry, it is mainly
used as rheology modifier [94]. MCC is used in coatings for thickening, dispersing and
stability properties. There are studies where MCC is used to make aerogel [95,96]. High
structural stability in water can be achieved by crystalline structure of MCC. MCC can be
used as filler in non-stick coating. The coating film can prevent application of stickers
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and other adhesives. [97] Peeling adhesive layers from this kind of a coating would be
easy due to roughness of the surface.
Krok et al. [98] studied MCC for pharmaceutical applications and found out that if the
temperature or the relative density is increased then the thermal conductivity is higher.
Thermal conductivity of this studied MCC, which was different grade than MCC used in
this thesis, was estimated to be 0.307 W/m*K through extrapolation.
It was tested if MCC has insulating properties in thermal insulation coating. Probably
because of the interface between MCC and the binder, thermal conductivity is higher
than with other functional fillers used in this thesis [99].

Magnesium hydroxide, Mg(OH)2, also known as brucite, was tested as functional filler 7
with binder F.
Magnesium hydroxide can be produced by precipitation of soluble magnesium salts or
from seawater with calcium hydroxide. Natural magnesium hydroxide is not abundant.
There are some deposits but those are not mined. [100]
Solid Mg(OH)2 can be used as fire retarding and smoke suppressant agent. It can be used
in very high temperature applications. Pure Mg(OH)2 has thermal conductivity of 8
W/m*K. By endothermic decomposition at 332 °C it loses water and changes to magne-
sium oxide. [101]

Mg(OH)2 → MgO + H2O
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This reaction absorbs heat and by delaying the ignition of the substrate it helps to retard
fire. The released water can dilute combustible gases. Magnesium oxide, MgO, has ther-
mal conductivity which is many times higher than Mg(OH)2. It is about the same as steel,
45-60 W/m*K [100].
Magnesium hydroxide has high thermal reflectance at near-infrared region from around
750 to 2500 nm. Over 80 % of heat in near-infrared area is reflected [102,103] which can
be seen in Figures 12 and 13.

Figure 12 Mg(OH)2 reflectance 200-1200 nm[102]. Figure 13 Mg(OH)2 reflectance 1000-4000 nm[103].
Mg(OH)2 reflects most of the heat back to the atmosphere so the high thermal conduc-
tivity can in some degree be compensated by that. Refractive index of Mg(OH)2 is 1,56
[100].
Mg(OH)2 particles are usually hydrophilic and because of that are less compatible with
many non-polar polymers. This incompatibility can lead to poor dispersion and physical
properties of the coating including mechanical properties and flame retardancy. [104]
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3.2.4 Pigments
There are pigments that can reflect ultraviolet or infrared waves. But to limit the varia-
bles, those pigments were decided to be left out of formulas in this thesis. White com-
mon water-borne coloring paste was used as pigment. It contained TiO2 which is best
pigment to scatter visible light. To obtain best light scattering pigments diameter must
be less than half of the wavelength of scattered light. Rutile TiO2 light scattering proper-
ties are affected by particle size distribution, degree of agglomeration and optical inter-
actions. TiO2 light scattering can be enhanced in near-infrared area by using larger par-
ticle size or using more TiO2 as pigment. Adding more TiO2 is not desirable due to higher
manufacturing costs. Using hollow microspheres instead of TiO2 leads to cheaper coat-
ing formulations without the loss of reflectivity. This makes tinted cool roof coatings
possible. Of course, tinted coating loses some of their reflectivity in visible light area, but
other color than white as cool roof coating is now a suitable option. [87]
Rutile TiO2 has refractive index of 2.8 [105]. Calcium carbonate, CaCO3, has refractive
index of 1.59 [66]. Organic resins refractive indices are usually between 1.40 and 1.60
[106]. Pigment can scatter thermal radiation and it depends on the difference of resins
and pigments refractive indices. Reflectance is better when the difference is high.



42

4 Experimental part
All sample coatings were prepared using Heidolph RZR2100 -laboratory mixer with Le-
nart blade at low RPMs, from 300 to 1000 RPM. Sample coatings contained 37 volume-
% of functional fillers. Most of the fillers do not sustain dispersing with sharp blade stir-
rers at very high RPMs. There are few variants of glass spheres that can withstand high
speed dispersing. Standard paint shaker was used to mix paints so that paint is homog-
enous, and films could be applicated.
All mechanical tests and DSC analysis were conducted at Teknos’ Pitäjänmäki R&D la-
boratory at room temperature, 23 °C. All equipment were calibrated as stated in Teknos’
calibration schedule. Thermal conductivity measurements were conducted at Aalto uni-
versity’s chemistry laboratory. Reflectance, emittance, and SRI-values were measured
at room temperature by Solar Simulator Finland Ltd.

4.1 Mechanical tests
Basic mechanical tests were conducted to find out mechanical properties of coatings.
These tests included density measurement with Erichsen density ball model 475. Dry
film thickness was measured from applied paint film on Q-panel R-42 steel plate with
Elcometer 456 -film thickness meter after three days of curing. Wet film thicknesses
were 500 and 1500 µm.
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4.1.1 Viscosity
Viscosities of prepared coatings were measured with Brookfield KU-3 viscometer with
standard spindle which simulates hand application or manufacturing of paint. These val-
ues were Krebs Units (KU), shear rate was approximately between 10 and 200 s-1.
Brookfield has made a table how to convert KU to Pas, but there was no need to convert
these units. Viscosities were also measured with Cone and plate Brookfield CAP 1000+
Viscometer with spindle number 3 which simulates spraying of the coating. These values
were poise (P), shear rate was 10000 s-1. One poise is 1 mPas (millipascal second).

4.1.2 Hardness & Gloss
Hardness values were measured with BYK-Gardener Pendulum hardness tester 5854,
König as the measurement type and values were seconds (s). Gloss was measured with
BYK micro-TRI-gloss 4446 -glossmeter at 60°. This machine calculated mean value of
three separate measurements. Both hardness and gloss measurements were conducted
1, 2, 3, 7 and 14 days after application of the evaluated paint on a cleaned glass plate.

4.1.3 Impact & Heat cycle impact
Impact resistance was measured with Gardner SPI Impact tester from paint films after 1
day of curing on Q-Panel R-42 steel plate. Impact resistance was also measured from
plates that have been heated in oven 1 h at 100 °C and cooled to room temperature,
total of six cycles of heating and cooling. After every cycle of heating Elcometer Shore A
-meter was used to measure Shore A -value of the paint films. Impact resistance test
gives kg*cm value how hard direct or indirect impact paint film can withstand.
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4.1.4 Water cup
Water cup tests were conducted on a paint film which was applied to a washed glass
plate and let cure for 1 day. Small water cup was filled with water and placed on the
paint film and removed after 24 hours. Paint film was then observed, and changes were
recorded. This test expresses information about binder’s water durability.

4.2 Thermal insulation and other tests
Infrared lamp, anti-condensation and sound reduction tests were not standardized
tests, but instead own methods and constructions were used.

4.2.1 Thermal conductivity & Effusivity
Measurements were conducted with Hot Disk TPS2500S with transient plane source
method at temperature of 21 °C with humidity of 50 %. Used sensor was Kapton C5501
with radius 6.403 cm. Heating power was 25 mW and measuring time 40 seconds. Probe
depth was 5.0 mm. Resistance was 12.186 Ω. Sensor was inserted between two similar
pieces with same thickness of prepared thermal insulation coating. Machine measured
thermal diffusivity and calculated from that thermal conductivity with those values ther-
mal effusivity was also calculated. Maximum error of these results was estimated to be
±3%.
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4.2.2 Infrared lamp test
In infrared lamp test was tested what is the temperature difference of painted film and
aluminum substrate that paint was applied on. 5*5 cm aluminum plate was placed on
Styrofoam block under Philips BR125 250W -infrared lamp at the distance of 20 cm.
Fluke 566 IR Thermometer with type K thermocouple was used to measure tempera-
tures. Thermocouple was attached to the bottom of the aluminum plate through a hole
that was cut into Styrofoam block. Temperature measurements were conducted on both
sides of the plate for 1 hour at 5 minutes intervals. After 20 minutes of heating the sam-
ple reached plateau value which was used in calculations. Maximum error of these re-
sults cannot be estimated.

4.2.3 Reflectance, Emittance & SRI
Solar reflectivity index testing of the sample coatings was conducted by standard ASTM
E1980-11. The hemispherical reflectance of the samples was measured with a spectro-
photometer and an integrating sphere on the visible wavelengths range between 300
and 1000 nm, and with an infrared filter, infrared detector, and an integrating sphere
on the infrared wavelengths range between 1000 and 2500 nm. The measured reflec-
tance values were weighted by the solar AM1 spectrum.
The emittance of the sample was measured at room temperature. The emittance of the
sample was measured with an infrared camera, datalogger and infrared thermometer
in which the emittance value could be changed.
The SRI value can be calculated for a given convective coefficient according to the stand-
ard ASTM E1980-11 from the reflectance and emittance measurements of the sample.
The SRI was calculated at three convective coefficients, 5 W/(m2*K), 12 W/(m2*K) and
30 W/(m2*K), which correspond to low, medium and high wind conditions, respectively.
Maximum error of these results was estimated to be ±3.
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4.2.4 Anti-condensation
Anti-condensation testing was conducted with modified Teknos anticon method. 5*5
cm aluminum plates were weighted and submerged in water for 60 minutes. After that
weight gain was measured with laboratory scale. After 60 minutes drying samples were
weighted again to find out how much water has left the samples. Maximum error of
these results cannot be estimated.

4.2.5 Sound reduction
Sound reduction measurement was conducted with own method which was a total fail-
ure. Loudspeaker was used as sound source for sound from 20 to 20000 Hz. Decibel
meter in cell phone was used as sound reduction measurement tool. It was tried first to
coat decibel meter with dry paint film, then coat the loudspeaker with dry paint film,
but neither gave no difference in sound loudness. Both 500 and 1500 µm wet film thick-
nesses failed to reduce sound in this test.

4.2.6 Differential Scanning Calorimetry
Differential scanning calorimetry measurements were conducted with Perkin Elmer Dif-
ferential scanning calorimeter DSC 8000. Calibration was checked with indium sample.
Purge gas was nitrogen with volume of 20 ml/minute. In first cycle sample was heated
from -60 °C to 20 °C at 20 °C/minute. In second cycle sample was cooled from 20 °C back
to -60 °C at 20 °C/minute. In third cycle sample was hold for 3 minutes at -60 °C. In the
last cycle sample was heated from -60 °C to 100 or 250 °C at 20 °C/minute.
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5 Results and Conclusions
Results presented here are detailed in Appendices 1-10. Reference samples 1-4 were
commercial products. Reference sample 6 was prepared from binder AB and calcium
carbonate, CaCO3. Reference sample 5 was left out of these results, because it was not
suitable product for thermal insulation testing. Differences with measured references
and values manufacturers report in their technical data sheets can come from different
film thickness used in measurements and different temperature or humidity. Manufac-
turers do not necessarily reveal all testing conditions. In Table 1 is raw material proper-
ties provided by manufacturers. All technical data was not obtained from manufactur-
ers. In Table 1 Tg means glass transition temperature of binder, MFFT is the minimum
film forming temperature, VOC is the amount of volatile organic compounds and BET is
the specific surface area of the filler.
Table 1 Raw material properties.

Binder Type Solids% Density[g/ml] Tg[°C] MFFT[°C] VOC[g/l] Viscosity[mPas]AB Acrylate dispersion 60 1.06 - - - 100 - 2500C Styrene acrylic emulsion 47.5 1.03 13 9 <25 <2000D Acrylic emulsion 55 1.04 -40 - - <140E Acrylate polyurethanedispersion 52.5 1.03 -36 <0 - <500
F Elastomeric siloxaneemulsion 50 1.025 - - - <800

Filler Type Form Density[g/ml] Particlesize [µm] Conductivity[W/m*K] BET[m2/g]1 Aerogel powder 0.13 2 - 40 0.012 600 - 8002 Aerogel granule 0.12 100 - 700 0.012 -3 Aerogel powder 0.08 1 - 40 0.025 250 - 3004 Glassmicrosphere microsphere 0.28 30 0.088 -
5 Thermoplasticmicrosphere microsphere 0.036 20 - 30 0.071 -
6 Micro crystalcellulose crystals 1.4 - - -
7 Magnesiumhydroxide powder 2.4 0.3 - 1.8 - 9 - 11
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Properties of reference samples and prepared samples are listed in Table 2.
Table 2 Reference and prepared sample properties.

Refe-rence Type Solids% Density[g/ml]
Thermalresistance[°C]

Conduc-tivity[W/m*K] VOC[g/l] Emit-tance Reflec-tanceR1 Urethane/Acrylic blend 60 1.4 149 0.070 - 0.91 -R2 Acrylic ceramic blend 79 0.6 176 0.07 7.6 0.85 0.84R3 Water-borne dispersion 23 0.4 200 0.037 <50 - -R4 Water-borne anti-condensation paint 45 1.1 150 0.085 <15 - -
R6 Acrylic CaCO3 64 1.5 - 0.183 - - -

Sample Density[g/ml] Viscosity(KU) Solidsvolume-% Fillerweight-% Tg[°C]AB1 0.49 97 68.7 6.2 13.29C2 0.73 98 59.5 6.6 5.99D3 0.68 92 59.1 6.2 -29.55E4 0.79 93 60.0 13.0 -26.63C5 0.72 90 56.0 1.9 -AB6 1.15 93 43.5 12.0 11.30F7 2.16 130 57.4 48.0 -R6 1.52 92 64.3 50.0 -

5.1 Results
Thermal conductivity results were quite good considering that coating formulations
were very simple. With some aerogel samples thermal conductivities were quite high,
over 0.1 W/m*K. This was probably due to not getting filler completely wetted and it
agglomerated. These results are hard to compare with literature values because of the
differences in formulations and amounts of binders and fillers. For that reason, refer-
ence samples values are used as literature values. Best reference sample had thermal
conductivity of 0.045 W/m*K. It was quite near the value manufacturer promises, 0.037
W/m*K. Closest self-formulated and prepared sample to that reference sample was D3
with thermal conductivity of 0.061 W/m*K. Thermal conductivity and effusivity were
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measured at 21 °C with 50 % humidity. Thermal conductivities of aerogel samples are
presented in Table 3.
Table 3 Thermal conductivities of aerogels.

Sample Conductivity[W/m*K] Sample Conductivity[W/m*K] Sample Conductivity[W/m*K]AB1 0.120 AB2 0.088 AB3 0.073C1 0.170 C2 0.096 C3 0.115D1 0.068 D2 0.062 D3 0.061E1 0.065 E2 0.063 E3 0.133F1 0.075 F2 0.078 F3 0.114
In microsphere thermal conductivities variation was not as high as in aerogels. This is
due to fact that microspheres are very easy to mix with binders. Thermal conductivities
of microspheres, MCC (AB6) and Mg(OH)2 (F7) samples are presented in Table 4.
Table 4 Thermal conductivities of microspheres, MCC and Mg(OH)2.

Sample Conductivity[W/m*K] Sample Conductivity[W/m*K] Sample Conductivity[W/m*K]AB4 0.156 AB5 0.097 AB6 0.230C4 0.152 C5 0.086 F7 0.770D4 0.141 D5 0.095E4 0.133 E5 0.084F4 0.137 F5 0.089
Literature thermal conductivity values for MCC particles is 0.307 W/m*K [98] and for
pure Mg(OH)2 it is 8 W/m*K [100]. Measured values were not close to these literature
values, including reference sample R6, because TPS parameters were optimized to
measure lower thermal conductivities than 0.2 W/m*K and measurement was done us-
ing the coating as sample not the pure filler.
Measured thermal conductivities of reference samples were higher than what manufac-
turers promise in their technical data sheets (TDS). Thermal conductivities of reference
samples are presented in Table 5. Calcium carbonate (Reference sample R6) as pure
form has thermal conductivity of 2.26 W/m*K.
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Table 5 Thermal conductivities of reference samples and manufacturers values.

Sample Conductivity[W/m*K] TDS Conductivity[W/m*K]R1 0.325 0.070R2 0.109 0.070R3 0.045 0.037R4 0.171 0.085R6 0.183 -

Effusivity of tested samples was lowest with sample E1, 141 Ws0.5/(m2K), and highest
with samples AB6 & F7. Effusivity of these two samples was around four times higher
than sample E1, nearly 600 Ws0.5/(m2K). This difference was observed when touching
plate for 5 seconds during infrared lamp tests, samples AB6 and F7 were much hotter to
touch. Reference samples effusivities were between 110 and 1670 Ws0.5/(m2K). One can
say that some of the references did not have good safe touch or thermal insulation prop-
erties. Effusivity for air is 6 Ws0.5/(m2K) [107] and for aluminum is 23688 Ws0.5/(m2K)
[107]. Aluminum was used as substrate for infrared lamp tests. Effusivities for aerogels
are presented in Table 6.
Table 6 Effusivities of aerogels.

Sample Effusivity[Ws0.5/(m2K)] Sample Effusivity[Ws0.5/(m2K)] Sample Effusivity[Ws0.5/(m2K)]AB1 334.5 AB2 257.7 AB3 299.2C1 412.6 C2 277.1 C3 293.6D1 233.8 D2 302.7 D3 300.3E1 140.9 E2 253.6 E3 425.0F1 175.5 F2 260.1 F3 267.7
Effusivity of microspheres, MCC (AB6) and Mg(OH)2 (F7) samples are presented in Table
7. These values are higher than aerogel sample values because aerogel is better insula-
tion material than microspheres.
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Table 7 Effusivities of microspheres, MCC and Mg(OH)2.

Sample Effusivity[Ws0.5/(m2K)] Sample Effusivity[Ws0.5/(m2K)] Sample Effusivity[Ws0.5/(m2K)]AB4 320.2 AB5 307.4 AB6 596.3C4 369.3 C5 249.3 F7 540.5D4 332.2 D5 248.1E4 328.9 E5 231.3F4 209.2 F5 237.9
Effusivities of reference samples are presented in Table 8. Manufacturers do not reveal
effusivity values in their TDSs. Based on these results can be concluded that reference
samples R2 and R3 are suitable for safe touch applications and thermal insulation coat-
ings.
Table 8 Effusivities of reference samples.

Sample Effusivity[Ws0.5/(m2K)]R1 1073.2R2 266.5R3 110.7R4 372.9R6 1673.9

Solar reflectance index was calculated at three convective coefficients, 5 W/(m2K), 12
W/(m2K) and 30 W/(m2K), which correspond to low, medium and high wind conditions,
respectively. Solar reflectance index, total solar reflectance and emittance values are
presented in Table 9. These properties were not measured from all samples, only from
13 prepared samples and 2 references. All measured samples had high emittance. Sam-
ple F7 had infrared reflectance (Appendix 3) value of 84 % which was as stated in litera-
ture [103]. Samples with SRI values over 100 can be considered as good cool roof coat-
ings.
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Table 9 Solar reflectance index results.

Sample Emittance

Total solarreflectance(300-2500 nm)[%]

Solar reflectance index
5[W/(m2K)] 12[W/(m2K)] 20[W/(m2K)]AB1 0.98 83 105 105 104AB4 0.98 77 97 96 96AB5 0.98 79 100 100 99AB6 0.98 78 98 97 97C1 0.98 84 106 105 105C2 0.98 77 98 98 97C3 0.99 75 94 93 93D2 0.99 79 99 99 99D3 0.98 75 94 94 93E3 0.98 84 106 106 106E5 0.98 81 103 102 102F4 0.98 83 105 105 104F7 0.99 83 105 105 105R3 0.98 67 83 83 82R4 0.98 63 79 78 78

Infrared lamp test results as differences in temperatures of top of the sample and bot-
tom of the best samples are presented in Table 10. First is temperature difference of
500 µm wet film’s top and bottom, second is temperature difference of 1500 µm wet
film’s top and bottom, third is temperature difference of these two different wet film
thicknesses and last is highest temperature of the top side of the coating film under
infrared lamp. F1 and F3 samples did not give results due to poor film quality. With some
of the coatings three times higher wet film thickness provided 5 °C lower temperature
values. It can be concluded that most sample coatings can lower temperature at least
0.5 °C per each new coat of 500 µm wet film thickness.
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Table 10 Infrared lamp test results.

Sample 500 µm[°C] 1500 µm[°C] ΔT[°C] Max tempe-rature [°C]E1 9.9 12.9 3.0 93F2 10.1 15.6 5.5 91C3 15.8 18 2.2 83AB4 11.0 13.2 2.2 98C5 8.8 10.7 1.9 83AB6 10.6 10.3 -0.3 84F7 11.3 15.1 3.8 103R1 8.3 10.0 1.7 84R2 9.7 13.8 4.1 128R3 8.3 10.2 1.9 84R4 10.0 11.1 1.1 98R6 7.9 9.0 1.1 101
Difference of temperature of the lowest temperature of 500 µm wet film samples, sam-
ple F5, and temperature of reference R6 is presented in Figure 14. The temperature dif-
ference of these samples was that F5 was 23 °C cooler than reference R6.

Figure 14 Temperature differences of samples F5 and R6.
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Mechanical results include density, dry film thickness, hardness and gloss. These values
are presented in Table 11. All mechanical test data can be found in Appendix 6. Densities
were all well under 1.0 g/ml except for samples AB6 and F7 which had different fillers in
them than the other samples. Reference samples R1 and R4 had probably ceramic
spheres in them because densities were so high. Dry film thicknesses were mostly one
third or half of the wet film thicknesses of 500 and 1500 µm. This was due to the amount
of solids in the binders. Viscosities were measured but those were not optimized to save
time and raw materials. Hardness and gloss values were low as was expected after con-
sulting literature.
Table 11 Mechanical results.

Sample Density[g/ml] Dry film thickness500 & 1500 [µm] Hardness[s] GlossAB1-5 0.49 - 0.78 145-235 & 453-733 4.2 - 6.4 2.1 - 5.3AB6 1.15 203 & 554 6.6 - 8.2 7.6 - 8.5C1-5 0.68 - 0.86 123-268 & 407-768 4.2 - 8.8 2.1 - 6.5D1-5 0.68 - 0.77 117-217 & 383-750 8.2 - 17.2 1.6 - 10.2E1-5 0.69 - 0.86 117-240 & 370-790 7.2 - 13.0 1.9 - 6.8F1-5 0.68 - 0.75 197-366 & 470-655 10.2 - 23.3 1.9 - 16.8F7 2.16 200 & 672 10.8 - 12.4 2.4 - 2.5R1-4, 6 0.46 - 1.56 176-340 & 517-1030 6.2 - 11.6 1.4 - 5.0

Some results of samples F1 and F3 were left out because prepared films were not uni-
form and could not be used to make measurements.

Water cup 24-hour test had effect on almost all samples. Only samples AB1 and C2 with
both film thickness samples showed no difference after test. Most of the other samples
became softer and shade became lighter after test. These results were as expected. All
water cup test results are in Appendix 7.
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Impact test and heat impact test results are in Appendix 8. Thinner coating films with-
stood better direct and indirect impacts. After 6 heating cycles at 100 °C Shore A hard-
ness of films stayed almost the same as before heating. Impact results did not vary much
between heated and non-heated samples. Most of the samples endured 121 kg*cm di-
rect impact. Some of the samples endured 121 kg*cm indirect impact. Paint films are
elastic, so they withstand impacts quite well.
Anti-condensation results are presented in Table 12 as the best result of the individual
binder. All the samples absorbed water. Sample C1 was worst, only 1.6 % weight gain,
but R4 gained over 140 % water of paint films weight. All samples showed some anti-
condensation paint properties but testing has to be optimized to get clearer results.
Table 12 Anti-condensation test results.

Sample1500 µm Plateweight [g] Paintweight [g] Absorbed H2Oin 60 min [g] H2O gain of film[%] H2O after 60 mindrying [g]AB3 5.22 0.71 0.13 18.3 0.01C3 5.43 0.92 0.08 8.7 0.00D1 5.1 0.59 0.15 25.4 0.04E1 5.27 0.76 0.17 22.4 0.01F5 5.42 0.91 0.11 12.1 0.05R1 7.49 2.98 0.19 6.4 0.09R2 5.65 1.14 0.16 14.0 0.02R3 4.84 0.33 0.15 45.5 0.04R4 5.75 1.24 1.75 141.1 1.39R6 7.73 3.22 0.15 4.7 0.10

Sound reduction tests did not provide any changes in observed sound volume. Film
thicknesses were too low to give any difference in decibels.

Differential scanning calorimetry test were conducted only for few samples. Results are
presented in Table 13. It was predicted that acrylate binders do not give any glass tran-
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sition temperatures. Still glass transition temperatures were observed, and these tem-
peratures were quite low. Sample E4 provided two points but it remained unclear what
was the higher temperature point. The reason can be that it was bit different acrylate
copolymer binder than other binders. Only with sample F7 there was not any distinct
points in curves. ΔCp in Table 13 is difference in specific heat capacity. DSC data can be
found in Appendix 10.
Table 13 DSC results.

Sample Sampleweight [mg] Tg [°C] ΔCp[J/g*°C]AB1 20.9 13.29 0.156
AB5 22.8 8.38 0.141
AB6 28.6 11.30 0.121
C2 18.8 5.99 0.178
D3 17.3 -29.55 0.178
E4 21.6 -26.63 0.11221.6 186.13 0.037F7 - - -

5.2 Future research
Overall results were promising. It was economically good to see that binder D had lowest
thermal conductivity with aerogels. Binder D was the least expensive binder. It is mainly
used as cool roof binder but can be combined with aerogel as well.
Mixing hydrophobic aerogel to acrylate binder was known to be challenging. Without
the use of right wetting agents, it will take very long time to get aerogel fully wetted and
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mixed to binder. Reason for that is the low RPMs that has to be used when mixing aer-
ogels with binder. So, for future testing wetting agents should be used with aerogel mix-
ing.
It will be hard to shave off those last 0.01 – 0.03 W/m*K from prepared TICs to get under
value of 0.04 W/m*K which can be considered as excellent thermal insulation coating,
but it would be possible by optimizing formulations and increasing functional filler vol-
ume. For future research there is an obvious reason to try to make composite thermal
insulation coating using binder D or E and combination of fillers 2 and 5, those materials
provided best results overall. As cool roof application binders C or D with filler 5 could
be best combination, the ratios of raw materials and the amount of filler has to be
tested. And there is obviously need to measure more properties of all samples, like ten-
sile strength. Applications to use Mg(OH)2 (filler 7) in very hot substrates should be stud-
ied further, but unfortunately MCC (filler 6) did not provide any good results concerning
thermal insulation. It would probably be better to use MCC to make aerogel, if the cost
and production efficiency is affordable. All prepared thermal insulation coatings had
better insulation properties than CaCO3 reference R6 as was expected.
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1

Thermal conductivity results

Sample W/m*K @ 21 °C Mean Sample thickness [mm]AB1 0.120 0.120 0.120 6.1AB2 0.086 0.090 0.088 7.0AB3 0.074 0.072 0.073 4.0AB4 0.159 0.153 0.156 4.3AB5 0.098 0.095 0.097 4.1AB6 0.225 0.234 0.230 4.0C1 0.166 0.174 0.170 5.2C2 0.091 0.100 0.096 4.6C3 0.111 0.118 0.115 5.1C4 0.144 0.159 0.152 7.0C5 0.082 0.089 0.086 5.0D1 0.064 0.072 0.068 5.5D2 0.058 0.065 0.062 6.0D3 0.056 0.065 0.061 7.0D4 0.134 0.147 0.141 5.0D5 0.092 0.098 0.095 4.9E1 0.063 0.067 0.065 4.5E2 0.057 0.069 0.063 7.5E3 0.119 0.147 0.133 3.3E4 0.123 0.143 0.133 5.3E5 0.079 0.089 0.084 5.0F1 0.072 0.078 0.075 8.0F2 0.070 0.085 0.078 6.5F3 0.117 0.111 0.114 4.0F4 0.135 0.139 0.137 5.2F5 0.082 0.095 0.089 3.8F7 0.731 0.808 0.770 9.3R1 0.256 0.394 0.325 4.7R2 0.103 0.114 0.109 6.9R3 0.044 0.045 0.045 4.5R4 0.162 0.18 0.171 5.6R6 0.162 0.204 0.183 3.9
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1

Thermal effusivity results

Sample W*s0.5/(m2*K) @ 21 °C Sample thickness [mm]AB1 334.5 6.1AB2 257.7 7.0AB3 299.2 4.0AB4 320.2 4.3AB5 307.4 4.1AB6 596.3 4.0C1 412.6 5.2C2 277.1 4.6C3 293.6 5.1C4 369.3 7.0C5 249.3 5.0D1 233.8 5.5D2 302.7 6.0D3 300.3 7.0D4 332.2 5.0D5 248.1 4.9E1 140.9 4.5E2 253.6 7.5E3 425.0 3.3E4 328.9 5.3E5 231.3 5.0F1 175.5 8.0F2 260.1 6.5F3 267.7 4.0F4 209.2 5.2F5 237.9 3.8F7 540.5 9.3R1 1073.2 4.7R2 266.5 6.9R3 110.7 4.5R4 372.9 5.6R6 1673.9 3.9
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SRI, TSR and Emittance results

Sample Emit-tance

Visiblereflectance(380-780 nm)[%]
IR reflectance(1000-2500 nm)[%]

Total solarreflectance(300-2500 nm)[%]

SRI (at 3 convective coefficients)
5[W/(m2K)] 12[W/(m2K)] 20[W/(m2K)]AB1 0.98 88 84 83 105 105 104AB4 0.98 82 79 77 97 96 96AB5 0.98 84 83 79 100 100 99AB6 0.98 85 75 78 98 97 97C1 0.98 88 87 84 106 105 105C2 0.98 82 81 77 98 98 97C3 0.99 81 74 75 94 93 93D2 0.99 84 82 79 99 99 99D3 0.98 81 76 75 94 94 93E3 0.98 89 86 84 106 106 106E5 0.98 86 85 81 103 102 102F4 0.98 88 85 83 105 105 104F7 0.99 88 84 83 105 105 105R3 0.98 65 73 67 83 83 82R4 0.98 74 74 63 79 78 78
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Solar reflectance spectra
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1

Infrared lamp test results
Sample Wet film °C/min 0 5 10 15 20 25 30 35 40 45 50 55 60 Mean (20-60 min) ΔT [°C]AB1 500 µm top 25 74 93 95 98 100 101 102 100 102 101 102 100 100.7 17.9500 µm bottom 25 55 72 74 81 82 83 84 82 84 83 84 82 82.81500 µm top 25 80 93 98 99 100 101 101 100 102 101 101 100 100.6 18.1

1500 µm bottom 25 65 75 80 81 82 83 83 82 83 83 83 82 82.4AB2 500 µm top 25 96 102 104 106 107 107 107 108 108 108 108 108 107.4 14.0
500 µm bottom 25 84 90 91 92 93 93 93 94 94 94 94 94 93.41500 µm top 25 93 98 100 101 103 105 107 106 107 106 106 107 105.3 19.01500 µm bottom 25 76 83 83 84 85 86 87 87 87 87 87 87 86.3AB3 500 µm top 25 86 94 102 103 102 105 106 105 105 106 105 105 104.7 10,6500 µm bottom 25 76 86 92 93 94 94 95 94 94 95 94 94 94.11500 µm top 25 88 90 96 87 98 101 103 104 103 102 103 104 100.6 11.6
1500 µm bottom 25 75 79 85 86 87 89 90 90 90 89 90 90 89.0AB4 500 µm top 25 85 110 120 119 118 119 115 116 120 117 117 117 117.6 11.0
500 µm bottom 25 75 96 104 103 108 108 105 105 109 107 107 107 106.61500 µm top 25 90 91 98 97 98 98 98 97 98 98 97 98 97.7 13.21500 µm bottom 25 80 82 85 84 85 84 85 84 85 84 84 85 84.4AB5 500 µm top 25 83 86 88 89 90 91 90 90 90 91 90 91 90.2 9.8500 µm bottom 25 74 76 78 80 80 81 80 80 81 81 80 81 80.4
1500 µm top 25 81 83 83 84 84 83 83 84 83 83 84 84 83.6 11.21500 µm bottom 25 71 72 72 73 72 72 72 73 72 72 73 72 72.3AB6 500 µm top 25 81 82 81 82 81 81 82 82 81 81 82 82 81.6 10.6
500 µm bottom 25 66 69 68 69 71 72 71 71 71 72 71 71 71.01500 µm top 25 80 81 82 84 83 83 84 84 83 83 84 84 83.6 10.3
1500 µm bottom 25 68 71 72 73 74 73 73 73 74 73 73 73 73.2C1 500 µm top 25 79 82 82 83 83 84 83 84 83 84 84 84 83.6 10.3
500 µm bottom 25 69 72 72 73 74 73 73 73 74 73 73 73 73.2
1500 µm top 25 77 79 79 80 80 80 79 80 80 80 80 80 79.9 11.6
1500 µm bottom 25 65 67 67 68 69 68 67 68 69 68 69 69 68.3C2 500 µm top 25 90 94 99 103 104 105 105 106 106 106 106 106 105.2 10.7
500 µm bottom 25 76 80 85 93 93 94 95 95 95 95 95 96 94.61500 µm top 25 86 90 95 100 102 103 104 103 102 103 104 103 102.7 12.01500 µm bottom 25 70 78 84 88 90 91 92 91 90 91 92 91 90.7C3 500 µm top 25 78 81 83 84 83 83 84 83 84 83 84 83 83.4 15.8500 µm bottom 25 64 66 68 68 66 68 68 66 68 69 68 68 67.7
1500 µm top 25 80 82 83 83 83 82 83 82 83 83 83 83 82.8 17.91500 µm bottom 25 65 65 65 64 65 65 65 65 65 64 65 66 64.9C4 500 µm top 25 73 79 80 81 82 83 83 84 83 84 84 84 83.1 10.3
500 µm bottom 25 60 68 69 71 72 73 73 73 73 73 74 73 72.8
1500 µm top 25 71 80 82 81 81 81 81 82 81 81 81 81 81.1 12.21500 µm bottom 25 58 67 70 68 69 69 69 70 68 69 69 69 68.9C5 500 µm top 25 73 79 80 81 82 83 82 82 83 82 83 83 82.3 8.8500 µm bottom 25 63 70 71 72 73 74 74 74 74 73 74 74 73.6
1500 µm top 25 71 76 77 78 80 81 81 80 80 80 81 80 80.1 10.7
1500 µm bottom 25 60 64 66 68 69 70 70 69 69 70 70 70 69.4D1 500 µm top 25 97 100 101 101 102 101 102 102 102 103 102 102 101.9 12.0
500 µm bottom 25 83 86 87 88 89 90 90 89 90 91 91 91 89.91500 µm top 25 95 97 98 97 98 98 98 97 98 98 98 98 97.8 13.21500 µm bottom 25 80 83 85 84 85 85 84 84 85 85 84 85 84.6D2 500 µm top 25 85 87 88 89 88 88 89 88 88 89 88 88 88.3 12.2500 µm bottom 25 72 75 76 76 77 76 77 75 76 77 75 76 76.1
1500 µm top 25 85 87 87 88 87 86 86 86 85 86 86 85 86.1 12.71500 µm bottom 25 68 73 72 74 74 73 73 74 73 73 74 73 73.4D3 500 µm top 25 90 91 92 93 94 93 94 95 95 95 95 95 94.3 9.7
500 µm bottom 25 79 80 82 83 84 85 85 85 85 85 85 85 84.7
1500 µm top 25 86 90 89 89 89 90 89 89 89 89 90 89 89.2 11.01500 µm bottom 25 71 76 78 78 78 79 78 78 78 78 79 78 78.2D4 500 µm top 25 83 88 89 90 91 91 90 91 91 90 91 91 90.7 10.6500 µm bottom 25 70 76 77 77 79 80 80 81 81 81 81 81 80.1
1500 µm top 25 79 84 85 85 85 85 85 85 85 85 85 85 85.0 12.61500 µm bottom 25 64 69 72 73 72 72 73 72 72 73 72 73 72.4D5 500 µm top 25 79 84 86 87 88 87 88 88 88 87 88 88 87.7 8.9
500 µm bottom 25 68 75 77 77 79 79 79 79 79 79 79 79 78.81500 µm top 25 75 80 82 83 82 82 82 83 82 83 83 83 82.6 10.21500 µm bottom 25 64 71 72 73 72 72 72 73 72 73 72 72 72.3
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Sample Wet film °C/min 0 5 10 15 20 25 30 35 40 45 50 55 60 Mean (20-60 min) ΔT [°C]E1 500 µm top 25 88 89 90 91 91 92 93 92 93 92 92 93 92.1 9.9500 µm bottom 25 76 77 79 81 81 82 83 83 83 82 83 82 82.21500 µm top 25 85 86 88 89 88 89 88 89 88 89 89 89 88.7 12.9
1500 µm bottom 25 72 73 75 76 75 76 75 76 76 76 76 76 75.8E2 500 µm top 25 90 96 100 103 106 107 107 106 107 108 107 107 106.4 10.0
500 µm bottom 25 80 86 89 92 96 97 97 97 97 98 97 97 96.41500 µm top 25 88 94 98 100 104 105 104 104 105 104 105 104 103.9 12.01500 µm bottom 25 74 79 84 88 92 93 92 92 93 92 93 92 91.9E3 500 µm top 25 80 88 90 91 92 92 91 92 92 92 91 92 91.7 9.3500 µm bottom 25 72 80 81 82 83 83 82 82 82 83 82 82 82.31500 µm top 25 77 85 89 89 88 89 89 88 89 88 89 89 88.7 11.1
1500 µm bottom 25 65 72 76 77 78 78 77 77 78 78 78 77 77.6E4 500 µm top 25 82 84 85 86 87 87 86 87 86 87 87 87 86.7 11.3
500 µm bottom 25 70 73 74 74 74 75 76 76 75 76 76 76 75.31500 µm top 25 79 81 81 81 81 81 81 80 81 81 81 80 80.8 13.01500 µm bottom 25 66 68 68 68 68 68 68 67 68 68 68 67 67.8E5 500 µm top 25 76 80 81 81 80 81 81 80 81 81 81 81 80.8 8.4500 µm bottom 25 65 69 71 72 72 72 72 72 73 73 73 72 72.31500 µm top 25 73 78 78 79 80 80 79 80 80 79 80 80 79.7 10.0
1500 µm bottom 25 63 68 69 69 70 70 69 70 70 69 70 70 69.7F1 500 µm top
500 µm bottom1500 µm top
1500 µm bottomF2 500 µm top 25 85 89 89 90 91 91 90 91 90 91 91 91 90.7 10.1500 µm bottom 25 74 78 79 80 81 81 81 81 80 80 81 80 80.61500 µm top 25 79 83 84 84 85 84 84 84 84 84 85 84 84.2 15.6
1500 µm bottom 25 68 69 69 68 69 69 69 68 69 68 69 69 68.7F3 500 µm top
500 µm bottom1500 µm top1500 µm bottomF4 500 µm top 25 72 78 79 80 81 82 81 82 82 81 82 82 81.4 9.8500 µm bottom 25 62 66 70 70 71 72 72 72 72 72 72 72 71.7
1500 µm top 25 70 76 78 78 77 78 78 78 78 78 78 78 77.9 11.6
1500 µm bottom 25 60 65 67 66 65 67 66 67 66 67 67 66 66.3F5 500 µm top 25 71 74 77 78 78 79 78 78 78 79 78 78 78.2 7.7
500 µm bottom 25 63 66 70 70 70 71 70 70 71 71 71 71 70.61500 µm top 25 69 72 75 74 75 74 75 74 75 74 75 74 74.4 9.81500 µm bottom 25 59 63 66 66 66 65 66 65 66 65 66 65 65.6F7 500 µm top 25 98 99 100 102 104 104 103 104 103 103 104 103 103.3 11.3500 µm bottom 25 84 85 88 89 92 93 92 92 93 92 92 93 92.01500 µm top 25 81 87 92 92 92 92 92 92 92 92 92 92 92.0 15.1
1500 µm bottom 25 68 73 76 77 77 76 77 77 77 77 77 77 76.9

R1 500 µm top 25 75 78 79 79 80 81 80 80 81 80 81 80 80.2 8.3
500 µm bottom 25 68 70 71 71 71 72 72 72 72 72 73 72 71.91500 µm top 25 70 80 84 85 84 84 84 85 84 85 84 84 84.3 10.01500 µm bottom 25 60 70 74 75 74 74 74 75 74 75 74 74 74.3R2 500 µm top 25 85 99 115 128 128 127 127 128 128 128 128 128 127.8 9.7
500 µm bottom 25 70 90 105 117 118 119 118 118 119 118 118 118 118.11500 µm top 25 80 95 112 125 124 125 125 125 124 125 125 125 124.8 13.8
1500 µm bottom 25 60 76 93 105 112 112 111 112 112 112 111 112 111.0R3 500 µm top 25 75 83 83 83 83 84 84 83 83 83 84 84 83.4 8.3
500 µm bottom 25 70 74 74 75 75 76 75 74 75 75 76 75 75.11500 µm top 25 72 78 81 82 82 81 82 81 82 81 82 82 81.7 10.21500 µm bottom 25 62 68 71 72 71 71 72 71 72 71 72 71 71.4R4 500 µm top 25 94 98 97 98 99 98 98 99 99 98 98 98 98.3 10.0500 µm bottom 25 83 86 86 86 88 88 88 89 89 89 89 89 88.31500 µm top 25 92 96 96 96 96 96 97 96 96 96 96 96 96.1 11.1
1500 µm bottom 25 80 85 85 85 85 85 85 85 85 85 85 85 85.0R6 500 µm top 25 80 92 102 102 101 102 102 101 101 101 101 101 101.3 7.9
500 µm bottom 25 73 82 92 93 93 94 93 93 93 94 93 95 93.41500 µm top 25 82 91 99 101 100 101 100 101 101 100 101 100 100.6 9.01500 µm bottom 25 71 80 90 92 91 92 91 92 92 91 92 91 91.6
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Mechanical test results

Sample Density[g/ml] Viscosity(KU) ViscosityC&P (P) Wet filmthickness Dry film thick-ness [µm] Hardness[s] GlossAB1 0.49 97.00 1.73 500 µm 180 6.4 3.8
1500 µm 550 4.6 4.3AB2 0.60 87.00 2.07 500 µm 227 6.2 2.9
1500 µm 733 4.8 2.6AB3 0.69 101.00 1.38 500 µm 224 5.6 2.1
1500 µm 658 4.2 2.9AB4 0.78 56.50 0.76 500 µm 235 6.4 3.1
1500 µm 700 6.2 3.4AB5 0.69 77.00 0.58 500 µm 145 4.8 5.3
1500 µm 453 4.6 5.3AB6 1.15 93.00 1.41 500 µm 203 8.2 8.5
1500 µm 554 6.6 7.6C1 0.84 105.00 0.92 500 µm 168 7.0 4.0
1500 µm 519 5.6 4.0C2 0.73 98.00 1.17 500 µm 200 7.8 2.1
1500 µm 492 6.0 2.1C3 0.68 91.20 0.56 500 µm 131 6.0 6.5
1500 µm 497 4.2 6.5C4 0.86 114.00 0.69 500 µm 268 8.8 2.5
1500 µm 768 6.4 2.6C5 0.72 90.00 0.22 500 µm 123 7.8 3.1
1500 µm 407 6.0 3.2D1 0.73 100.00 0.86 500 µm 150 8.2 3.1
1500 µm 383 9.4 1.6D2 0.72 74.00 1.28 500 µm 217 14.2 2.3
1500 µm 750 10.8 2.3D3 0.68 91.50 0.65 500 µm 150 12.6 3.9
1500 µm 610 12.6 10.2D4 0.77 76.00 0.82 500 µm 209 11.8 2.6
1500 µm 686 11.0 2.7D5 0.74 74.00 0.32 500 µm 117 17.2 3.4
1500 µm 462 10.8 4.1E1 0.67 89.00 1.56 500 µm 124 9.0 2.0
1500 µm 370 7.2 1.9E2 0.69 102.00 1.76 500 µm 253 12.0 3.1
1500 µm 684 8.2 6.8E3 0.86 94.00 0.68 500 µm 145 13.0 4.7
1500 µm 498 9.8 4.7
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E4 0.79 93.00 0.63 500 µm 240 13.0 2.7
1500 µm 790 13.0 2.8E5 0.69 92.00 0.21 500 µm 117 13.0 3.4
1500 µm 537 10.0 3.7F1 0.71 118.00 1.23 500 µm - - -1500 µm - - -F2 0.70 95.00 0.76 500 µm 366 12.0 3.9
1500 µm 558 10.2 1.9F3 0.70 75.00 1.15 500 µm - - -1500 µm - - -F4 0.75 74.00 0.47 500 µm 197 12.2 2.5
1500 µm 655 14.6 2.6F5 0.68 72.00 0.47 500 µm 145 23.2 16.8
1500 µm 470 22.6 4.0F7 2.16 130.00 1.85 500 µm 200 12.4 2.4
1500 µm 672 10.8 2.5

R1 1.56 124.00 1.84 500 µm 230 9.2 3.0
1500 µm 670 7.0 3.3R2 0.72 106.00 0.31 500 µm 340 9.4 1.4
1500 µm 1030 7.4 1.4R3 0.46 87.00 0.99 500 µm 245 7.0 2.6
1500 µm 800 6.2 2.8R4 1.10 125.00 1.20 500 µm 176 11.6 2.1
1500 µm 517 9.6 2.1R6 1.52 92.00 2.57 500 µm 254 8.6 5.0
1500 µm 786 7.6 4.3



Appendix 7
1 (2)

1

Water cup test results
Sample Water cup test observations after 24 h Wet filmAB1 no change 500 µmno change 1500 µmAB2 lighter shade 500 µmlighter shade 1500 µmAB3 softer & lighter shade 500 µmsofter & lighter shade 1500 µmAB4 softer 500 µmsofter & lighter shade 1500 µmAB5 blisters & lighter shade 500 µmlighter shade 1500 µmAB6 softer & lighter shade 500 µmsofter & lighter shade 1500 µmC1 softer & lighter shade 500 µmsofter & lighter shade 1500 µmC2 no change 500 µmno change 1500 µmC3 blisters & came off from edges 500 µmno change 1500 µmC4 softer & lighter shade 500 µmsofter & lighter shade, big blister 1500 µmC5 softer & lighter shade 500 µmsofter & lighter shade 1500 µmD1 lighter shade 500 µmlighter shade 1500 µmD2 softer & lighter shade 500 µmsofter & lighter shade 1500 µmD3 came off from edges 500 µmno change 1500 µmD4 softer & lighter shade 500 µmsofter 1500 µmD5 softer 500 µmsofter & lighter shade 1500 µmE1 softer & lighter shade 500 µmsofter & lighter shade 1500 µmE2 softer & lighter shade 500 µmsofter & lighter shade 1500 µmE3 blister & lighter shade 500 µmsofter & lighter shade 1500 µmE4 blisters & lighter shade 500 µmblisters & lighter shade 1500 µm
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E5 lighter shade 500 µmlighter shade 1500 µmF1 - 500 µm- 1500 µmF2 no change 500 µmsofter 1500 µmF3 - 500 µm- 1500 µmF4 blisters & lighter shade & softer 500 µmblisters & softer 1500 µmF5 softer & lighter shade 500 µmsofter & lighter shade 1500 µmF7 softer 500 µmsofter & lighter shade 1500 µm
R1 softer & lighter shade 500 µmsofter & lighter shade 1500 µmR2 no change 500 µmsofter & lighter shade 1500 µmR3 softer & absorbed all water 500 µmsofter & absorbed all water 1500 µmR4 big blister & something dissolved to water 500 µmbig blister & something dissolved to water 1500 µmR6 softer & lighter shade 500 µmsofter & lighter shade, paint came off under petri dish's rim 1500 µm
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Impact test results

Sample Wet film Dry film [µm] Impact direction Impact kg*cm Heat+Impact kg*cmAB1 500 µm 180 direct 121.0 121.0
500 µm indirect 121.0 121.0

1500 µm 550 direct 121.0 121.0
1500 µm indirect 103.7 121.0

AB2 500 µm 227 direct 121.0 121.0
500 µm indirect 121.0 121.0

1500 µm 733 direct 121.0 121.0
1500 µm indirect 109.4 121.0AB3 500 µm 300 direct 121.0 121.0
500 µm indirect 121.0 121.0

1500 µm 658 direct 121.0 121.0
1500 µm indirect 103.7 121.0AB4 500 µm 235 direct 121.0 121.0
500 µm indirect 121.0 121.0

1500 µm 700 direct 121.0 121.0
1500 µm indirect 23.0 17.3AB5 500 µm 145 direct 121.0 121.0
500 µm indirect 121.0 121.0

1500 µm 453 direct 121.0 121.0
1500 µm indirect 97.9 115.2AB6 500 µm 203 direct 121.0 121.0
500 µm indirect 121.0 121.0

1500 µm 554 direct 121.0 121.0
1500 µm indirect 86.4 80.6C1 500 µm 168 direct 121.0 121.0
500 µm indirect 121.0 121.0

1500 µm 519 direct 121.0 103.7
1500 µm indirect 121.0 17.3C2 500 µm 200 direct 121.0 121.0
500 µm indirect 121.0 121.0

1500 µm 492 direct 121.0 121.0
1500 µm indirect 121.0 115.2C3 500 µm 131 direct 121.0 121.0
500 µm indirect 121.0 121.0

1500 µm 497 direct 121.0 103.7
1500 µm indirect 69.1 23.0C4 500 µm 268 direct 121.0 121.0
500 µm indirect 121.0 121.0

1500 µm 768 direct 109.4 17.3
1500 µm indirect 17.3 11.5
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C5 500 µm 123 direct 121.0 121.0
500 µm indirect 121.0 121.0

1500 µm 407 direct 121.0 121.0
1500 µm indirect 121.0 121.0D1 500 µm 150 direct 121.0 121.0
500 µm indirect 121.0 121.0

1500 µm 383 direct 121.0 121.0
1500 µm indirect 121.0 121.0D2 500 µm 217 direct 121.0 121.0
500 µm indirect 121.0 121.0

1500 µm 750 direct 121.0 121.0
1500 µm indirect 121.0 121.0D3 500 µm 150 direct 121.0 121.0
500 µm indirect 121.0 121.0

1500 µm 610 direct 121.0 121.0
1500 µm indirect 121.0 121.0D4 500 µm 209 direct 121.0 121.0
500 µm indirect 121.0 121.0

1500 µm 686 direct 121.0 121.0
1500 µm indirect 121.0 121.0D5 500 µm 117 direct 121.0 121.0
500 µm indirect 121.0 121.0

1500 µm 462 direct 121.0 121.0
1500 µm indirect 121.0 121.0E1 500 µm 124 direct 121.0 121.0
500 µm indirect 121.0 121.0

1500 µm 370 direct 121.0 121.0
1500 µm indirect 121.0 121.0E2 500 µm 253 direct 121.0 121.0
500 µm indirect 121.0 121.0

1500 µm 684 direct 121.0 121.0
1500 µm indirect 121.0 121.0E3 500 µm 145 direct 121.0 121.0
500 µm indirect 121.0 121.0

1500 µm 498 direct 121.0 121.0
1500 µm indirect 121.0 121.0E4 500 µm 240 direct 121.0 121.0
500 µm indirect 121.0 121.0

1500 µm 790 direct 121.0 121.0
1500 µm indirect 23.0 74.9E5 500 µm 117 direct 121.0 121.0
500 µm indirect 121.0 121.0

1500 µm 537 direct 121.0 121.0
1500 µm indirect 121.0 121.0
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F1 500 µm - direct - -500 µm indirect - -
1500 µm - direct - -1500 µm indirect - -F2 500 µm 366 direct 121.0 121.0
500 µm indirect 121.0 121.0

1500 µm 558 direct 121.0 121.0
1500 µm indirect 121.0 121.0F3 500 µm - direct - -500 µm indirect - -
1500 µm - direct - -1500 µm indirect - -F4 500 µm 197 direct 121.0 121.0
500 µm indirect 57.6 121.0

1500 µm 655 direct 121.0 115.2
1500 µm indirect 121.0 121.0F5 500 µm 145 direct 46.1 121.0
500 µm indirect 23.0 34.6

1500 µm 470 direct 121.0 121.0
1500 µm indirect 121.0 121.0F7 500 µm 200 direct 34.6 5.8
500 µm indirect 34.6 11.5

1500 µm 672 direct 92.2 69.1
1500 µm indirect 86.4 57.6R1 500 µm 230 direct 121.0 121.0
500 µm indirect 103.7 121.0

1500 µm 670 direct 121.0 103.7
1500 µm indirect 34.6 46.1R2 500 µm 340 direct 121.0 121.0
500 µm indirect 23.0 51.8

1500 µm 1030 direct 46.1 5.8
1500 µm indirect 5.8 5.8R3 500 µm 245 direct 121.0 121.0
500 µm indirect 20.7 92.2

1500 µm 800 direct 121.0 28.8
1500 µm indirect 17.3 23.0R4 500 µm 176 direct 74.9 63.4
500 µm indirect 92.2 51.8

1500 µm 517 direct 5.8 3.5
1500 µm indirect 13.8 11.5R6 500 µm 254 direct 121.0 121.0
500 µm indirect 121.0 121.0

1500 µm 768 direct 121.0 121.0
1500 µm indirect 121.0 121.0
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Sample Wet filmthickness Shore A:0 h 1 h 2 h 3 h 4 h 5 h Shore A:6 h Δ 0-6 hAB1 500 µm 94 95 93 95 95 93 95 1
1500 µm 86 86 86 87 88 87 90 4AB2 500 µm 84 84 82 80 81 80 81 -3
1500 µm 68 71 72 74 74 73 74 6AB3 500 µm 83 85 84 83 84 83 83 0
1500 µm 77 77 78 77 80 79 80 3AB4 500 µm 98 98 97 98 95 97 98 0
1500 µm 94 94 94 94 92 93 94 0AB5 500 µm 93 93 92 93 92 92 93 0
1500 µm 74 76 75 75 76 75 76 2AB6 500 µm 96 96 97 96 96 96 96 0
1500 µm 93 93 93 94 94 95 92 -1C1 500 µm 96 96 97 97 97 96 97 1
1500 µm 87 89 87 89 88 90 91 4C2 500 µm 89 89 88 88 91 90 91 2
1500 µm 77 78 78 79 82 81 80 3C3 500 µm 95 96 97 96 95 95 96 1
1500 µm 85 89 87 87 85 86 87 2C4 500 µm 97 97 96 95 98 97 96 -1
1500 µm 90 90 91 92 91 91 90 0C5 500 µm 93 94 93 93 93 94 94 1
1500 µm 79 79 80 81 79 79 80 1D1 500 µm 90 90 92 91 91 91 92 2
1500 µm 85 85 83 82 83 85 84 -1D2 500 µm 93 92 92 93 91 92 92 -1
1500 µm 73 72 75 77 75 73 72 -1D3 500 µm 94 93 93 94 93 93 93 -1
1500 µm 78 79 79 79 81 80 81 3D4 500 µm 92 92 92 92 92 92 92 0
1500 µm 84 84 84 84 84 82 82 -2D5 500 µm 93 93 93 93 94 94 94 1
1500 µm 74 74 74 75 76 75 76 2E1 500 µm 82 84 84 87 83 83 86 4
1500 µm 75 72 76 75 74 72 75 0E2 500 µm 91 91 90 89 91 91 91 0
1500 µm 74 75 72 70 72 72 71 -3E3 500 µm 96 95 97 96 97 96 96 0
1500 µm 86 90 89 88 90 89 90 4E4 500 µm 92 93 94 93 94 94 94 2
1500 µm 87 87 87 88 87 89 89 2E5 500 µm 90 93 94 94 94 93 94 4
1500 µm 78 78 79 81 80 80 81 3
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F2 500 µm 83 82 85 82 82 83 82 -1
1500 µm 77 77 76 77 77 76 78 1F4 500 µm 90 90 90 90 90 94 90 0
1500 µm 70 70 72 70 71 71 70 0F5 500 µm 91 91 91 91 91 91 91 0
1500 µm 73 71 73 74 73 73 74 1F7 500 µm 90 90 91 91 91 91 92 2
1500 µm 80 80 83 80 80 82 82 2R1 500 µm 96 96 96 96 96 97 97 1
1500 µm 85 85 83 82 83 85 84 -1R2 500 µm 90 90 91 90 90 91 90 0
1500 µm 78 81 81 83 82 84 82 4R3 500 µm 91 90 90 90 90 90 90 -1
1500 µm 70 69 68 68 69 72 71 1R4 500 µm 96 95 97 96 96 96 96 0
1500 µm 90 90 92 92 91 92 93 3
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Anti-condensation test results

Sample1500 µmWFT

Totalsampleweight[g]
Paintweight[g]

Sampleweight after60 min in H2O[g]
AbsorbedH2O in 60min [g]

H2Ogain offilm [%]

Sampleweight after60 min dry-ing [g]
H2O after60 mindrying [g]AB1 5.38 0.87 5.42 0.04 4.60 5.41 0.03AB2 5.64 1.13 5.70 0.06 5.31 5.64 0.00AB3 5.22 0.71 5.35 0.13 18.31 5.23 0.01AB4 5.88 1.37 5.94 0.06 4.38 5.91 0.03AB5 5.47 0.96 5.51 0.04 4.17 5.48 0.01AB6 6.39 1.88 6.47 0.08 4.26 6.41 0.02C1 5.77 1.26 5.79 0.02 1.59 5.78 0.01C2 5.67 1.16 5.70 0.03 2.59 5.68 0.01C3 5.43 0.92 5.51 0.08 8.70 5.43 0.00C4 5.82 1.31 5.87 0.05 3.82 5.84 0.02C5 5.39 0.88 5.42 0.03 3.41 5.41 0.02D1 5.10 0.59 5.25 0.15 25.42 5.14 0.04D2 5.61 1.10 5.67 0.06 5.45 5.61 0.00D3 5.55 1.04 5.65 0.10 9.62 5.56 0.01D4 5.84 1.33 5.90 0.06 4.51 5.87 0.03D5 5.51 1.00 5.55 0.04 4.00 5.51 0.00E1 5.27 0.76 5.44 0.17 22.37 5.28 0.01E2 5.47 0.96 5.54 0.07 7.29 5.47 0.00E3 6.18 1.67 6.21 0.03 1.80 6.18 0.00E4 5.85 1.34 5.91 0.06 4.48 5.86 0.01E5 5.32 0.81 5.38 0.06 7.41 5.32 0.00F1 - - - - - - -F2 5.44 0.93 5.54 0.10 10.75 5.45 0.01F3 - - - - - - -F4 5.86 1.35 5.94 0.08 5.93 5.89 0.03F5 5.42 0.91 5.53 0.11 12.09 5.47 0.05F7 7.02 2.51 7.16 0.14 5.58 7.05 0.03R1 7.49 2.98 7.68 0.19 6.38 7.58 0.09R2 5.65 1.14 5.81 0.16 14.04 5.67 0.02R3 4.84 0.33 4.99 0.15 45.45 4.88 0.04R4 5.75 1.24 7.50 1.75 141.13 7.14 1.39R6 7.73 3.22 7.88 0.15 4.66 7.83 0.10
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Differential scanning calorimetry data

AB1

AB5
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AB6

C2
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D3

E4


