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ABSTRACT

The warm sensation is related to the amount of heat extracted from the human skin when
it is in contact with a material. This heat extraction can be described by the time dependent heat
flux which occurs from the skin to the object. The heat flux depends on the material properties
such as thermal conductivity, density and heat capacity. Increasing warm sensation requires
decreasing these properties. Urea formaldehyde is a thermoplastic polymer which is most
commonly used to make toilet seats. Improving warm sensation of toilet seat has become a good
marketing strategy. To enhance the thermal comfort of the seats electric heaters are currently in
use. However it raises safety issues because of high possibility of water contact with the heater.
This project aims to give the urea formaldehyde based toilet seats to warm sensation by
incorporating aerogels which exhibits high resistance to heat flow. Urea formaldehyde grains
were mixed with aerogels (silica and resorcinol formaldehyde aerogels) and hot pressed together
to obtain an aerogel incorporated composite. Composites were manufactured by hot pressing this
mixture at elevated pressures and temperatures in the industrial size hot press molds at the
manufacture site of toilet seats. Thermal conductivity and density of the composites were
measured. Changes in aerogels’ density and pore properties were determined at different
pressures with a laboratory scale cold press. Denser aerogels were synthesized to make aerogels
more resistant to the composite manufacture pressure. Composites with dense aerogels (0.361-
0.48 g/cm?®) successfully reduced the thermal conductivity of native urea formaldehyde by up to
40% by using volume fractions up to 0.38. With reduced contact coefficient parameters, up to
45% reduction in the heat flux was obtained. Thermal conductivity of composites was also
predicted with effective thermal conductivity models such as Maxwell and effective medium
theory (EMT). At lower volume fractions Maxwell and Rayleigh models gave good predictions
for the composite thermal conductivity. Effective thermal conductivity of composites with dense

silica aerogels were best predicted with EMT.



OZET
Bir malzemenin 1lik hissiyati, insan dersinden temas halinde olan objeye gecen 1s1 miktart ile
dogrudan ilintilidir. Deriden objeye aktarilan 1s1 miktar1 ve bu 1smnin zamana gore degisimi
kararsiz 1s1 iletim denklemlerinin kullanilmasiyla elde edilen 1s1 akisi ile tanimlanabilir. Bu 1s1
akist malzemenin yogunlugu, 1s1 iletim katsayis1 ve 1s1 sigasi gibi ozellikleri ile degisiklik
gosterir. Bir objeye kazandirilacak 1lik hissiyati, malzemenin bu 6zelliklerinin diisiiriilmesi ile
miimkiin. Ure formaldehit klozet oturaklari yapiminda siklikla kullanilan bir termoplastiktir.
Klozet oturaklarini 1lik hale getirmek iyi bir pazarlama stratejisi haline gelmistir. Bu oturaklarin
1s1l konforunu arttirmak i¢in piyasada hali hazirda elektrikli 1siticilar kullanilmaktadir. Ancak su
temas riskinin yiliksek oldugu yasam alanlarinda, bu elektrikli 1siticilar1 kullanmak tehlike arz
etmektedir. Bu tez lireformaldehit polimerinin 1s1 akigina direng gdsteren aerojel malzemeleri ile
kompozitini ireterek, disaridan 1s1 saglanmaksizin, 1lik hisli klozet kapaklar1 iiretmeyi
hedeflemektedir. Bu hedefi gerceklestirmek iizere iire formaldehit graniilleri, aerojel
pargaciklari (silika ve rezorsinol formaldehit acrojeller) ile karistirilarak sicak preste kompozitler
tiretilmistir. Kompozitlerin iiretimi, oturak liretimin gerceklestigi fabrikadaki endiistriyel sicak
preslerde gercgeklestirilmistir. Elde edilen kompozitlerin 1s1 iletim katsayisi ve 6zgiil agirliklar
olgiildii. Basinca maruz kalan aerojellerin gozenek yapisindaki ve 6zgiil agirlarindaki degisimi
gdzlemlemek igin laboratuvar dlgeklerinde pres kullanildi. Ozgiil agirlig1 daha fazla olan, {iretim
basincina daha dayanikli olabilecegi ongoriilen aerojeller kompozitlerde kullanilmak iizere
sentezlendi. Yogunlugu fazla aerojllerin (0.361-0.48 g/cm®) 0.38 hacimsel oranlarina kadar
kullanilan kompozitleri 1s1 iletim katsayisinda %40’lik diislis sagladi. Is1 akisini etkileyen,
malzemenin Ozelliklerindeki diisiisle 1s1 akisinda %45°lige kadar bir diisiis elde edildi.
Olusturulan kompozitlerin etkin 1s1 katsayilart modellerle tahmin edildi. Maxwell, Rayleigh ve
etkin ortam kurami modelleri kullanildi. Kullanilan modeller arasinda Maxwell ve Rayleigh
diisiik hacimsel aerojel fraksiyonlarina sahip kompozitlerde , etkin ortam kurami ise yiiksek

fraksiyonlara sahip kompozitlerde iyi tahminler verdi.
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Introduction 1

Chapter 1 Introduction

There is a need to develop materials which feel warm to the touch. This need emerges
because improving the ergonomics and thermal comfort for materials (such as bathroom tiles and
other ceramic based products) have become good marketing point for the manufacturers.
Increasing thermal comfort is especially important for those who are sensitive to cold. The target
of such products specifically include elderly in nursing homes, patients in hospitals and people
with rheumatic disorders. This study was conducted with the partnership of Eczacibasi Vitra Ltd.
to create warm feeling toilet seats. According to Eczacibas1 Vitra’s customer survey, there is a
great discomfort in cold weathers in restrooms for the customer when they contact with the
surrounding objects, especially the toilet seats. The current solution to the problem is the usage
of electrical heating circuits which are embedded under the seat. However this rises a safety
concern because the restroom area is a water abundant environment and water contact with the
thermal resistant could be quite dangerous. Therefore warm to the touch toilet seat production is
a good solution for the current problem. Urea-formaldehyde (UF) polymer is commonly used for
the manufacture toilet seats in the industry. It is also the polymer used by our industry partner in
this project. In order to make UF warm to the touch, it is important to know how exactly

warmness and coldness is perceived by human body.

When there is a temperature gradient between the human skin and the object heat
transfer occurs. If the material has a lower temperature, heat will be extracted from the skin. The
amount of heat extracted is directly related with the sensation of warmness and coldness. The
heat flux from the skin to the material is time dependent because the human skin maintains a
constant temperature (around 34°C) by the constant blood flow [1-5]. Therefore eventually
temperature equilibrium between the object and the skin is sustained. Time dependent behavior
of heat flux is defined as cooling curve. Cooling curve has a high initial value and exponentially

decays to zero heat flux. This implies that the great portion of heat transfer occurs in the very
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first part of the cooling curve in a very short amount of time, usually reported within a second
[2]. The heat transfer between to the human skin and the material which are in contact can be
described by the transient heat of conduction equation. The solution of the equation relates the
heat flux with the bulk properties of the material which is being touched (1.1). Heat flux depends
on the skin temperature (Ti) and the initial temperature of the object’s surface. The part of the
solution which is directly related to the material is defined as contact coefficient or thermal
absorptivity. Contact coefficient is the square root of the products of thermal conductivity (k),
heat capacity (cp) and the density (p) of the material. This dependence implies even if a hand
touches different object at the same temperature, perception of warmness or coldness would be
different since these materials have a different contact coefficient. This could be also observed
in an everyday phenomena. For example when one touches wood and metal at the same

temperature, thermal sensation is different.

: (Ti~Ty)
qs = Jk.p.c, X N (1.2)

Very Low
34°C Heat Flux

1

Heat Flux

Material with Low k, C and p?

Figure 1-1: Initial heat flux magnitude for different materials which are at the same temperature

Touching a metal piece at room temperature feels colder as compared touching a piece
of wood at the same temperature. The reason for this relative perception coldness for the metal
is that it has high contact coefficient and consequently higher initial heat flux. The magnitude of

initial heat flux is lower for the wood because it has a lower Kk, ¢, and p values. This results
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suggest if a composite of UF with a very low k, cp and p can be manufactured, then a toilet which
feel warm to the touch can be obtained.

One way to make UF warm to the touch, is to incorporate particles which have low
thermal conductivity. UF based products are obtained by compressing the UF grains in stainless
steel molds at elevated pressures and temperatures. After hot pressing the grains, hard textured
materials are obtained in the shape of the stainless steel mold. Thermal conductivity of urea
formaldehyde is around 450 mW/m.K with a density usually around 1.4 g/mL [6]. An aerogels
is @ good candidate to reduce the thermal conductivity and density of the UF. Aerogels are
nanostructured materials which attracted a lot research attention due to their properties such as
low thermal conductivity (10-100 mW/m.K), high porosity (80-99%), low density (0.01-0.5
g/cm3) and high surface area (100-1000 m2/g) [7]. Aerogels are synthesized through sol-gel
process and during the synthesis pore properties can be tuned easily by changing the sol-gel
parameters which in turns changes the thermal and mechanical properties of aerogels [7-9].
Because of their low thermal conductivity and density, aerogels are extremely warmer to the
touch. With the incorporation of aerogels in UF matrix, the initial heat flux can be reduced.
Comparison of cooling curves of pure UF and pure aerogel (resorcinol formaldehyde aerogel
(RFA)) is given in the Figure 2. The initial surface heat flux ratio (1.2) of UF to RFA is 35.

40000 -
35000
30000

1
25000 -
20000 -

15000 <

Heat Flux (W/m?)

Urea Formaldehyde

10000 RFA

5000

0 N—

v T v T d T
0,0 0,5 1,0 1,5 2,0

Time (seconds)

Figure 1-2: Comparison of change in the heat flux when the object is pure UF and pure aerogel
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Asur _  RUF-PUF-CpUF 2.2)

drra  KRFA-PRFA-CpRFA"

To the best of knowledge, there is there is no urea-formaldehyde and aerogel composite present
in the literature. The objective of this project is to incorporate aerogels into urea formaldehyde
polymer to obtain a composite which feels warmer to the touch compare to the native urea
formaldehyde polymer plates. Chapter 2 presents a review of warm sensation studies, aerogels
synthesis, urea formaldehyde production, composites of aerogels and effective thermal
conductivity prediction models. In Chapter 3 experimental methodology is covered. The
chemicals used in the project, how aerogels synthesized, composite preparation are presented in
this chapter. The methodology used to characterize the aerogel and composite samples are
described. Chapter 4 shows the results of pressure effect on the structure of various aerogels,
thermal conductivity and density of prepared composites and also the predictions of the effective

thermal conductivity. Chapter 5 concludes the thesis by summarizing the work done.
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Chapter 2 Literature Review

2.1 Perception of Warmness

Thermal sensation is an important part of the human regulatory system. It helps humans
to identify the surrounding and makes body to take actions accordingly. Under the epidermis
there are thermoreceptors which send signals to central nervous system the temperature gradient
existing between the dermis and the environment or the materials which are in contact with the
skin. Temperature perception of human body has evolved to sense very small temperature
difference as small as 0.02°C [10].

Perception of warmness is studied in various research field ranging from medical
sciences to engineering. The fields that investigate the human heat sensation in the similar
fashion of this thesis include haptic science and technology and textiles. In haptic technology,
the goal is to develop an understanding of how warmness and coldness is perceived to create
devices which enables users to experience virtual reality[11]. Along with other tactile sensations
such as roughness, stiffness, perception of heat is used to identify various objects. This is used
in the field of robotics to develop more human-like smart and sensitive robots[12]. In textiles,
there are limited number of studies on which fabrics give warm sensation in cold environments
[13, 14]. Models are developed to correlate the temperature of the environment and the physical
properties of fluids or solid objects that are in contact with skin to evaluate what is actually

perceived by the body [15].

When the skin is in contact with a material, material’s temperature is not the only thing
that determines the thermal perception. Material structural properties also plays an important role
for the sensation of an object. This is because thermal sensation is directly related with the
amount of heat extracted from the dermis. As stated in the introduction amount of heat flux

conducted to the material determines the perception. The heat flux between an object and the
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human skin can be defined by using semi-infinite model [1, 4]. Jones et al used this model to
develop thermal displays. They assumed that the body and the object are semi-infinite bodies. It
is assumed that in their model the contact time is quite brief so that blood circulation in the point
of touch does keep the temperature of the skin constant, it is time dependent (Ty;,,,;). Therefore
the equilibrium temperature at the point of contact (Ts) is lower than the skin temperature and
the higher than the object’s temperature. The analytical solution of this model leads to equation
2.1.1.[1]

" kskin(Ts—Ts in,i)
qskin = k1 (2-1-1)
(Taskint)2

Sarda et al investigates heat perception of people when they touch to the different car
compartments [16]. The measurements of Sarda et al. goes beyond the previous studies because
they try to mimic human skin using layers of materials with the thermoreceptors embedded.
Artificial human finger is prepared by coating of latex and rubber on top of aluminum alloy A3G.
Rubber and latex were chosen because their thermal properties most resemble with the thermal
properties of skin. Thermoreaders lays 1 mm under the coating to make the measurements similar
to the physiological system. To evaluate the heat transfer, Sarde et al. also use the transient heat
of conduction equation. The equation is solved in one dimensional (1D) space and two
dimensional (2D) space. The temperature solutions for 1D and 2D equations differ only in the
range of 0.01°C. Therefore they concluded that solving 1D transient heat of conduction is

sufficient to evaluate the sensation of warmness or coldness.

2.2 Aerogels

Aerogels are nanoporous materials which was first introduced to the literature by Kistler [17].
They are obtained from gels in which the liquid is replaced by air without the destruction of the

gel solid structure. The substitution of the liquid with air is achieved by supercritical drying
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technique. The maintaining the original solid structure of the gels gives aerogels distinctive
properties such as exceptionally high porosity , high specific surface area and low thermal
conductivity . The pore size of aerogels lays in the mesoporous range. The synthesis of aerogels
can be summarized in four steps; forming the gel through polymerization reaction, aging the gel,
replacing the liquid in the pores of the gel with a liquid which has a high miscibility in the
desired supercritical fluid and drying the gel with supercritical fluid. The structural properties
of aerogels can be manipulated changing gel synthesis parameters. Organic and inorganic
aerogels can be synthesized by changing the material composition of the gel’s solid structure.
Organic aerogels can be synthesized using resorcinol formaldehyde, melamine formaldehyde,
alginate, wheat and many more. Titania aerogels and silica aerogels are the some examples for

inorganic aerogels.

2.2.1 Synthesis of Resorcinol Formaldehyde Aerogel

Resorcinol formaldehyde aerogels (RFAs) were first synthesized by Pekala by the
polycondensation reaction of resorcinol (R) and formaldehyde (F) [18]. RFAs possess a porosity
usually more than 80% and their specific surface area is in the range of 400-1200 m?g. One
distinctive property of RFASs is their low thermal conductivity. Thermal conductivity of RFA can
be as low as 12 mW/mK [8].

The first step of RFA synthesis is to synthesize a resorcinol formaldehyde gel a. To form
the gel firstly, resorcinol is dissolved in a liquid medium. Usually a basic catalyst is used in the
addition reaction of resorcinol and formaldehyde. Reaction without the catalyst is also possible.
Most commonly used solvent for the reaction is water and sodium carbonate (Na.COs) is the
typical catalyst. Slightly acidic alkaline solutions and dilute acids or dilute bases are also used in
some studies to investigate the pH effect on the gel structure. At very acidic concentrations
precipitation of reactants are observed. Acidic conditions also leads to gels with wide pore size
distribution. Changing the pH is a way to tune the particle size in the polymer chain. The

resorcinol molecule is capable to add formaldehyde to its aromatic ring at the positions 2,4 and/or
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6. Addition of Na,COs promotes hydrogen abstraction from the resorcinol molecule. This plays
crucial role in the addition reaction of resorcinol and formaldehyde [8, 19]. Once the
deprotonation of resorcinol occurs, formaldehyde starts to react to form an intermediate molecule

with hydroxyl methyl groups.

OH 0 OH

NaxCO: CH.0H
é + 2/ L ﬁ
OH OH HE OH

CH:0H
Figure 2-1: Deprotonation of resorcinol and addition reaction [8]

o=0

Deprotonation of the resorcinol molecule increases the acidity of the reaction media. The
intermediate molecules starts to form methylene and methylene ether bridges between
themselves and this starts the condensation reaction. These bridges are formed in the acidic
medium. As the more and more links are formed between the molecules clusters of polymer stats
to form. Clusters are further linked with each other to form the wet gel at the end. The gel

prepared at this step is called hydrogel since it has water inside the pores.

CHOH CH;OH on & i
’ > > & CH,OH
CHzOH CHzOH OH HO
H,0H H:
tu,
CH:OH
OH
CH:0H
Hiou

CH;OH H2
HO OH

CH;
H H

Figure 2-2: The final part of multi-step condensation reaction [8]
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Figure 2-3: Cluster growth and formation of gel for RFAs

[8]

The overall multi-step condensation reaction is an endothermic reaction. In order to form

a gel with well linked clusters, gels are cured. The complete gel structure is usually obtained after
curing. The complete gel formation can be also achieved at room temperature. However due to
slow reaction Kkinetic at lower temperatures it takes weeks to obtain a rigid gel structure.
Therefore after the reactants are mixed for several minutes, solution is poured into sealed molds.
The usually time for the curing is about 3 days and the temperature around 80°C is used. The
time of curing the gel can be shorten by a different choice of solvent during the synthesis part.
For example using acetone in the reaction medium decreases the curing temperature to 40°C.
The gelation time also depends on the ratios of resorcinol and the catalyst. The low R to C ratio
gelation decreases the gelation time to 24 hours [8].

Once the gel is cured, a rigid structure with the shape of the mold is obtained. The solvent
exchange step is performed to prepare the gels for the supercritical drying. The solvent to replace
water in the gel is chosen such that it has a high miscibility in the supercritical CO,. Acetone is
usually used at this step. However other supercritical CO2 soluble solvent can be also used. The
gels are placed in acetone for several days to make sure the liquid content of the gel is completely
consists of acetone. The acetone is replaced with the new one frequently to achieve this purpose.

After the solvent exchange step the liquid is replaced by air using supercritical drying [18].
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The most critical step to obtain aerogels is performing the supercritical drying. If the gels are
exposed to air prior to supercritical drying, air liquid interface forms in the pores. The interfacial
tension during the evaporation leads to the collapse of the pores. The capillary pressure inside
the pores during evaporation can be up to 100 MPa. The gels which are exposed to ambient
drying are called xerogels. Their structural properties are similar to the resin form of the material
which they are made from. They have low porosity and high density. Using supercritical fluids
suppress the formation of interfacial tension. The liquid in the pores is removed without
collapsing the pore structure. The temperature and pressure is above the two phase region on the
binary phase diagram of CO; and the acetone. The phase separation of these fluid occur at the
exit of the vessel. The drying time of the gels depends on the shape and the amount of the gels.
It is also reported by Czakkel et al. that the process of depressurization has an effect on the gel

structure. The fast release from the vessel can also lead to the destruction of the pores.

The RFA synthesis is summarized in the figure below.

-

Formaldehyde
Hz20

NazC0;

Aging Process

Solvent Exchange

Figure 2-4: RFA synthesis summary
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2.2.2 Synthesis of Silica Aerogels

Silica aerogels (SAs) are one of most studied aerogels in the literature. The development
of silica aerogels dates. They are synthesized through a sol-gel route which was developed early
1960s [20]. As a silica source tetraethyl orthosilicate (TEOS), tetramethoxysilane (TMQOS),
methyltriethoxysilane MTES and methyltrimethoxysilane (MTMS) are commonly used. These
metallic precursors contain the silica atom in the middle of structure and the difference between
them is the different attached organic groups. TEOS was used in this study and the silica aerogel
derived from TEOS will be discussed. The first step involves dissolving the TEOS in a liquid
medium. Ethanol is usually used to create homogenous medium for the TEOS and water mixture.
Increasing TEOS amount increases the density of the gel. However the percent silica that would

be obtained at the end is limited by the ternary phase diagram of TEOS, water and ethanol.
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IMMISCIBLE
AREA

----------------- 70
¢ MISCIBILITY
= LINE 80_ 5%

MISCIBLE
AREA

0
100 90 80 70 60 50 40 30 20 10 o
ALCOHOL

»

Figure 2-5: Ternary phase diagram of TEOS, water and ethanol

The synthesis of SA starts with the hydrolysis step in which alkoxide groups of TEOS
replaced with hydroxyl groups. Hydrolysis reaction is shown in 2.2.2.1. Usually an acid catalyst

is utilized to increase the hydrolysis reaction rate. The typical choice of acid catalyst is
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hydrochloric acid (HCI). The condensation reaction occurs simultaneously with the hydrolysis
reaction. Condensation reaction is a polymerization reaction in which the siloxane bonds. The
rate of condensation reaction can be enhanced by using a base catalyst. A common catalyst is

NH4OH. The condensation reaction have alcohol and water as the products [9].

Si(OR), + H,0 & Si(OH), + H,0 (2.2.2.1)
=Si— OH + OH — Si &= Si — 0 — Si = +H,0 (2.2.2.2)
= Si— OH + RO — Si &= Si — 0 — Si = +ROH (2.2.2.3)

As these three reactions simultaneously occur at the end very long chains of silica

polymers which are entangled to each other is obtained. The overall reaction is shown below.

n[Si(OR), + Si(OR),] © n[(OH)sSi — Si(OH)3] + 2 nH,0 (2.2.2.4)

When the all the reactants and catalyst are added, even if an observable solid gel structure
forms, there can be still unhydrolized precursors in the medium. To fasten the process further
resulting gels are usually cured at 50°C in ethanol-water solution. The native solution of TEOS,
ethanol and water can be also used at the aging step to form additional new bonds. Creation of
new bonds increases the mechanical strength of the gels. Also during the aging process shrinkage
occurs. Aging process is thoroughly studied in the literature to obtain crack free and mechanically

strong aerogels.

The pores of the resulting gel contains alcohol and other impurities in the pores.
Therefore solvent exchange step is applied. The majority of pores are occupied by ethanol.
Therefore at the solvent exchange step, gels are washed with ethanol several times. The solubility
of ethanol in supercritical water is high. Supercritical drying is applied to obtain SAs. The

summary of silica aerogel production is presented in the below figure.
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Figure 2-6: Silica aerogel synthesis process

2.2.3 Thermal Properties of Aerogels

One of the distinctive properties of aerogels is their excellent thermal insulation property
compared to the insulation materials currently used in the industry. The heat transfer through the
porous medium of the aerogels are not as simple as the materials with a single phase. Aerogels
have solid skeleton and pores with gaseous. When there is a heat flow across the aerogel, heat
has to pass through the solid skeleton and the pores. Therefore different heat transfer modes are
involved in aerogels and the schematic representation is given in the Figure 2.7; heat transfer
through the solid-backbone (brown lines), heat transfer through the gaseous phase (blue lines)
and heat transfer by radiation (red lines). Heat transfer by radiation exists for every object and it
due to the thermal agitation which exist for materials above 0 K. Even though the heat transfer
modes are written, the coupling effect between these modes exists. Thermal properties of
aerogels strongly depend on the structure of the aerogel. If one structural property, such as pore
volume of aerogel, changes, it would have an effect all the heat transfer modes. The main

component of the heat transfer is the thermal conductivity. Therefore the relation between the
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structure of the aerogel and its effect on the thermal conductivity each heat transfer mode is
studied.[22, 23]

keffective = ksolid + kgaseous + kradiative (2-2-3)

Figure 2-7: Schematic view of heat transfer modes in an aerogels

2.2.3.1 Solid Thermal Conductivity in Aerogels

One of the reasons that aerogels have very low thermal conductivity is that their solid thermal
conductivity is reduced compared to the thermal conductivity of the solid which makes the solid
backbone structure. For example silica aerogel’s solid backbone thermal conductivity can be
nearly reduced by 1000 times compared to the thermal conductivity of fused silica [23]. The solid
backbone density of an aerogel depends on the material composition, density and the backbone
connectivity. The polymer chains meander across the whole structures and some are in contact
with each other with small necks. The ineffective dead ends are also present in the structure. The
entangled chains and the small neck connections between them suppressed the heat flow. Heat
is transferred by the phonons through the solid part. The fundamentals of solid thermal
conductivity comes from the phonon diffusion model. The model relates the solid thermal

conductivity with the mean free path of phonons, specific heat capacity, bulk density and sound
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velocity across the backbone. The phonon diffusion model’s outcome is combined with the

geometric factor to give a rather simplistic equation for the solid thermal conductivity [24].

_ Paerogel ., Vaerogel,
ksolid,aerogel - ko X - X j \22331)
Psolid Vsolid

Where, pgeroger 1 the bulk density of aerogel, psqiqis the density of the native solid material
which makes the backbone, vy, 4 is the longitudinal sound velocity through aerogel and vg,;;4
longitudinal sound velocity through the native material. This equation shows that aerogel’s bulk
density is the most influential structural property that effects the solid thermal conductivity. As
the density of an aerogel decreases the solid content is also decreased. Lu et. al. also examined
the density dependence on thermal conductivity for monolithic resorcinol formaldehyde aerogels
in the density range of 70 to 230 kg/m?® and they have found that the solid thermal conductivity
approximately proportional to the 1.5 power of density. Therefore even a small change in the

bulk density can show a vast amount of change in the solid thermal conductivity.
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Figure 2-8: Effect of density on the solid thermal conductivity
The biggest portion of the effective thermal conductivity comes from the solid thermal

conductivity. In summary, density is the major structural property that changes the solid thermal
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conductivity. As shown on the Figure 2-8, exponential increase with the density observed.
Therefore in order to obtain aerogels with low thermal conductivity, the density should be as
minimum as possible. However there is a trade of between the density and the mechanical
strength of the aerogel. Therefore usually aerogels with very low densities are not suitable for
industrial application.

2.2.3.2 Gaseous Thermal Conductivity

Since the porosity of aerogels are is quite large, the heat transfer through the gas phase is
another important mode that has an effect on the overall thermal conductivity of aerogels. As
stated earlier, pore size of aerogels in the mesopore range. Since the mean free path of air
molecules in ambient conditions quite larger than the pores, convective heat transfer is
suppressed in aerogels. Knudson number (Kn) can be used to describe the heat transfer mode of
air molecules in the pores of aerogel. It is a ratio of mean free path of a gas molecule (l,) to the
pore diameter(D). [22-25]

Kn ="4(2.2.34.1)

Molecular heat transfer becomes dominant for the porous system which have Knudson
number larger than 1. In such system the gas molecules mainly collide with walls of the aerogel
skeleton. The number of collisions between the air molecules is less than the number of collision
with the wall. This is called the Knudson flow and the thermal conductivity is suppressed. For
Knudson numbers which have value smaller than one, the air molecules mainly collide with each
other. In that case air molecules flow easily like a liquid inside the pores. Thermal conductivity
of gaseous phase is equal or close the thermal conductivity of air at ambient conditions. The
Knudson number near 1 gives a heat transfer mode which is a combination of molecular and
diffusive heat transfer. The gas molecules collide with the same frequency with each other and
with the wall of the backbone. Other than the pore size of the aerogel structure, gaseous thermal
conductivity depends on the type of gas in the pores, number of the gas molecules in the structure
(pressure) and the porosity. Fricke et al. reported following empirical equation to predict the

gaseous thermal conductivity of aerogels[23];
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ko®
1+2BKn

Kgas = (2.2.3.4.2)

where k, is the thermal conductivity of the gas which occupies the pores, @ is the porosity,
Kn is the Knudson number and g is a constant which includes the energy transfer between the

gas molecules in a constrained solid structure. g for air containing aerogels is usually around 2.
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Figure 2-9: Gaseous thermal conductivity’s dependence on the pores size

In summary the gaseous thermal conductivity depends mostly on the pore volume. Aerogels’
with very low pore volume or pore diameter has a very low gaseous thermal conductivity.
Porosity defines the volume fraction of gas in the overall structure. Bulk density is directly related

with the porosity. As stated earlier not a single but almost all structural properties have an effect
on the each heat transfer form.
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2.2.3.3 Radiative thermal conductivity

Radiative heat transfer becomes significant only at higher temperatures for the most materials.
Radiative heat transfer occurs by the movement of photons. The frequency of photon interactions
with the backbone determines the magnitude of the radiative heat transfer. Optical thickness is a
measure of this interaction. Most of the solid materials are optically thick. Therefore their
radiative thermal conductivity is negligible. Whereas optical thickness for the most porous
material is low. As for the aerogels; most organic aerogels exhibit high optically thickness. For
the optically thick porous materials Rosseland approximation is used to formulate the radiative
thermal conductivity [23, 26-28];

16n20T?
k, = ———(2235.1)
3pe(T)
Where n is the refractive index for the aerogel (usually close to 1), o is the Stephan-Boltzman
constant, T, is the critical temperature, p is the aerogel bulk density and e(T) is the extinction

coefficient.

Table 1: Extinction coefficient for various materials

Compound Specific Extinction Coefficient

SA 22.7

SA (opacified) 84.2

TiO2 Aerogel 32.6
Carbon >1000

RFA 50.1

Polystyrene 47.6

Extinction coefficients for various materials are presented in Table 1. The aerogels reported in

the table have a low density. SAs has a low specific extinction coefficient compared to RFAs.
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Opacifiers are used to decrease the specific extinction coefficient. If an aerogel possess relatively
high density, then its radiative thermal conductivity can be ignored. The value for the radiative
thermal conductivity at room temperature is usually around 4 mW/mK. Therefore its contribution

to the overall effective thermal conductivity can be negligible depending on the density.

2.2.3.4 Effective thermal conductivity of an aerogel

As stated in the beginning of Section 2.2.3 the effective thermal conductivity of an aerogel is
the summation of solid, gaseous and radiative thermal conductivity. One must not forget that
most of the thermal conductivity equations presented in this section empirical equations. Also
models and assumption are used to predict the experimental data. All equation are connected to
each other. However for the simplicity and to get a good understanding of what happens in each
heat transfer mode, the terms are arranged such that they can be called solid, gaseous and
radiative thermal conductivity. The models and equations mostly coincide well with the
experimental data. The contribution of individual thermal conductivity on the effective thermal

conductivity is shown in the figure below [22].
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Figure 2-10: Effective Thermal Conductivity with each transfer mode
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2.3 Urea Formaldehyde Polymer

Urea formaldehyde (UF) is a thermos setting polymer which is commonly used for the
production of adhesives, additives in fiberboards and molded objects [29]. It has a mechanical
strength, low water absorptivity and low mold shrinkage value. It is produced through a

condensation reaction in which urea and formaldehyde react with the usage of base and heat
(Figure 2-11).

Urea formaldehyde |
i
N, H I;I—CHZ—N—CHE—I;I—
o=c{ "+ JC=0—= (_, C=0
I‘IIH2 H | | |
N—CH —N—CH —N—CH —N—
2 I 2 I 2 I
Urea + Formaldehyde C=0 C=0

| |
—N—CH,—N—CH,—N-—

Figure 2-11: Synthesis of urea formaldehyde polymer

Urea formaldehyde molecules for molding are produced in a granular form with the usage of
extruder. The grains of UF requires heat and pressure to complete the linkage between the UF
clusters. In the grain form, UF has a high water absorptivity and it can be decompose under
sunlight and with humidity. The reaction only reaches to completion at the end of hot pressing.
Usually pressure around 100 Bars and temperatures around 140°C are needed to form rigid plate
form of UF. Material properties of UF are summarized in Table 2.

Table 2: Material Properties of UF

Material Property

Density 1.5 g/cm?®
Thermal Conductivity 480 mW/mK
Heat Capacity 1200 J/kg.K

Tensile Strength 30 MPa
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2.4 Composites of Aerogels

Aerogel composites are studies to add new functions native structure and to modify and
improve the existing property of aerogels. In the literature most studies focus on the improvement
of mechanical strength of aerogels. Organic or inorganic polymers can be incorporated into the
structure before gelation, reacting the polymer with the surface groups of the aerogel or the
polymer can be added during the reaction [21, 30]. Mechanical properties of aerogels are usually
enhanced by the polymer addition. However the thermal properties of resulting composites are
not as good as the native aerogels. Composites of biodegradable aerogels are also being used for
the controlled drug delivery purposes [31]. These composites are created so that mass transfer
between the layers of aerogel can be manipulated. The studies on aerogel composites are usually
formed by bringing the aerogel and the polymer during synthesis or after synthesis through
reactions. This is not possible with the UF used in this study. To the best of knowledge, there is

there is no urea-formaldehyde and aerogel composite present in the literature.

There very limited studies in the literature which makes the aerogel composites of
polymers that have similar manufacture properties with the UF. Polytetrafluoroethylene (PTFE)
based aerogel composites are manufactured. Ristic-Lehmann et al. propose in their patent to
manufacturing a composite which contains layers of the silica aerogels and PTFE to make
flexible sheet which has a possible application as a blanket [32]. A dispersion containing
commercial hydrophobic silica aerogels is mixed with an aqueous solution containing dispersed
polytetrafluoroethylene (PTFE). With the addition of solvents and surfactants, the mixture
coagulate. Then the coagulated mixture is dried and cake of PTFE and silica aerogels is obtained.
The final form of the composite was obtained after drying and pressing the dried cake around 3

bars.

2.5 Mathematical models to predict the effective thermal conductivity of Composites
Effective thermal conductivity calculation strategies are based on heterogeneous material’s

electrical conductivity, permittivity and permeability calculations. These methodologies to
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calculate the effective thermal conductivity, date back to the Maxwell’s studies in 19" century
[33, 34]. Maxwell solved the electrical potential of a spherical particle in an infinitely expanded
homogenously medium. Then he calculated the background potential associated with the singles
sphere in medium filled with n numbers of sphere. The effective electrical resistivity was
obtained by considering the interaction between spheres. Effective electrical resistivity was
related with the thermal conductivity by inverse relation. Maxwell model is a simple and
effective model. Thermal conductivity and volume fraction of the materials which make up the
object are the required data for the calculation of effective thermal conductivity. Maxwell model
works for the composite system with the dilute fillers. Other models modify the Maxwell to
predict the composites with high filler concentrations. Maxwell model and other models for

predicting effective thermal conductivity are discussed in the sections below.

2.5.1 Maxwell Model

Maxwell model assumes a dilute dispersion of non-interacting

spherical particles (fillers) in continuous media. The model considers O
low concentration of spherical materials (less than 25 vol% of filler

particles) which have a thermal conductivity of ki dispersed in a O

continuous medium with a thermal conductivity of km[35, 36].
Figure 2-12: Maxwell Model

Keff — 1 4

S

(2.5.1.1)

where @ is the volume fraction of the filler.

Eucken modified the Maxwell equation to be used slightly higher filler concentrations. The
modified equation is called Maxwell-Eucken equation. Two forms of the equation exists
depending on which component is chosen to be the filler or the continuous phase. K represents
the effective thermal conductivity of the structure. In Figure 2-13, the model on the left is ME1

in which ki is the thermal conductivity of continuous phase and k3 is the thermal conductivity of
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dispersed phase. V is the volume fraction of each compound. The model on the right is the ME-
2. In this model the parameters with 1 indices belong to the material in the continuous phase[36].
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Figure 2-13: Maxwell Eucken equation

2.5.2 Rayleigh’s Model

Rayleigh also considered spherical particles dispersed ina [ — )
. | . OO
continuous medium. The arrangement of these spheres were in a

simple cubic fashion. The difference from the Maxwell’s model is (D (C) l/:) C:)

ORORORO

Figure 2-14: Simple
cubic arrangement of
neglected. Therefore at high volumetric concentrations Rayleigh’s fillers

that Rayleigh included the effect of interaction between these

dispersed spheres. At higher filler concentration in the medium,

effect of interactions between the filler materials cannot be

model gives more accurate result. The interaction terms in the
equation are in the denominator as high order series. As the volume fraction approaches to 0,

Rayleigh’ solution becomes Maxwell equation[33].

keff —1 30
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Rayleigh expanded his solution for the system of the cylinders laying in a composite matrix.

The existence of these fibers makes the effective thermal conductivity directional.
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2.5.3 Levy’s Model

Levy modified the Maxwell-Eucken equation to get rid of the problem of choosing which
form of the Maxwell-Eucken equation to use. The model was constructed merely by the algebraic
manipulation of the two forms of Maxwell-Eucken equations. Model’s applicability to food
composites were proven by Pham and Willix [37]. However they stated that even the model
works quite well with the experimental data, the model lacks necessary physical justification.
Levy’s model was justified by the Wang et al. in their article where they attempted to come up
with a unifying equation for the effective thermal conductivity models. Levy’s model gave
identical results with the Wang’s model where he combined both of the Maxwell-Eucken models

by taking the equal volume of both models in a homogenous matrix Figure 2-15 [36].

2k +ky —2(km—k1)F,

K=k
M 2k +ky+(Km—k1)F

2.5.3.1)

B Z/G—1+2191—J(2/G—1+2191)2—8‘91/6
o 2

F

(2.5.3.2)

(km_kl)z (
= 2.5.3.3
(e ey )2 4K/ )

where, 9; is the volume fraction of dispersed phase, F and G are the constants for the Levy’s
model, thermal conductivity of ki dispersed in a continuous medium with a thermal conductivity
of K.

Figure 2-15: EM-1 and EM-2 equal volume model
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2.5.4 Effective Medium Theory (EMT)

This model is also first developed to predict the electrical properties of particles.
Completely random distribution of particles are considered in this model. Mean field theory is
applied to find the effective thermal conductivity. In mean field theory macroscopic properties
are predicted by using stochastic models which predict the properties of small portion of the
randomly distributed materials [38]. EMT assumes that the composite is homogeneous in
macroscopic scale. The drawback of EMT is their completely inaccurate predictions beyond
certain volume fractions due to the model’s assumptions. The volume fraction where the
prediction of EMT does not hold is called percolation threshold [36]. This phenomena occurs
when there is appreciably difference exists between the materials which constitute the composite.
As the filler compound gets closer to the each other, they produce a gate way where the overall
property of the composite can be hugely depend on this region. Therefore in the composite
properties such as electrical conductivity and thermal conductivity sudden changes are expected
[36]. However compared to other models EMT predicts the effective thermal conductivity better

at high filler concentrations which is below the percolation threshold.

ky — K N ky — K
2K TPk 12K

=0

Figure 2-17: Percolation phenomena Figure 2-16: EMT Model
observed when the filler (black)
particles are in contact

In Figure 2-16, K is the effective thermal conductivity. ki and v; are thermal conductivity and

volume fraction respectively.
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Chapter 3 Experimental Procedure and Characterization Techniques

3.1 Materials

Sodium carbonate (99.99%) was purchased from Merck. Formaldehyde (37% stabilized in 10%
methanol) was purchased from VWR. Resorcinol (>99%), Ethanol (99.9%), TEOS (98.0 %) and
ammonium hydroxide (NHsOH) (2.0 M in ethanol) were purchased from Sigma Aldrich.
Acetone (technical grade) was purchased from Onur Kimya. Hydrochloric acid (HCI 37%) was
obtained from Riedel-de Haén. Urea formaldehyde was purchased in granular form from Korfez
Kimya. Carbon dioxide (99.998%), Helium (99.999%), Nitrogen (99.99%) was purchased from
Air Liquide.

3.2 Synthesis of Aerogels Resorcinol Formaldehyde Aerogels

Resorcinol formaldehyde aerogels were synthesized based on the polycondensation
procedure described by Pekala [18]. Resorcinol (R) was first dissolved in water (W). The solution
were mixed for approximately 5 minutes to make sure that all R dissolves. Sodium carbonate (C)
was then added into the solution and the mixture was stirred for another 5 minutes. Then the
formaldehyde is added into the mixture. R:F ratios were kept constant for the resorcinol
formaldehyde gels with different densities. R:C and R:W was changed. Dense RFAs obtained
were denoted by RFA-H, and relatively less dense RFAs just denoted as RFA.

Table 3: Ratios of the reactants and amount of reactants used for the RFA synthesis

| R/IC=200 | RIF=0.50 (0.46)* | RIW=0.02
*Excess formaldehyde is provided
Chemical Amounts Used
Resorcinol 0.078 moles 8.5645 grams
Water 3.885 moles 70 grams
Na>COs (anhydrous) 3.897 x 10* moles 0.0413 grams
Formaldehyde 0.1683 moles 12.96 mL**

**from the stock solution (37%)
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Table 4: Ratios of the reactants and amount of reactants used for the RFA-H synthesis

| R/IC=50 | RIF=0.50 * | RIW=0.08
*Excess formaldehyde is provided
Chemical Amounts Used
Resorcinol 0.078 moles 8.5645 grams
Water 0.975 moles 17.57 grams
Na2COs (anhydrous) 1.56 x 10 moles 0.1653 grams
Formaldehyde 0.1683 moles 12.96 mL**

*from the stock solution (37%)

Even though one mole of R reacts with two moles of F, excess amount of F is provided
to make sure that all of the R in the medium goes into the reaction. After formaldehyde addition
the mixture was stirred for 3 more minutes and then solution were poured into the polypropylene
molds and the molds were sealed. They were cured at room temperature for one day, at 50°C for
another 24 hours and at 90°C for three days. Then the seals of the mold were broken and the gels
were immediately placed in technical grade acetone. The gels were washed with the fresh acetone
every day and this procedure was repeated at least 4 days. Then the gels were dried using super
critical carbon dioxide drying. The extraction was performed at 45°C and at 100 bars and details

of the equipment are discussed in the section 3.3.

3.3 Synthesis of Silica Aerogels

Silica aerogels were synthesized using a two-step sol-gel procedure. TEOS was used as the silica
source. TEOS was dissolved in water with ethanol (E) as co-solvent. As acid catalyst HCI was
added into the solution and the mixture was stirred for 40 minutes. In order to accelerate the
condensation NH4OH was added as base catalyst. The molar ratios of the chemicals, TEOS: E:
W: HCI: NH4OH were as follows 1: 4.01: 2.97: 0.0022: 0.0089. After the addition of the base
catalyst, solution was stirred for several other minutes then it was poured into molds and the
molds were sealed. Once the gel structure was obtained, gels were removed from their molds and

placed in ethanol-water (1:1 volume ratio) solution which was kept in 50°C oven for 24 hours.
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Then solution which contains the gels were allowed to cool down to room temperature. The
EtOH-Water solution was replaced by the pure EtOH. Ethanol was replaced with the fresh one
for every day and this was repeated for four days. This procedure allows to produce SAs with
relatively low densities in this thesis. In order to synthesize relatively high density silica aerogels
(SA-H), gels were replaced into an aging solution which contained TEOS, ethanol and water.
The aging solution had the following volumetric ratios for each chemical 12:3:15 respectively.
The gels were kept in this aging solution for two weeks and the aging solution was changed with
a fresh one with the same volumetric ratios as before three times, on the 3", 6™ and 9" day. The
gels then replaced in a pure ethanol solution for the solvent exchange step. The ethanol in the
medium was replaced with the fresh one for four times. SAs were obtained after supercritical
drying at 40°C and 85 bars.

3.4 Supercritical Drying

Supercritical drying was the final step to obtain aerogels. Applied Separations Speed SFE was

used for this procedure. The system was composed of 5 main parts shown in the Figure 3.1.

-1

Figure 3-1: Supercritical Drying Unit
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Carbon dioxide tank with siphon tube (A) supplies the high purity CO2 (99.998%) to the
system. In the tank CO; exists in two phase and siphon tube was used to take the liquid part of
the COz. In order to pump CO: it needs to be in liquid phase. Therefore to convert the gas phase
completely into liquid phase a chiller was used to cool the stream to -15°C (B). To pressurize the
pump air driven pump (C) which was worked with a compressor (D) was used. The stream was
then entered to the oven (E) where the temperate was raised to reach above the one phase,
supercritical region of mixture of CO2 and acetone or ethanol. A stainless steel vessel (500 mL)
with the gels in the acetone or ethanol medium was used. The vessel was connected in the oven
prior to the drying to make sure that it was at the operation temperature. To make sure that
temperature equilibrium was sustained between the vessel, liquid and gel, the vessel was heated
in an oven before night of the drying. When CO. was stream enters into the oven, it goes into the
supercritical phase. Supercritical drying lasted at least 5 hours after bulk the ethanol or the
acetone in vessel removed.

*ﬁ“nu .

Figure 3-2: 500 mL vessel used for supercritical drying

3.6 Preparation of UF-Aerogel Composites

Resorcinol formaldehyde and silica aerogels were crushed such that their particle size
matched more or less with the particle size of the urea formaldehyde grains. Then urea
formaldehyde and crushed aerogels were mixed together in a plastic bag. The aim was to
achieve an even distribution of aerogel particles into urea formaldehyde grains. Preparation
of composites were done in the factory of the project partner, Eczacibas1 Vitra Boziiyiik
factory. Industrial scale hot presses were used. Stainless steel mold was manufactured for the
purposed of this study 30 cm x 30 cm dimensions. The conventional mold for the toilet seats
had a rounded shape which was not suitable for the thermal conductivity measurements.

Aerogel and UF grain mixture’s weight was around 1400g for almost all composites. The
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mixture was cured at 50°C in an oven. Mold’s temperature was kept around 138°C
throughout the hot press process. Grains were then pressed in the mold at various pressures
(60-100 bars) for 225 seconds. Resulting rigid composites were allowed to be cooled down

at room temperature for 15 minutes. The process is summarized in Figure 3-3.

/mwldehyde

Homogenous
Blending

Figure 3-3: RFA-UF Composite Manufacture Flow diagram




Experimental Procedure and Characterization Techniques
31

3.6 Characterization Methods
3.6.1 Bulk Density and Porosity

One of the simple and the accurate ways of characterizing aerogels is
measuring their bulk density. The measurement was done easily since the
gelation was achieved in cylindrical PP molds. Molds were purchased from
VWR. None of the gels did not stick on the surface of the walls; therefore RFAs

and SAs were obtained in cylindrical forms. Bulk density was measured by

weighing the aerogel sample and diving it by the volume. Porosity (@) of I\:/IgV\;JF\[ePBI;_?T‘:IoldS

aerogels can be calculated using the bulk density of aerogel and the solid

backbone density as shown in the below equation.

0 = Pbackbone~Paerogel

(3.6.1.1)
Pbackbone

Pore volume (V,) can be measured using nitrogen physisorption experiments. However
it can be also estimated by using the bulk density and solid backbone density of aerogels. The
assumption in this calculation is that total mass of the structure is equated to the mass of the solid
backbone. This assumption is reasonable air mass can be negligible compared to the mass of

solid.

v, =———1 (3612

PBulk Psilica

Figure 3-5: Monolithic SAs obtained in PP molds
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3.6.2 Nitrogen Physisorption Experiment

Micromeritics ASAP 2020 instrument was used for nitrogen physisorption experiments
of aerogels. Multilayer adsorption theory was developed by Brunauer, Emmett and Teller
(BET) in 1938 as an extension for the Langmuir's model of adsorption [39]. Their theory are now
used to determine the surface areas and pore volume of a material. The ASAP 2020 (Figure 3-

6) instrument also uses the BET theory.

Figure 3-6: ASAP 2020 Instrument

Aerogel samples were degassed before the adsorption experiments. During degas aerogel
containing glass sample tubes were connected to the degas port (A). Samples were heated and
vacuum was pulled. Aerogel weight that was used during the analysis was between 100-300 mg.
For RFAs degas temperature was 80°C and for SAs, it was 300°C. Heating jackets were used to
maintain the elevated temperatures (B). RFAs were in degas for 24 hours and SAs were hold in
degas for 3 hours. Degas was performed to remove the volatile molecules that were absorbed on
the surface of aerogels. (C) is the trap where air pulled goes through. The temperature of the trap
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was maintained at the temperature 77K with liquid nitrogen. Oil driven vacuum pump was used
for the degas process. Traps were used to capture the impurities and any possible oil leak from
the vacuum pump, so the manifold stays clean. After degas, the sample (E) were connected to
the analysis port (F). Analysis was performed by increasing the nitrogen pressure in the sample
tube step by step up to relative pressure of 1. Desorption was also performed for the samples.
Adsorption and desorption curves were obtained at the end. Pore volume and pore size were
obtained by Barrett—Joyner—Halenda (BJH) method. Surface area were determined by BET

method.

3.6.3 Thermal Conductivity Measurement

Hot Disk® Thermal Constant Analyzer was used to measure the thermal conductivity of the
samples. This instruments uses Transient Plane Source (TPS) method. TPS method can evaluate
thermal transport properties (thermal conductivity, thermal diffusivity and heat capacity) [40,
41]. Transiently heated plane sensor was used for the measurements. This plane sensor acts both
as a dynamic temperature measurement sensor and a transient heat source. Sensor was composed
10 micron of nickel double spiral which was encapsulated between an insulating material,

Kapton.

Figure 3-7: nickel-kapton based sensor

For the measurements two identical samples are needed. These samples were used to sandwich
the plane sensor of the instrument. Composites were obtained in the dimensions of 30 cm x 30

cm from the mold. From this plate, 10 cm x 10 cm samples were cut. Two samples with 10 cm
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x 10 cm dimensions were used to sandwich the sensor of the Hot Disk® and the measurements

were conducted.

Figure 3-9: Measurement protocol of Hot Disk ®

Once the samples were place in the instrument as shown on Figure 3-9, sensor heating
power and measurement time were entered to the software system. The heating power was
20 to 40 mW and the measurement time was 20 to 40 seconds for all the composites. The
power and the time input were selected for each composite after making trials with various
inputs until consistent results were obtained. 200 temperature measurements were collected
and the results were reported. The one important thing to note about the TPS is that heat
capacity is regressed from the model. Therefore accurate results for the heat capacity were
not expected with this method [40, 41].
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3.6.4 Heat Capacity of a Composite Material

Heat capacity of an isotopic composite material can be calculated by using the weighted
average of individual specific heat capacities[42]. This calculation is valid with the experimental
heat capacities of most composites including polymer composites and polymer-nanostructured

material composites at moderate temperatures [43, 44].

n
Cp,compsite = é W;Cyp i
i=1

Specific heat capacities (J/K.kh) of aerogels are equal to the specific heat capacity of the
materials which forms the skeleton of the aerogel. The bulk density has no effect on the specific
heat capacity of a material. For example, the foamed aluminum has a bulk density in the range
of 0.4 t0 0.9 g/lcm?®. The specific heat capacity of this material is exactly equal to the specific heat
capacity of dense aluminum [45]. Therefore in this thesis the heat capacities of resorcinol
formaldehyde resin (840 J/K.kg) and fused silica (700 J/K.kg) were used for the aerogels made
from these materials. The heat capacity of urea formaldehyde was 1200 J/K.kg [6, 29, 46].
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Chapter 4 Results and Discussion

4.1 UF-RFA Composites

The first composite trial was prepared with the resorcinol formaldehyde aerogel (RFA)
with a bulk density of 0.15 g/cm®. RFAs were characterized by the techniques described in the

previous chapter. The synthesized RFA’s pore size was in the mesopore range with a mean value

around 17 nm. The RFA with these properties was reported as the aerogel with the lowest thermal

conductivity with a value of 12 mW/m.K [18].

Table 5: RFA Material Properties

Material Property

Density 0.15 g/cm?®
Porosity 88%
BET S.A. 620 m?/g
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Figure 4-1: RFA BET Linear Isotherm Plot and Pore Size Distribution
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Four composites which contain various volumetric ratios of RFA were prepared. Desired
volumetric ratios of aerogels were adjusted before pressing the mixture of RFA and UF grains.
Therefore the volumetric ratios were adjusted by first weighing RFA grains and then using the
density of RFA before pressing to calculate the volume of RFA to be used. Percent volume of
RFA used in the trials various from 10 to 38. Urea formaldehyde and RFA mixture was pressed
at a pressure of 100 bars. Bulk density and the thermal conductivity of the resulting composites

were measured and the results are reported in Figure 4-2.
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Figure 4-2: Thermal Conductivity and Density of the Composite prepared with RFA

Composites’ density were close to the density of the native material, urea formaldehyde.
No effect of changing aerogel percentage was observed on thermal conductivity. Even with the
high aerogel percentage desired reduction in the density and thermal conductivity was not
achieved. Density and thermal conductivity of composites almost fall in a straight line, a constant
value as shown by the red line. The result of these composite trials indicated that the aerogel does

not show the good thermal insulation behavior as it shows before pressing.
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In order to investigate the structural changes of aerogels under pressure, a cold press
which can work with a small sample volume (2-5 cc) was used. Using this method, the
environment in the industrial size hot press was simulated. RFA was pressed under pressures
ranging from 20 bars up to 100 bars. The time of exposure to the pressure was the same with the
time of hot pressing the composite in the factory, 225 seconds. After pressing aerogels in cold
press, samples were obtained in a pellet form as shown in Figure 4-3, (A). BET surface area and

pore volume were measured for the pressed RFASs.

Table 6: Structural properties of RFA after being exposed to various pressures

Pressure Pore Diameter S.A. Porosity

bar nm m?/g %

1 19 620 88

20 4.9 457 56
40 4.1 426 46

60 3.7 370 24

80 3.6 339 20
100 3.4 327 4

Figure 4-3:(A) Aerogel grains exposed to pressure, (B) Native aerogel, (C) crushed aerogel
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Figure 4-4: RFA density and pore volume change with pressure

The results of the cold press experiments indicate that aerogels lost their porosity
significantly when they were exposed to pressure of 100 bars. The bulk density of RFA at 100
bars was close to the density of the backbone material, resorcinol formaldehyde resin. There was
a significant reduction in the pore volume of the aerogel with increasing pressure. This reduction
in the pore volume leads to a tremendous reduction in the gaseous thermal conductivity of the
aerogel. However the high bulk density and low porosity brings the overall thermal conductivity
of the aerogel close to the thermal conductivity of solid backbone material. The density change
after the compression changes the volumetric ratios of UF and RFA in the composite. The
effective thermal conductivity of a composite depends strictly on the volume fractions of
materials which constitutes the composite [33]. Therefore the actual volume percentages of RFA
in the composites were re-calculated by using the density of aerogels after being exposed to 100

bars. Results are given in Table 7.
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Table 7: Calcualtion of actual RFA percentages in the composites

UF | RFA | RFA | vol% | vol% actual | UF Density | RFA (1Bar) | RFA (100Bar)

mL | mL g | Aerogel | Aerogel g/mL g/mlL g/mlL

1400 | O 0 0 0

1300 | 150 | 22.5 10 2.05

1100 | 350 | 52.5 24 5.45 1.45 0.15 1.2

1000 | 450 | 67.5 31 7.54

900 | 550 | 82.5 38 9.97

The actual volume fractions of RFA in the composite varies between 0.02 and 0.1. The

BET and bulk density measurements already indicated an expected increase in the overall

thermal conductivity of RFA. The RFA with increased thermal conductivity constituted low

volume of the composite. This explains why there was no significant change in the thermal

conductivity and density of the composite compared to the native material, UF.

Aerogels with higher bulk densities can be synthesized to be used in the composites.

High density aerogels could preserve their porosity better at high pressure since the high density

of aerogels have better strength [7]. RFAs with higher densities can be synthesized by reducing

the solvent amount and increasing the catalyst amount. Aerogels with higher densities have

higher thermal conductivities. However if the pore structure can be preserved with these high

density aerogels at high pressures, it is better to make UF composites with high density RFAs.

Resorcinol formaldehyde aerogels with a density of 0.48 g/cm?® (RFA-H) were synthesized.

Table 8: RFA-H Material Properties

Material Property

Density 0.48 g/cm?®
Porosity 62%
BET S.A. 834 m?/g
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Their behavior under pressure is investigated by again using a cold press. The results
showed that denser aerogels were preserved their porosity better under pressure.
Table 9: Structural properties of RFA-H after exposure of various pressures

Pressure Pore Diameter S.A. Porosity
bar nm m2/g %
1 7.63 834 62
20 3.0 433 21
60 2.4 240 20
100 2.1 189 17
e L & T y T T T - T 2,0
171 ® Density [
1,6 [
1,5 ™ L 1,6
1'4': '-1,4 %
& o] 4,2 %
E 124 .
% 1,1.: L 1,0 %
% 1’0': = . . .—o,s %
3 o Loc 3
0,7-: - ,:0,4 8
0,64 " 4@
0,54 - N
044 g

v T b T ¥ T ¥ T
0 20 40 60 80 100

Pressure (bar)

Figure 4-6: RFA-H density and pore volume change with pressure
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Compared to lower density RFA, RFA-H preserved its porosity better at 100 bars. The bulk
density of RFA-H is lower than the bulk density of the RFA at elevated pressures. At the
production site, UF manufacture pressure were be able to reduce to 60 bars. Since the native
material, UF, can be produced at 60 bars, this time the composite was also prepared at 60 bars.
Only one composite with 30 vol% RFA-H was prepared. The volume percent of RFA-H in the
composite was determined by weighing the RFA-H before the pressing and using the density
after being exposed to 60 bars to find the volume. 30 cm x 30 cm composite were dived into 6
pieces with equal area. Thermal conductivity and density of these pieces were measured at
different sides and places for several times. The standard deviation in the measurements of k
and p was also reported. Also a plate pure UF was prepared and it had a thermal conductivity of

465 mW/mK and density of 1.45 g/mL. Percent decrease for k and p are based on these values.

Table 10: Thermal conductivity and density result for RFA-H and UF composite

Thermal Conductivity DenSity O%6decrease %odecrease in
mW/mK g/cm? ink P
349.91 1.28
SIEISELE 25.83 0.07 24.1 104
Deviation

With the incorporation of 30 vol% of RFA-H nearly 25% decrease in the thermal conductivity
was achieved. The standard deviation of density and thermal conductivity from the mean values
reported in the table was around 5% both for the both properties. This small deviation implies
that RFA-H was homogenously incorporated into the UF matrix. Heat capacity of the RFA-H
based composite were theoretically calculated and it was 1092 J/K.kg. When the contact
coefficients of UF and the composite were compared, 22% reduction in the heat flux at the
surface was obtained. This can value can be correlated with the relative amount of warm

sensation as discussed in the previous chapter.
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The desired color of the toilet seat at the factory is shade of white. The manufacturer adopted
this policy because their company research concludes that these colors give a sensation of
cleanness. Color of resorcinol formaldehyde aerogels were dark violet as shown in the Figure 4-
3. Water soluble dyes were added at the gel preparation step to synthesize RF gels with white
color. Water soluble dye was chosen because the solvent used in the reaction medium of RFA
synthesis was water. Dye was added into the reaction medium before gelation and it was mixed
with the other reactants during polymerization process. Complete gelation was not achieved and
a sand like texture was obtained as shown in Figure 4-7 (B). Attempts were made to incorporate
zirconium, titanium and magnesium based pigments into the gel structure to manipulate the color
of the gel. These pigment are commonly used in the coloring process of ceramics. However these
attempts were unsuccessful since these pigments were not water soluble. In order to solve this
problem during the gelation the mixture was continuously stirred to obtain gel structure with an
evenly suspended pigments. At the end of gelation color of the RFA was dominant and again

violet color gels were obtained.

(B)

Figure 4-7: (A) Comparison of native RFA (B) RFA with the water soluble dye

Figure 4-8: Gels with precipitated zirconium pigment with varying weight percentages
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4.2 UF-SA Composites

To overcome the color problem, silica aerogels were chosen. Silica aerogels are transparent
or have a white cloudy color. Apart from their advantageous color for this project, they also
possess low thermal conductivity. Solid thermal conductivity of SAs can be reduced
tremendously with sol-gel process. Therefore even if the SA losses its porosity the compressed

aerogel would have a low thermal conductivity.

Two different sets of silica aerogels were synthesized to be used in the UF based composite.
First silica aerogel was prepared by increasing the precursor concentration without leaving the
miscibility region of the reaction medium. The density of the silica aerogel (SA) obtained by this
approach was 0.211 g/cm?. The second set of silica aerogels (SA-H) were prepared by aging the
gels in precursor based solution for two weeks and it had a density of 0.361g/cm?. First composite
trials were conducted by using SA. The pore size distribution were given in Figure 4-9. The

porosity of SAs were around 90%. The structural changes for SA were investigated.
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Figure 4-9: Pore size distribution of native SA
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Table 11: Structural changes for SA at various pressures

Pressure | Pore Diameter S.A. Porosity | Pore Volume | Density
bar nm m?/g % g/cm? g/cm?
1 18 1057 90 4.75 0.211
20 3.82 917 67 0.90 0.736
60 1.33 689 12 0.06 1.945

There is a significant reduction in porosity when a pressure of 60 bars was applied.

However the bulk density of the pressurized sample differed by 11% from the solid backbone

density. This means that the suppression in solid thermal conductivity was still present. There

was a considerable loss in the pore volume. The gaseous thermal conductivity effect would
become negligible for this pore size and pore volume [7, 23]. Two composites with 23 and 8

vol% of SA were prepared. Thermal conductivity of pure UF plate in this trial were measured as

470 mW/mK and the density was 1.45 g/cm?.

Table 12: UF and SA with two different volumetric fractions

Thermal .
Conductivity SD in Density | SDin | %decrease in %dgcrease
mW/mK kcomposite g/cm3 P k np
23 vol% Silica Aerogel 366.45 12.55 1.33 0.07 28 7.98
8 vol% Silica Aerogel 450.83 11.17 1.43 0.02 4 1.52

With just 23 vol% of SA nearly 30% reduction in the thermal conductivity was achieved.

Standard deviations for thermal conductivity and density once again proved the even distribution
of SA in UF matrix. The heat capacity of 8 vol% and 23 vol% composites were 1160 J/K.kg and

1085 J/K.kg respectively. 20% reduction in the heat flux at the surface for the 23 vol% SA
composite was achieved. Compared to the composite of RFA-H (30 vol %), greater reduction in

the heat flux was achieved, even though the SA had lower porosity at 60 Bar compared to the
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RFA-H. This increased reduction in heat flux was due to the lower backbone thermal
conductivity of SA at 60 Bar. The composite with low volume fraction of SA, 8 vol%, exhibited

only 4% reduction in the heat flux.
In order to preserve porosity better, trials with SA-H were conducted. The structural

changes of SA-H under pressure is reported in Table 13. Nearly 1 kg of SA-H was

synthesized to be used in composite trials as shown in the Figure 4-10.
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Figure 4-11: Pore size distribution of native SA-H
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Table 13: Structural changes for SA-H at various pressures

Pressure | Pore Diameter | S.A. | Porosity | Pore Volume | Density
bar nm m?/g % glcm?® g/lem®
1 13.37 741 84 2.55 0.361
20 5.94 728 71 1.11 0.640
60 3.57 642 56 0.59 0.962

Porosity of SA-H was preserved better compared to SA. TEOS aging of silica aerogel
reinforced the mechanical properties of SA-H. The density increase with pressure was lower
compared to the SA’s results. Four composites with different SA-H volume percentages were

prepared. Their thermal conductivity and density are given in the figure below.

460 ——r 2,0
440 - 1,8
< 4204 - 1,6
E -
S 400+ 1,4
E “ u 3
~ 380 - o
b - 1,2 )
- 1 n - g =
> 360 - a @
-~ u - 1,0 2
S ] = o
o 340 4 [ 0s @
= < “a
(o] g
320 4 3
2 = F06 o
©
300 5
£ 280 — i
L o MW Thermal - 0,2
260 = B density u B
—— 0,0
5 10 15 20 25 30 35 40

Vol% aerogel

Figure 4-12: Thermal conductivity and density change with increasing SA-H aerogel volume
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Table 14: UF and SA-H with two different volumetric fractions
Silica aerogel in the Thermal
composite Conductivity | gp i, | Density | gp %decrease | %decrease
VOI% mW/mK kcomposite glcm3 in p in k in p
8 436.36 14.18 1.33 0.04 9 8
19 355.86 15.92 1.11 0.07 26 23
28 347.50 28.88 1.09 0.08 28 25
36 265.78 13.98 1.05 0.04 43 28

Even with a 8 vol% of aerogel nearly 10% reduction in thermal conductivity was

obtained. With higher SA-H volume in the composite percent reduction in thermal conductivity

was increased. A sudden drop in the thermal conductivity of composite were observed for the

composite with 36 vol% SA-H. Since the filler amount was increased in the matrix, more SA-H

particles became in contact with each other. They produced gate-ways in the UF matrix which

were highly resistant to heat flow especially compared with urea-formaldehyde [33]. The

struggle of heat to go through the regions with high SA-H concentration can be the reason for

the sudden drop in the thermal conductivity.
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Figure 4-13: % reduction of heat flux for SA-H composites of UF
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Heat capacity of the composites were 1020, 1060, 1105 and 1160 J/K.kg. The
composites reduced the heat flux at the surface up to 42% compared to the native material. This
value was achieved by using 36 vol% of SA-H. Summary of the %reduction of heat flux was

presented in Figure 4-15.

\\\)

/ ‘“—
Figure 4-14: SA-H and UF composite with 8 vol% and 28 vol% SA-H

4.3 Effective Thermal Conductivity Models

There was a decrease in the thermal conductivity of aerogels after they were exposed to
the pressure of the hot press. Therefore to determine the thermal conductivity of silica and
resorcinol formaldehyde aerogels correlation between the aerogel density and the thermal
conductivity were used. As discussed earlier the radiative thermal conductivity of organic
aerogels does not contribute appreciably to the overall thermal conductivity of aerogels. The pore
size and the pore volume of the pressed aerogels exhibited radical decrease in their values as
compared to aerogels before pressed. Therefore gaseous and radiative thermal conductivity of
pressed aerogels were ignored. The bulk density of resorcinol formaldehyde aerogels, RFA and
RFA-H, at 60 bar was close the solid backbone density (1.25 g/cm?) of the aerogels. The solid
thermal conductivity of RFA increases exponentially with the increasing bulk density. Therefore
the solid thermal conductivity of the resorcinol formaldehyde aerogels which were exposed to

the pressure of 60 bar was assumed to have the same thermal conductivity with the solid



Results and Discussion 50

backbone. For silica aerogels even for relatively high densities solid thermal conductivity is
suppressed compared to the backbone materials thermal conductivity [7, 23]. Ebert has collected
solid thermal conductivity data for silica aerogels at different densities and constructed a
graph to show the relation between the ratio of backbone thermal conductivity and the solid
fraction of the aerogel [7]. The solid thermal conductivity of silica aerogels which were
pressed under 60 bar was determined from this relation. Density and thermal conductivity of
aerogels after being pressed are summarized in Table 15.

Table 15: Thermal Conductivities of Aerogels after being pressed

Aerogel Density after Pressing | Solid Thermal Conductivity
g/cm?® mW/mK
RFA-17* 1.20 128.0
RFA-H 1.10 128.0
SiO»-L 1.95 126.4
SiO.-H 0.94 113.8

*pressed at 100 bars

The volumetric fraction of the UF and aerogel in the composited was calculated by using
the densities of these materials after they were exposed to the manufacture pressure. The
volumetric fractions of RFA was low and close to each other in the first composite. Therefore
the thermal conductivity measurement results were close to each other. Effective thermal
conductivity of RFA-H, SA and SA-H composites were calculated. Experimentally determined
thermal conductivities were compared with the predictions of the models. Results are presented

in Table 16. %off shows the deviation of the models output from the experimental result.
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Table 16: Effective Thermal Conduction Prediction with various models

Rayleigh Maxwell EMT Levy
vol% Aerogel Kexp k %off k %off k %off k %off
30 RFA-5 349.91 343.73 -1.77 343.32 -1.88 383.57 9.62 329 -5.98
8 Si0,-L 450.83 434.58 -3.61 434.57 -3.61 434.01 -3.73 428.84 -4.88
23 SiO,-L 366.45 372.87 1.75 372.73 171 368.82 0.64 360.18 -1.71
8 Si0,-H 436.36 432.25 -0.94 432.25 -0.94 432.23 -0.95 425.36 -2.52
19 Si0,-H 355.86 384.35 8.01 384.39 8.02 381.65 7.25 370.98 4.25
28 SiO,-H 347.5 347.45 -0.02 347.64 0.04 341.75 -1.65 331.05 -4.73
36 SiO,-H 265.77 316.10 18.94 316.65 19.14 307.67 15.77 298.60 12.35

Effective thermal conductivity predictions of Rayleigh and Maxwell models were in
quite in agreement in terms of their prediction for all composites. This is because Rayleigh’s
model modifies the Maxwell Model to include the effect of interaction of dispersed spheres in
the continuous matrix. Rayleigh considers the simple cubic arrangement of filler in the
continuous matrix, whereas Maxwell model assumes dilute insertion of spherical particles.
Therefore the results of the two model approaches to each other at low volumetric fractions [47].
Their slight disagreement as the vol% of aerogel increases were observed for the composite with
SA-H.

RFA-H and UF composite’s thermal conductivity was best predicted with the Rayleigh
and Maxwell Models. EMT model assumes complete random dispersion of the filler particles in
the composite. Maxwell-Eucken (M-E) is a modified version of the Maxwell model to include
more filler particles. M-E has two forms where a material can be a continuous phase in one or a
filler in another one. Levy’s model is an algebraic manipulation of these two models which gives
good predictions for well dispersed phase with high volumetric fractions. The predictions of
EMT and Levy’s model were a bit more off from the experimental result since the composite
only contained a volume fraction of 0.3 aerogel. For SA composite as the aerogel volume fraction
increased, predictions of EMT and Levy’s model got closer to the experimental result. For the 8

vol% SA Maxwell and Rayleigh models gave reasonable good results.
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Figure 4-15: Effective thermal conductivity prediction of SiO2-H composites

8 vol% and 28 vol% SA-H based composites’ effective thermal conductivity had good
agreement with the Maxwell Model. 19 vol% composite shows deviation from all the models
that were used. However the thermal conductivity of the pieces obtained from this composite had
a larger standard deviation compared. This high standard deviation can be due to the fact that
aerogels were not evenly distributed in the sample. Some might be dispersed quite well on the
surface of the composite as well as it was incorporated within the sample. The higher deviation
from the models was also observed for the composite with 36 vol% aerogel. The percolation
threshold is usually observed for the composites with fillers which have quite different thermal
conductivity at high volume fractions of filler [33]. The composite with porous silica aerogels
with 0.36 volume fraction might have reached the threshold. Therefore the model’s predictions

did not agree with the experimental data.
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Chapter 5 Conclusion

Aerogel based composites of urea formaldehyde were produced to obtain toilet seats with
warm feeling. Amount of heat flux at the surface of the composite were correlated with the
sensation of warmth. Contact coefficient which was function of thermal conductivity, density
and heat capacity was used to determine the extent of warm sensation. Composites were prepared
by using resorcinol formaldehyde and silica aerogels in industrial size hot press. The structural
changes in aerogels which occurred at the manufacture pressure were determined using BET
analysis and bulk density measurements. The analysis made on the pressed aerogels showed that
denser aerogels were needed to preserve the structural and thermal properties of aerogels under
pressures. Dense silica aerogel (0.361 g/cm®) and dense resorcinol formaldehyde aerogel (0.48
g/cm?®) were successfully reduced the thermal conductivity and the density UF at 60 bars. Heat
flux on the surface of composites reduced up to 40% compared to the native urea formaldehyde
plates. Thermal conductivity of pressed aerogels were predicted by using correlations which
relate density with the aerogel thermal conductivity. Effective thermal conductivity of
composites were also predicted with models and results were compared with the experimental
data. Maxwell and Rayleigh’s model gave thermal conductivity predictions that reasonable agree
with the experimental results for composites with low density silica aerogels and high density
resorcinol formaldehyde aerogels. The thermal conductivity of high density silica aerogel were
best predicted by EMT.
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