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PREFACE

With the progression of miniaturization and the rise in performance requirements, thermal
management in electronic systems is becoming increasingly important. Thermal interface
materials and other filled polymers play a major role. While working on numerous indus-
trial projects at the Centre for Heat Management (ZFW) in Stuttgart, I was able to gain
valuable insights into the recent developments of materials and their application. It has
become clear that the development and optimization of materials is always associated with
extensive experimental investigations and trial-and-error processes. Important knowledge
about the impact of the microscopic material structure is still scarce. Against this backdrop,
the present work was carried out with the aim of investigating heat conduction in filled
polymers at the microscopic level and making a decisive contribution to understanding the
interaction between filler packing, polymers, and substrate surfaces.

My grateful thanks go to Professor Othmar Marti from Ulm University for supervising this
project and reviewing my work. It was a privilege to have him as my mentor. The hours of
technical discussions with numerous helpful suggestions and creative ideas made a signif-
icant contribution to the overall success of the project. I would also like to thank Professor
Andreas Griesinger, head of ZFW, for making the project possible and for providing the
ideal working environment. His enduring willingness to engage in profitable and in-depth
technical discussions needs to be acknowledged. To Professor Ulrich Herr, for the inter-
esting and stimulating discussions, for his valuable advice on scientific writing, and for
preparing the second review I would like to offer my sincere thanks. Furthermore, I
acknowledge the support of all my colleagues and friends at ZFW and the Institute for
Experimental Physics at Ulm University. Regardless of whether it was technical discus-
sions, active help with the experiments, travelling together to conferences, proofreading
support, or their continuous encouragement. Without their help, the realization of this pro-
ject would not have been possible. I am grateful to the Institute for Microtechnology and
Photonics at the Eastern Switzerland University of Applied Sciences for carrying out the
particle size analyses. Sibelco - Ankerpoort NV, The Netherlands and Eckart GmbH, Ger-
many have been helpful in providing fillers for the experimental investigations. Last but
not least, my deepest thanks go to my beloved wife Simone who, from the very outset, has
supported me in many different ways and made the project possible. She has always given
me the help and encouragement I needed and shown a total devotion to our little family.

Bad Urach, July 2025

Oliver Roser
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ABSTRACT

Thermally conductive filled polymers are widely used in micro and power electronics as
well as in electromobility. They have a highly complex and heterogeneous microstructure.
The present work describes the development and application of experimental and simula-
tive methods to investigate the microscopic heat transport through filled polymers and
across filled polymer to substrate transitions. The aim is to develop a comprehensive un-
derstanding of the effects of various polymer, filler, and substrate properties on the effec-
tive thermal conductivity and on thermal contact resistance between filled polymers and
solid surfaces. Experimental studies are carried out using the steady-state cylinder method
and a newly developed technique based on micro thermography. This enables microscopic
resolution of the thermal contact resistances, providing insight into the mechanisms in
filled polymer to substrate transitions that were previously unattainable. In addition, mi-
crostructure simulation models assist the investigation into the processes inside the mate-
rials that cannot be resolved experimentally. The simulative investigations also allow an
isolated analysis of individual influencing variables, which is only possible to a limited
extent experimentally due to the versatile property profiles of available fillers. The geo-
metrically detailed microstructure models can be constructed based on measurable material
properties such as particle shape plus size distribution or surface structure of a substrate
and thus reconstruct the structure of real sample materials.

Generally, the effect of the microscopic packing structure is more significant than that of
the thermal properties of polymer, filler, and substrate. Particle morphology, size distribu-
tion, packing compaction and phenomena such as agglomeration and sedimentation define
how well thermally conductive paths are formed in the material and which filler volume
fractions are necessary to achieve the desired effective thermal conductivity. With multi-
scale filler blends, it is the combination of particle sizes, maximum packing densities and
thermal conductivities in the individual fractions that largely affects the achievable effec-
tive thermal conductivity.

Investigations on filled polymer to substrate transitions show that it is primarily the local
disturbance of the particle packing structure by the adjacent substrate that leads to in-
creased thermal contact resistance. Narrow particle size distributions and very smooth sub-
strate surfaces favor the formation of a micro-order and intensify the effect, while very
rough substrate surfaces and wide particle size distributions will increase the boundary
layer thickness but reduce the thermal contact resistances. In conclusion, a comprehensive
overview of heat conduction in filled polymers is formulated, deriving valuable knowledge
for future material developments.
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1 INTRODUCTION

1.1 BACKGROUND AND APPLICATIONS

Polymer materials are suitable for numerous applications in a variety of fields due to their
good processability, high durability, low price, and low weight. They are among the most
adaptable materials and are utilized for diverse tasks. However, there are limits to polymer
applications due to their crucial weak point: thermal conductivity.

With A = (0.1...0.5) W m~! K~ [1-4], this is far below that of metallic and ceramic
materials. In micro and power electronic systems, heat loss often needs to be transferred to
cooling systems or the environment across very small areas and with minimal temperature
drops. By using highly thermally conductive materials in the heat path, the system temper-
ature can be sustainably reduced and the service life of the system increased. To employ
polymer materials in these applications, they must be modified with highly thermally con-
ductive, granular fillers. Recent review articles report numerous use cases and require-
ments for thermally conductive filled polymers in electronic applications [2,4-6]. Figure
1.1 illustrates typical applications of thermally conductive filled polymers in electronics
and shows exemplary cross-sections through the material structure.

- - ~ -

Figure 1.1. Thermally conductive filled polymer applications in electronics.

Thermal interface materials: Thermal pad (a) and thermal grease (b), potting compound (c),
and insulated metal substrate (d). The inner illustrations show cross-sections of typical ma-
terial compositions in the corresponding applications.
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2 Introduction

Thermal interface materials (TIMs), such as thermal pads (a) or thermal grease (b), are
used to optimize thermal transfer between two solids in a heat path. For example, between
a chip and a heat sink or, in the automotive sector, a battery module and a cooling unit.
Surface roughness and manufacturing tolerances of the two contact partners lead to poor
thermal contact and air inclusions. Soft and elastic thermal interface materials can displace
this air and thus optimize thermal transfer. A review of materials, established technologies,
applications, and recent advances is given in [5,7-11]. In part (c) of Figure 1.1 a potting
or encapsulant is shown. The main purpose of these materials is to protect the electronic
assembly from environmental impact, while guaranteeing good heat dissipation. Shen and
Feng [12] published an extensive review on the recent advances in encapsulants for light
emitting diodes (LEDs) in 2023.

As alast example, an insulated metal substrate (IMS) is presented in part (d) of Figure 1.1.
Electronic components with large power densities, such as LEDs, require a circuit board
with good heat spreading characteristics. An IMS is a layered structure consisting of an
aluminum or copper base plate, a thin dielectric intermediate layer, and a thin copper layer
into which the circuit paths can be inserted. While copper and aluminum provide outstand-
ing thermal conductivities, the dielectric layer in between is always the bottleneck for heat
dissipation. The basis is usually an epoxy polymer, modified with ceramic filler particles.
The layers are kept very thin, often less than 100 pm, to ensure that the thermal resistance
is as low as possible. The structure, requirements, applications, and current advances in
IMS are described in [13-15].

Thermally conductive fillers are not only used for polymers in the applications shown.
Other examples are injection-molded casings or heat sinks [16—18], or thermally conduc-
tive adhesives [19].

The use of thermally conductive polymers in all those applications has been established for
decades. Recent market research reports a large increase in market volume of thermally
conductive filled polymers and predicts further significant growth until the beginning of
the 2030s. This is primarily due to the increasing digitalization and simultaneous miniatur-
ization of electronic systems [6]. For thermal interface materials a compound annual
growth rate of 10.49 % — 21 % is predicted [20-23]. The market growth for pottings and
IMS is assumed at an annual rate of 3.9 % — 6.15 % [24-27]. For thermally conductive
compounds, an annual growth of 12.8 % is predicted [28].
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Objective and methods 3

1.2 OBJECTIVE AND METHODS

The targeted and efficient development of advanced, high-performance polymer compo-
sites requires a profound understanding of the heat transport processes in the materials.
From afar, it seems to be obvious and is well known that thermal conductivity increases
with the concentration of highly thermally conductive fillers and that in principle, more
thermally conductive base materials enable higher effective thermal conductivities [29]. It
follows that it is crucial how effectively the filler particles can form a thermally conductive
network in the polymer matrix. This ability probably depends on many factors, such as
particle shape, size distribution and dispersion. The exemplary cross-sections in Figure 1.1
show the complexity and versatility of the material structures. For thermal interface mate-
rials, shown in part (a) and part (b), multi-scale filler blends with grain sizes in different
orders of magnitude are used to achieve the highest possible filler volume fractions. The
result is a highly complex microstructure with filler concentrations close to the maximum
packing density. Pottings (c) require good flowability for processing, i.e., a low viscosity,
thus the possible filler volume fraction is very limited. In these loose filler packings, ag-
glomeration and sedimentation phenomena are favored. With IMS, the complexity of the
microstructure increases because of the two contact surfaces of the metal layers above and
below the dielectric layer. Often only a few particle layers are between the contact surfaces.
This influences the overall packing structure.

Numerous recent review articles conclude that there are still many open questions and un-
explored relationships, especially with regard to the microscopic filler packing structure
[2,4,5,19,29,30]. The most concise conclusions were formulated by Burger et al. in 2016
[29],

“Nevertheless, it will be crucial to focus in future work on the structural and geo-
metrical aspects of the materials, which are essential parameters to increase ther-
mal conductivity.”

and Xu et al. in 2021 [5],

“For the critical thermal percolation [...], existing knowledge is still very limited
and a universal picture about the threshold of the thermal percolation is still lack-
ing. Open questions remain on how to form a more effective heat conduction net-
work with less thermal resistances between fillers.”

There remain questions regarding whether there are pronounced percolation effects in ther-
mally conductive filled polymers and how the formation of thermally conductive paths in
the material can be favored [3,5,30]. Furthermore, Yang et al. [6] see a need to improve
and expand existing approaches for calculation and simulation, as these have so far ne-
glected many important parameters. In principle, however, detailed simulation and calcu-
lation approaches promise important insights into the microscopic heat transport processes
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4 Introduction

and can help answer the open questions. With this as a basis, the present work is intended
to make a decisive contribution to the development of a detailed and comprehensive un-
derstanding of microscopic heat transport processes in filled polymers. The aim is a de-
tailed investigation and quantification of the effects of filler properties, geometric packing
structure, and interactions of different fillers in mixtures. The focus is on the effective ther-
mal conductivity of the particle-filled polymer and filled polymer to substrate (FPS) tran-
sitions, which are of exceptional importance in IMS, for example. Both phenomena are
investigated experimentally and using newly developed simulation methods.

Experimental techniques are mainly used to access macroscopic material properties. Since
the spatial resolution of simulative approaches is unlimited in principle, these techniques
allow analyses at the microscopic level which may then help explain macroscopic obser-
vations. Local heat transport processes inside the materials can be analyzed that are not
experimentally accessible. Experimental, and simulative investigations combine to allow
derivation of empirical theories on the impact of the geometric microstructure of filled
polymers on their heat transport properties. This is a common strategy used also in particle
physics, as the numerical reconstruction of processes can reach spatial and time scales for
which there are no experimental techniques yet available.

Chapter 2 begins with a discussion of the physical principles of heat conduction in solids
and composites. Thermal interfacial and thermal contact resistances are introduced and
discussed regarding their significance for filled polymers. A comprehensive summary of
the current knowledge and state of the art of thermally conductive filled polymer compo-
sites are presented. Chapter 3 provides an overview of the polymers and fillers used in the
experimental investigations. Additionally presented is an overview of the two main meas-
urement methods: the steady-state cylinder method and the newly developed micro ther-
mography method. Chapter 4 includes numerical and experimental studies on the impact
of filler properties and packing structures on the effective thermal conductivity of single
scale filled polymers. The newly developed microscale modeling method used for these
investigations is introduced at the beginning. Chapter 5 deals with the analysis of multi-
scale filled polymers with an emphasis on the interaction of different fillers at different
scales. Once again, both experimental and numerical studies are presented. Chapter 6 fo-
cuses on FPS transitions and the contact resistances that occur using new experimental and
simulative methods. Chapter 7 summarizes the findings and completes the comprehensive
picture of heat conduction in particle-filled polymers.
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2 PHYSICAL BASICS OF HEAT CONDUCTION

This introductory chapter provides an overview of the physical mechanism of heat conduc-
tion, first in solids and later in composites. In addition, it explains the phenomenon of ther-
mal contact resistance and the resulting need for thermal interface materials. Thermal in-
terface materials are a major area of application for the investigations and findings of this
thesis. The chapter finishes with a brief overview of the current advances in the develop-
ment of thermally conductive polymer composites.

2.1 HEAT CONDUCTION IN SOLIDS

In physics, there are various mechanisms of heat transport including: heat conduction
through matter, heat transport through mass transport, and heat radiation. The basics of
heat conduction in matter, and particularly in solids, are discussed below. Heat conduction
is the transport of thermal energy through matter, mainly by diffusion of internal energy
when a driving temperature gradient is imposed. In 1822, Fourier formulated the propor-
tionality known today as Fourier’s law [31]

q=-\VT 2.1

between the conducted heat flux g (vector) and the applied temperature gradient VI'. Ac-
cording to the second law of thermodynamics, heat will always flow against the tempera-
ture gradient. The proportionality constant between heat flux and temperature gradient in
Fourier’s law is known as thermal conductivity. Thermal conductivity A (second-order ten-
sor in Eq. (2.1)) is an intrinsic thermophysical property of the heat conducting matter,
nowadays specified with

AN=Wm?!K"!. 22

In general, it is a temperature dependent quantity [32,33], and can also depend on applied
pressures, particularly for compressible matter [33]. The temperature dependence is often
ignored when small temperature differences are applied [32]. Furthermore, thermal con-
ductivity can be an anisotropic material property.

The theory of heat conduction in solids has been worked out in detail and is widely ac-
cepted. It is part of the basic repertoire of modern solid-state physics and is described in
detail in numerous textbooks [34-37]. As the theory is very complex and multifaceted,
there is additional specialized literature focusing solely on thermal conductivity [38—40].
Given here is a rough and simplified introduction to the topic for the purpose of assessing
the differences in thermal conductivities of the polymer matrices and the metallic and non-
metallic fillers and evaluating the heat transfer across the interface from matrix to particle.
Heat transfer through solids cannot be depicted using generally applicable models [41] and
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6 Physical basics of heat conduction

there is no possibility for an exact prediction of thermal conductivity [40]. Nevertheless, a
general impression and comprehension of the relationships can be acquired by discussing
different basic approaches and models. To begin, a short introduction is given using the
simple example of an ideal gas, before continuing with heat conduction in solids. A very
helpful derivation can be performed, based on the theory of ideal gas molecular motion,
following e.g., [33,35.,41].

All particles of the gas are handled as point masses, perform a disordered thermal motion,
and collide perfectly elastic with each other. The precondition for the validity of the fol-
lowing consideration is the existence of a sufficient number of individual particles for the
thermodynamic equilibrium. The average time between two collisions of a particle is 7,
and the average absolute velocity of all particles is u. 7, is sometimes referred to as relax-
ation time. The mean free path, the average distance a particle can travel freely, is [41]

l=ur, . 2.3)

To induce one-dimensional heat conduction in the z direction, a temperature difference
AT =T, — T, with T} > T, is applied at the distance Az = x5, — x;. On average, 1/3
of all particles move in = direction and contribute to the heat conduction. The position
) < x < x5 is considered. Particles that reach this position with positive velocity had
their last collision at position © — u7,, and particles that reach this position with negative
velocity had their last collision at position z + ur,. Let U(T") be the temperature-dependent
internal energy per particle. Then the particle with positive velocity brings the higher en-
ergy U(T(x —ur,)) and the particle with negative velocity brings the lower energy
U(T(x + ur,)) to position z. To calculate the net heat flux ¢, at the position x, the energies
transferred by individual particles must be added together and multiplied by the mean par-
ticle velocity u and the number of particles n per Volume V.

G, = ———u[U(T(a:er—r)) —U(T(z—urr))] . 24)

The sign determines the direction of the heat flow and the pre-factor 1/6 considers that on
average 1/3 of all particles move in the z direction. 1/2 each in the positive and negative

x direction. If 7, and thus [ are small, g,, can be written as in [35]

1n dUdAT 9
=———u——2ur, .
=gy ardz " @)
%3—(1{ = (Y, is the heat capacity per unit volume and d7"/dz the local temperature gradient

in x direction. After substitution and rearrangement, the equation becomes

1 ar
G = =3 Ovun . @.6)
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Heat conduction in solids 7

A comparison with Fourier’s law in one-dimensional notation

dT
Qe = 7/\5 ’ (2-7)

results in a thermal conductivity [33,35,41]

1
A= gcvu%,, . 2.8)

Finally, ur, can be replaced with Eq. (2.3), resulting in

1
A= 3 Cyul , 2.9)

as a general model for the thermal conductivity of an ideal gas, when considering the free
gas molecules as the carriers of heat.

In solids, different carriers contribute to heat conduction. The main carriers are lattice
waves and electrons. Less dominant carriers are magnetic excitations, spin waves, and ra-
diation [40,42,43]. In non-metallic solids without any free electrons, the lattice waves dom-
inate and are often the only noticed carriers [33,38,40,42,44]. In metallic solids, the elec-
tron contribution to heat conduction can predominate [33,40,42,44]. The total thermal con-
ductivity can be generally expressed as the sum

1
A= 3 Z Cy iuil; (2.10)

of all contributions, adapted from Eq. (2.9). The subscript ¢ stands for the respective carrier
(electrons, lattice waves, ...). C'y ; is the heat capacity per unit volume due to the carrier 4,
u,; is the velocity of the carrier, and /; its mean free path. At least velocity and mean free
path for the different carriers are not as clearly defined as for gases. Models must be found
to approximate them. In the following section, the thermal conductivity of non-metallic
solids, metallic solids, and the special case of polymers are discussed.

2.1.1 NON-METALLIC SOLIDS

In contrast to the atoms of a gas, the atoms of a solid do not move freely but have a fixed
equilibrium position. Many solids have a crystalline structure with a regular lattice [36].
The atoms perform thermal oscillations around their equilibrium position. As the temper-
ature rises, the internal energy and thus the vibrational energy of the solid increases. Since
the atoms are closely coupled, a temperature increase on one side of the solid and thus an
increase in vibrational energy is transported further in the body by lattice waves. Lattice
waves are primarily structure-borne sound waves that propagate through the solid body. In
1932, Frenkel introduced the term “phonons” for the energy quanta transported by these
waves [45]. To simplify, the phonons can be imagined as free gas particles. They move
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8 Physical basics of heat conduction

through the lattice, transporting a certain thermal energy at a specific velocity and over a
certain mean path. This idea supports the use of the Eq. (2.9) or (2.10) to describe the
lattice contribution A, to the overall thermal conductivity. The objective quantities of the
following discussion are therefore the heat capacity of the lattice waves, their propagation
velocity, and their mean free path. Comprehensive descriptions of the theoretical founda-
tions and models developed over the decades can be found in [38-41,43,46]. Brief sum-
maries of the key aspects are presented in [42,44,47]. Such a description is also provided
here for introductory purposes.

The lattice waves occur in a broad frequency spectrum. The wavelength of the occurring
vibration modes starts at atomic dimensions and extends to long waves comparable to the
external dimensions [42]. Of particular interest are the propagating modes. To consider the
specific contribution of the individual angular frequencies w, the basic Eqs. (2.9) or (2.10)
can be generalized to [42]

1 [*p
Aph = 3 / Cy ph @)yl (w) dw 2.11)
0

using the Debye theory [48] in good approximation. Strictly taken, a differentiation of the
polarization should also be taken into account [46]. For a general discussion of the rela-
tionships, however, Eq. (2.11) will suffice. Frequencies up to a cutoff value wp, called
Debye frequency, are considered [37,41,42,46]. It is selected to include 3N modes, with
N being the number of atoms per unit volume. In the simplest form, u,,, is the velocity of
sound averaged over the transverse and longitudinal velocities [41]. Cy ;,(w) dw is the
specific heat contribution of the corresponding frequency interval with [42,49]

CV,ph(w) dw = gNk’B (

T 3 4
) ( Te dw , 2.12)

Op/) (er —1)2
where kg is the Boltzmann constant, 7" the absolute temperature, O the Debye tempera-

ture of the solid, and © = hw/kgT, with # being the Planck constant divided by 27. The
Debye temperature is [37]

hw hu h 3 6m2N
Op = oD — ZToh .
D kB k'B v (2.13)

for a crystal with N oscillators (atoms) in the volume V. Even though the Debye model

for specific heat only provides a rough approximation, it is regularly used, as the influence
of the uncertainties in the determination of the mean free path is much greater [42,46]. If
there were infinite ideal crystals, with perfectly regular structures and harmonic interatomic
forces, the mean free path and thus the thermal conductivity would be infinite [46]. In real
solids, there are barriers that limit the mean free path and thus limit heat transport. There
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Heat conduction in solids 9

is scattering caused by the collisions of phonons with impurities, crystal defects, grain
boundaries, and external boundaries [41]. The phonons are scattered from one mode into
another [46]. Anharmonicity in real crystal lattices additionally causes phonon-phonon col-
lisions. However phonon-phonon collisions do not necessarily contribute to limiting the
mean free path [36]. If a normal process (N-process) occurs, neither momentum nor energy
flow is affected. In 1929, Peierls [50] showed that, in addition to N-processes, there are
also Umklapp-processes (U-processes) that lead to an intrinsic resistance, since the direc-
tion of the energy flow changes after the phonon-phonon collision (German: umklappen,
English: to flip over). The lattice absorbs momentum [36]. As given in Eq. (2.11), the
limited mean free path is a function of the frequency and generally also of the temperature
lon(w, T) [36,38,40,46]. Thus, the specific heat C'y ;, and the mean free path [, are tem-
perature-dependent, resulting in a strongly temperature-dependent lattice component of
thermal conductivity A, (T').

The influence of temperature on the specific heat is particularly evident at very low tem-
peratures (T < ©p/3) in a T° dependency. At high temperatures (T' > Op,), the heat ca-
pacity is approximately constant. At low temperatures, the influence of boundary collisions
increases as the low frequencies become more dominant [44]. The mean free path can be
limited by the dimensions of the sample [36,42]. As the effects of low temperatures are
strongly pronounced, this range is in focus of certain specialized work [51,52]. In general,
the thermal conductivity in this range increases with temperature. The thermal conductivity
then reaches its maximum in the intermediate temperature range before decreasing again
due to the growing influence of defect and impurity scattering [38,41,43]. The mean free
path decreases stronger than the heat capacity increases. Further increasing temperatures
increase the probability of phonon-phonon collisions and cause the thermal conductivity
to drop further, approximately proportional to 7~ in the high temperature range [41,42].

The discussion thus far has been limited to crystalline solids with long-range order in struc-
ture. However, glasses and many polymers do not have long-range order. Section 2.1.3 is
explicitly dedicated to polymers. For the sake of completeness, however, a few general
connections will be made here.

Amorphous structures tend to have lower thermal conductivities than crystals [39,41]. The-
ories for predicting the thermal conductivity of amorphous solids emerged long after the
fundamental theories for crystalline solids [33,42]. However, it was established early that
the assumption of a constant, temperature-independent mean free path is sufficiently good,
at least in the range of ordinary (e.g., room temperature) and high temperatures [41,42].
The mean free path in amorphous solids is closely linked to the structural length units of
the solids [38,41]. In polymers, these are the building blocks of the polymer chains.
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10 Physical basics of heat conduction

2.1.2 METALLIC SOLIDS

In metallic solids, heat can also be transported via lattice waves as in the non-metallic solids
mentioned previously, however the contribution from free electrons as carriers of heat is
just as important. In the case of pure metals, the contribution of the electrons ) can sig-
nificantly exceed the contribution of the lattice waves A,. Alloy thermal conductivity al-
ways depends on which elements are added and in what quantities, as well as the conduc-
tivity of the parent material. At ordinary and high temperatures, the contribution of the
lattice becomes more important the worse the parent material conducts electricity [53].

We can model free electrons in metals as a free electron gas [36]. Again, we can adapt the
general formulation from Eq. (2.10) [33,36,38,41,53]
1

)\ =
el 3

Cy etetlel s (2.14)

and consider the specific heat of the gas particles Cy, ), their velocity u,;, and the mean

free path [ they can travel between two collisions. While the electrons are much faster
than the phonons u, >> u,,, typically two or three orders of magnitude faster, the electron
specific heat is smaller than the lattice contribution to specific heat [41]. Considering a
Fermi gas, the specific heat of the electrons is [38,41]
72 k3T
=7 Na > .
Vel =5 g, el 2.15)

where n, is the electron density and E¥y; is the Fermi energy. If

_ 2Eg
Ug) My (2.16)
with m, being the electron mass, is then set for the velocity of the electrons in a Fermi gas
[38,41], the only unknown is again the mean free path /. The same factors must be con-
sidered as with phonons. Collisions between electrons or collisions with phonons, as well
as scattering at grain boundaries, imperfections, and defects limit the mean free path
[43,53]. The contribution of the electrons to the thermal conductivity also depends on the
temperature. Zhang et al. [33] describe a linear increase with temperature in the low tem-
perature range, a constant contribution in the intermediate range and a slight decrease with
temperature at high absolute temperatures. If first Eq. (2.3) and then Egs. (2.15) and (2.16)
are put into Eq. (2.14), the thermal conductivity of an electron gas is obtained as a function
of the relaxation time 7,  [41]
72k}

Ael = 3 my ngT'T o - @17
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Heat conduction in solids 11

Since the carriers are the same, the theory of the mean free path and thus of the relaxation
time is the same as for electrical conductivity. This can be expressed as [38,41]

el 2
Oel = e Trel s (2.18)

el

where e is the elementary charge. If the thermal (Eq. (2.17)) and electrical conductivity
(Eq. (2.18)) are set in relation, one obtains with [38,41]

N 2 (ko 2
;1:%(?) T—LT 2.19)

el

the proportionality between thermal and electric conductivity of metals. This relationship
that Wiedemann and Franz have already found empirically is known as the Wiedemann-
Franz law. A, /(04T is a constant, only depending on two natural constants and is called
the Lorentz number with [53]

L=2443 x 1078 V2 K2, (2.20)
For T' > Op, good agreement with experimental values is reported [37,41].

2.1.3 POLYMERS

Polymers have a comparatively low thermal conductivity. The aim of this section is to
assess the reasons for their low thermal conductivity and to identify opportunities for opti-
mization besides the use of thermally conductive fillers. There are numerous applications
for which elevated thermal conductivity of polymers is interesting, independent of the use
of fillers [54]. However, the potential is highly limited due to polymers’ fundamental struc-
ture. The different types and structures of polymer materials make it highly challenging to
apply universal theories, given the close structure-property relationships. To a certain ex-
tent however, we can refer back on the phonon theory presented in section 2.1.1 and discuss
expected influences. Heat transport in polymers mainly happens along polymer chains
[55]. These individual chains can even have an outstanding thermal conductivity of several
hundred W m~! K1, exceeding that of many metals [54,56,57]. In polymer bulk materi-
als though, the thermal conductivity drops significantly. Wei et al. [54] therefore discuss
the thermal conductivity of bulk materials separate to that of thin fibers with aligned chains
in their recent review.

Many polymers have amorphous or semi-crystalline structures and therefore no regular
lattice that could effectively contribute to thermal transfer. Lattice waves in the actual sense
thus occur only in crystalline subregions. Nevertheless, the concept of phonons is also used
for polymers, even though it is only to be understood symbolically. The fact that the indi-
vidual polymer chain itself has a very high thermal conductivity shows that it cannot be
the specific heat or the propagation speed limiting the thermal conductivity to this extent.
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12 Physical basics of heat conduction

Both cannot significantly change from single chain to bulk material [2]. Once again, it must
be the mean free path that determines the thermal conductivity of the bulk material. As
already discussed in section 2.1.1, there are numerous internal and external influences and
defects that lead to the scattering of phonons and thus limit the mean free path. In crystal-
line polymers, these are still impurities, defects, dislocations, boundaries, and domain in-
terfaces [2,5,54]. In amorphous polymers, the chains are randomly oriented and entangled,
only bound by weak van der Waals forces. This limits the mean free path to a length smaller
than a single polymer chain [2]. Branched polymer chains also lead to increased phonon
scattering compared to straight chains [56]. In amorphous domains, the heat cannot be
transported through the grid in a straight line, but rather takes random, diffuse paths [6]. If
the structure is crystalline, or at least partially crystalline, it is generally reflected in higher
thermal conductivities [2]. The high thermal conductivity of the individual chains is mainly
due to strong covalent bonds in the polymer backbone. Crosslinking several polymer
chains with covalent bonds to an effective conducting polymer network increases the over-
all thermal conductivity [3]. There are possible approaches being pursued to align individ-
ual domains or the entire polymer [3,54,57]. Nanoscale templating or electrospinning are
options [3]. However, great success has also been achieved by mechanical methods like
stretching the polymer. The result is a strongly anisotropic structure with outstanding ther-
mal conductivity in the stretch direction [3]. In addition to structural modifications of a
polymer to increase its thermal conductivity, the use of micro and nano fillers has been
established. This method is the subject of the present work.

2.1.4 EFFECT OF POROSITY

After the purely molecular considerations in the previous chapters, this concluding section
will provide some reflections on macroscopic porosity. The filler particles used and filled
polymers can be porous to a certain extent, which has a considerable effect on thermal
conductivity. If the pores in the solid are filled with a poorly conducting gas, there will
always be a reduction in thermal conductivity [33]. The effect of porosity on the thermal
conductivity of a solid was comprehensively investigated experimentally [58—61], theoret-
ically [62—64], and with numerical simulations [65]. A very thorough study and summary
of these effects was published by Smith et al. in 2013 [66].

When heat is conducted through a porous material, heat paths are created in parallel
through the remaining solid and through the gaseous phase. With closed pores, there are
only local parallel paths through the gas in the pores. The gas generally has a lower thermal
conductivity, which can be additionally reduced by the Knudsen effect in the case of very
small pores. With open-pored materials, there are continuous gas paths. Heat can be con-
ducted in the pores, transported via radiation, or transported via convection, when the pore
sizes are sufficiently large [66]. When the pores are very small, they reduce the mean free
path of the bulk material therefore reducing its thermal conductivity [64].
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Thermal transfer across interfaces 13

2.2 THERMAL TRANSFER ACROSS INTERFACES

If heat is conducted via the interface between two dissimilar materials, a temperature drop
occurs not only in the two bulk materials due to their finite thermal conductivity. A tem-
perature drop AT is also observed at the interface. The interface forms a specific thermal
interfacial resistance
AT,
rp=——rt=h' @.21)
q

to the heat flux g. A specific thermal resistance 7, also referred to as thermal insulance or
thermal impedance, is specified by the units m?> K W~!. With division by the effective
heat-transferring area A, the absolute thermal resistance

R=r A (2.22)

with the units K W' is obtained. A thermal interfacial resistance r1, sometimes also spec-
ified by a thermal interfacial conductance h;, occurs not only with poor surface contact due
to macroscopically perceptible roughness and surface mismatch, but also with two solids
that lie perfectly on top of each other at the atomic level [47]. This effect is particularly
interesting for this work because heat in filled polymers must always cross the interface
between filler particles and the surrounding polymer several times.

The effect was first described by Kapitza in 1941 (reprint 1971 [67]). Kapitza investigated
heat transport in liquid helium II at low temperatures and found a thermal interfacial re-
sistance towards copper. Thermal interfacial resistance, or Kapitza resistance, has since
been the subject of numerous research projects and demonstrated for various material com-
binations. A comprehensive overview of the current state of knowledge, experimental find-
ings, and calculation techniques was published by Giri and Hopkins in 2020 [68]. Accord-
ing to Giri and Hopkins [68], typical specific thermal interfacial resistances are in the range
of3-107? m? K W lupto5-10~8 m? K W1 for crystalline solids with phonon-dom-
inated heat conduction. Giri and Hopkins further highlight a work by Swartz and Pohl from
1989 [69], which presents numerous experimental studies conducted up to that time as well
as a comprehensive theoretical discussion of the phenomenon. They reported on methods
for predicting interfacial resistances.

The first model, introduced by Khalitnikov in 1952 [70] and extended for solid-solid inter-
faces in 1959 by Little [71], is the acoustic mismatch model (AMM). The AMM is the
most fundamental model, the validity of which is often only shown for low temperatures.
However, Khvesyuk et al. [72] point out that nanoscale analyses are also valid at higher
temperatures. In the AMM, both solids are considered as a perfect continuum and only the
interface is considered as an imperfection. The phonons are abstracted as plane waves
whose transmission probability at a planar interface can be calculated based on the acoustic
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14 Physical basics of heat conduction

properties of the solids. Phonons hitting the surface can be specular reflected, reflected and
mode converted, refracted, or refracted and mode converted. The transmission probability
is the fraction of the transmitted energy of all these cases [69]. An example of the calcula-
tion guidelines is given in [68,69]. The more similar the acoustic impedance of the materi-
als, the higher the probability of transmission. If the materials have significantly different
impedances, the model assumes a low transmission probability.

Another model, the diffuse mismatch model (DMM), was proposed by Swartz and Pohl
[69,73]. This model considers diffuse scattering of phonons at an interface. The model is
therefore generally more suitable for estimating the interfacial resistance at rough surfaces
and at elevated temperatures [74]. Both models assume that at least one contact partner is
electrically insulating, as they both account for elastic phonon transport. However, there
are variations of the DMM that can be used for electron-dominated heat conduction at
interfaces [68]. Over the years, further models and extensions have been developed, and
first-principle methods, as well as atomistic simulations have been applied, e.g.,
[68,72,75,76]. In filled polymers, thermal interfacial resistances occur between filler par-
ticles and the polymeric matrix. Their impact on the effective thermal conductivity is dis-
cussed in section 2.4.2.

2.3 THERMAL CONTACT RESISTANCE

After the thermal resistance at a perfect surface contact of two dissimilar solids was dis-
cussed in the previous chapter, this chapter deals with thermal resistance at imperfect sur-
face contacts. First, solid-solid contacts are discussed, followed by an introduction to the
state of the art in thermal interface materials (TIMs). These are used to optimize the heat
transfer between two solid surfaces. This results in the need to discuss thermal contact
resistances of solid-liquid contacts.

2.3.1 SOLID-SOLID CONTACT RESISTANCE

Technical surfaces are not ideally smooth and even. This means that when two surfaces
touch, only a fraction of the nominal surface is realistically in contact. In [74,77], a pro-
portion of 1 % — 2 % of the surface is given as a general guide. Between the non-contact-
ing surface areas there is a filling gas, most commonly air. The gas is a poor conductor of
heat, resulting in a clearly perceptible thermal contact resistance between the surfaces
[5,74,77,78]. A brief review of the literature is enough to recognize that this contact re-
sistance is of a completely different order of magnitude than pure interfacial resistance.
The phenomenon takes place on a totally different length scale. The specific contact re-
sistances in [78] are in the range of 107° m? K W up to 1072 m? K W~ and thus 3 to
7 orders of magnitude higher than the thermal interfacial resistances in [68]. Figure 2.1
illustrates the heat transfer between two solids and the temperature differences occurring
at the contact if only interfacial resistance occurs and alternatively if microscopic
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Thermal contact resistance 15

roughness causes a thermal contact resistance. The comparatively small temperature drop
AT occurring at the interface between to dissimilar solids, but with perfect surface contact
(a) has already been discussed in chapter 2.2. In part (b) of Figure 2.1, the significantly
higher temperature drop AT at an imperfect contact between two rough surfaces is illus-
trated. It is the result of a specific thermal contact resistance r. Equivalent to equation
(2.21) this can be expressed as

_ATe _

re==,"= het 2.23)

where g is the one-dimensional steady-state heat flux crossing the contact and AT is the
occurring temperature drop occurring at the specific thermal contact resistance rc. The
reciprocal value of the specific contact resistance is referred to as thermal contact conduct-
ance hg. Part (c) of Figure 2.1 illustrates the microscopic reason for the occurring thermal
resistance. In the illustrated section, there are only three contact points between the two
surfaces. The heat flow (indicated by qualitative heat flow lines) is concentrated at these
contact points. This results in constriction and reduction of the heat-transferring area. Even
though the phenomenon is now considered to be well understood, it is difficult to study
quantitatively due to the many parameters involved (contact partners, surface structure,
contamination, filling gas, temperature, surface pressure), and high randomness [79]. Ac-
cording to [80,81], the experimental determination of thermal contact resistances is asso-
ciated with high uncertainties. Shojaefard and Goudarzi 2008 [82] state that the many dif-
ferent measurement methods used often lead to significantly different results.

@ ®) ©

>

Figure 2.1. Comparison of thermal interfacial resistance and thermal contact resistance.
Temperature profile along the heat flow direction when two ideally smooth solids come into
contact (a), and temperature profile along the heat flow direction when two microscopically
rough solids come into contact (b). Schematic representation of the heat flux concentration
at the contact points (c).

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fiir den personlichen Gebrauch



16 Physical basics of heat conduction

Different boundary conditions during the measurement, such as temperatures and temper-
ature gradients, time-dependent effects, surface pressure, sample size and the resulting sur-
face contact vary and limit the comparability. From today’s point of view, the most pio-
neering work in predicting thermal contact resistances was done by Yovanovich and
coworkers as well as Madhusudana, summarized in [74,77,78]. In addition, there have been
several theoretical [83,84], experimental [79,82,85-98], and numerical [85,87,99-105]
studies on the subject over the past decades. All have contributed to the general under-
standing of the phenomenon and the broad database available today. A general summary
shows that thermal contact resistances between two solids decrease with contact pressure
and temperature [79,82,85-88,90-93,96,97,102—105]. In addition, a drop in thermal con-
tact resistance with increasing thermal conductivity of the solids was reported [87,100].

It is obvious that thermal contact resistance is not a purely thermal phenomenon. Contact
mechanics and surface geometry also have a decisive influence. Yovanovich [78] refers to
it as the triad of thermal contact conductance. It is important to know the exact surface
geometry and how the asperities of the surfaces deform when the solids are joined. This is
the only way to estimate the actual contact area. Experimental studies have shown that
multiple, cyclical joining of the solids can lead to a reduction in contact resistance
[78,85,89]. The asperities of the surfaces deform more and more, and the two surfaces
adapt better to each other in a stepwise fashion. Thus, larger contact areas are established
and the mean gap width decreases. However, this effect cannot be used continuously. After
a few cycles, saturation occurs.

An increase in thermal contact resistance with surface roughness has been reported several
times [98,99,103], but could not be proven in e.g., [90]. Numerical studies usually deal
with the phenomenon on several scales [99,102], and sometimes also combine different
simulation methods on the different scales [102]. A good way to achieve realistic results is
to model the rough surfaces on the basis of microscopic images or topography data [87,99].
In most theoretical models, two or more parallel heat paths across the contact surface are
taken into account: Solid heat conduction across the contacting asperities, gas heat transfer
in the gaps, and sometimes also a radiative contribution. Commonly, the total specific ther-
mal contact resistance 7 is expressed as the reciprocal sum of all contributing thermal
resistances r;. Equivalently, the total thermal contact conductance h can be specified as

the sum of the individual conductances h,. It can be written as
rat =rgt +rgt =he =hg +1
rg. =Ts +Tqg o s thg, (2:24)

where the index S indicates the solid heat path, i.e., heat conduction via the contacting
asperities, and the index G indicates the gas path, i.e., heat transfer via the gas inclusions.
An additional radiation path is usually neglected at ordinary temperatures [77,78]. Appen-
dix A.1 provides the Cooper-Mikic-Yovanovich (CMY) model [78,106], a very popular
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Thermal contact resistance 17

model for determining the solid contribution to contact conductance hg. In addition, ap-
pendix A.2 provides a statistical model, developed by Yovanovich et al. [107], for calcu-
lating the gap conductance h between two conforming rough surfaces. These two models
give an impression of the origin of thermal contact resistance and the parameters that in-
fluence it.

2.3.2 USE OF THERMAL INTERFACE MATERIALS

The phenomenon of contact resistance has been known for a long time and is a serious
problem in many technical applications. In electronic applications, they considerably in-
crease the thermal resistance of heat dissipation paths and thus lead to higher operating
temperatures [108]. Thermal interface materials (TIMs) have therefore been established,
particularly in the field of micro and power electronics, but also in several other applica-
tions, such as electric vehicles, aircrafts, satellites, and radar systems [5]. There are several
different types of TIMs, all serving the same purpose: Replacing the air in the cavities of a
solid-solid-contact and thus optimizing thermal transfer between the surfaces, see Figure
2.2. The higher the thermal conductivity and the thinner the TIM layer, the lower the ther-
mal resistance of the junction and the lower AT’ py;. Most of the TIMs are based on poly-
meric matrices and modified with highly thermally conductive fillers to enhance their ther-
mal conductivity. Soft, elastic, and easy-to-process polymer matrices are the best solution
to fill the micro cavities between the surfaces in the best possible way and to withstand
vibrations and thermal expansion during operation.

(a) (c)
T R @
iy o T
E,\l: IATC 1;\; t ATTIM
. t . >
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A\ Ny Z N Ny €A

Figure 2.2. Optimizing thermal transfer across solid-solid interfaces by using TIMs.
Temperature profile along the heat flow direction when two microscopically rough solids
come into contact and the gaps are filled with a poorly conductive gas (a). Temperature pro-
file along the heat flow direction when the solid-solid contact is optimized with a thermal
interface material (e.g., thermal grease) and the gas is almost fully replaced (c). (b) and (d)
show a schematic close-up of the contact zone with and without TIM.
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18 Physical basics of heat conduction

Other types of TIMs that will not be discussed further are e.g., thin and soft graphite or
metal sheets, and liquid metals [5,8,9]. The current state of the art in thermal interface
materials is well summarized in [5,7-11]. The overall specific thermal resistance of a TIM
junction can be expressed as

r=rrm+7Tc1 T2 2.25)

where 7 = d/ ) is the specific thermal resistance of the TIM layer with thickness d and
thermal conductivity A. 7 ; and r 5 are the specific contact resistances that occur at the
FPS transitions between the TIM and the adjacent solid surfaces. If TIMs are applied in
thick layers and rough surface structures can be neglected, the thickness d can be defined
and determined easily. However, it is noticeably difficult to define and determine d, if it is
on the order of magnitude of the surface roughness. All three resistance contributions ac-
cording to Eq. (2.25) cause a fractional temperature drop, see Figure 2.2, part (c). As most
TIMs are filled polymers with a highly complex microstructure, it is difficult to quantify
the three resistance components individually, see Figure 2.3, part (a). Alternatively, the
overall specific thermal resistance r can be expressed as

TENT (2.26)

where A, ., denotes the apparent thermal conductivity of the TIM and already includes the

influences of the contact zone. For the following analyses, however, the individual re-
sistances are analyzed separately. The target quantities are the thermal conductivity of the
filled polymer A, unaffected by the contact zones, as well as the specific thermal contact

resistances ro = hgt.

(@

T=romt o1 T 702

Figure 2.3.  Schematic illustration of a TIM junction and a simplified thermal resistance chain.

Schematic cross-section through a TIM layer of thickness d between two rough solid surfaces
(a). Ilustration of the absolute thermal resistances of the TIM junction based on Eq. (2.25)
(b). Based on [0].
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Heat conduction in filled polymers 19

As described in the introduction, there has been considerable research into how the effec-
tive thermal conductivity of a filled polymer is achieved [2,29], however there are still
many unanswered questions that are addressed in this thesis. An overview of the previous
findings on the effective thermal conductivity of filled polymers is given in the following
chapter 2.4. Complete understanding about the thermal contact resistance between particle-
filled polymers and rough solid surfaces is still lacking. If this topic has been dealt with, it
has been from a purely macroscopic point of view, neglecting the microstructure. A brief
introduction to these approaches is given in section 2.3.3.

2.3.3 SOLID-LIQUID CONTACT RESISTANCE

By disregarding the microstructure of a TIM and considering it to be at least macroscopi-
cally homogeneous, the contact resistances occurring between the TIM and adjacent solid
surfaces can be handled as pure solid-liquid contact resistances. Many TIMs are applied in
liquid state. However, the following considerations can be transferred to cured TIMs, as
the curing process just freezes the geometrical situation. The surface wetting and the capa-
bility of a TIM to fill the surface cavities mainly depends on the liquid state properties.
Among others, the thermal contact resistance at solid-liquid interfaces was studied in [109—
113]. Fujiwara and Shibahara [109] dealt with the topic of solid-liquid interfaces from a
molecular dynamics perspective. In [110,111,113] predictive models for thermal contact
resistance at solid-liquid interfaces were developed. Li et al. [110] and Yuan et al. [111]
refer explicitly to TIMs in their work. Li et al. consider a phase change material (PCM).
PCMs are a special type of TIM that must be melted for joining and can easily fill the
surface cavities in the liquid state. All studies assume that when a liquid contacts a solid, a
certain amount of gas (air) is trapped in the surface valleys of the solid, see Figure 2.2,
page 17. This trapped air and the constriction resistance in the solid asperities are consid-
ered to contribute to thermal contact resistance. The depth to which the liquid can penetrate
into the cavities depends on when a state of equilibrium is reached between the external
pressure, gas pressure in the cavity, and the capillary pressure, based on the surface energy
of'the liquid [111]. As an example, appendix A.3 provides a concise summary of the model
developed by Li et al. [110]. It is based on the fractal theory of surface characteristics. In
their study, Li et al. used the presented model to predict the thermal contact resistance as
an input for melting simulations of their PCM. They found good agreement with their ex-
perimental findings. The reported specific thermal contact resistances between the PCM
and an aluminum solid were on the order of 107° m? K W~ to 107* m? K W1

2.4 HEAT CONDUCTION IN FILLED POLYMERS

When two or more different materials are joined together to combine their advantageous
properties, a composite material is created. The effective properties of the composite de-
pend on the properties of the base materials, the composition ratio, the geometric
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20 Physical basics of heat conduction

arrangement, and probably some material interactions. The focus of this work is on the
heat transport properties of filled polymer composites. They consist of a continuous phase,
the polymeric matrix and one or more disperse phases formed by the filler particles. For
several applications there is interest into the effective thermal conductivity of the compo-
site and the thermal transfer from a filled polymer into an adjacent solid surface, or vice
versa. This chapter introduces the general concept of deriving an effective thermal conduc-
tivity of a composite and summarizes the current understanding of heat transport in filled
polymers. Typical base materials, their properties, and several models and equations for
predicting the effective thermal conductivity are presented.

2.4.1 A GENERAL INTRODUCTION TO EFFECTIVE THERMAL CONDUCTIVITY OF COM-
POSITES

The effective thermal conductivity of a composite is not a material property but describes
the apparent thermal conductivity of the entire composite structure. Composite materials
can have material structures of different complexity. In the simplest case, there is a lami-
nated composite panel consisting of two or more parallel layers, where it is normally easy
to analyze the effective material properties. Simple theoretical models can be used for pre-
dicting the effective thermal conductivity. If the material structure becomes more complex,
the determination of the effective thermal conductivity also becomes more complicated.
Figure 2.4 schematically illustrates different levels of complexity of the material structure.
Cross-sections of volumetric materials are shown. For introductory purposes, the descrip-
tions are limited to binary composites consisting of two base materials with thermal con-

ductivities A; and \,.

@ @ ®)

A2

<

Figure 2.4. Heat conduction through composite material structures.

A= AC@AZ =

Parallel heat conduction model for a composite with two or more material layers parallel to
the heat flow direction (a). Serial heat conduction model for a composite with two or more
material layers perpendicular to the heat flow direction (b). Geometric mean model for a
composite with geometrically arbitrarily arranged materials (c). Heat conduction model for
a composite with a continuous phase (matrix) and a disperse phase (filler), e.g., filled polymer

().
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In parts (a) and (b) a laminated composite panel is shown, which conducts heat parallel to
the material layers (a) or perpendicular to the material layers (b). In part (c), a geometrically
arbitrary arrangement of materials is shown. Part (d) illustrates a composite structure with
clearly differentiated continuous and disperse phases. The volume fractions of the base
materials are given by

b= (2.27)

where V; is the volume of base material ¢ and V' is the total volume of the composite. In
case (a), assuming ideal one-dimensional heat conduction, the effective thermal conduc-
tivities for the parallel connection of thermal resistors can be expressed as [114,115]

Aett = P1 A1 + P2dg = P1 A1 + (1 — 1) Ao, (2.28)

For the series connection of thermal resistors in (b), the result is [114,115]

-1
Aegt = K—i +% } : (2.29)
While it is possible to find consistent theoretical solutions for ideal parallel or serial ar-
rangements, the determination of the effective thermal conductivity for the cases in part (c)
and (d) is much more difficult. This is primarily attributable to the fact that the local heat
transport within the composite is not one-dimensional. It results in many arbitrary parallel
heat paths which can no longer be modeled in simple equivalent resistance models. To
calculate the effective permittivity of arbitrarily arranged material components in a glob-
ally uniform and isotropic structure, Lichtenecker proposed a logarithmic mixing formula
in 1924 [116]. Applied to the calculation of the effective thermal conductivity, we obtain

In(Ayge) = ln(A‘fl) + ln(A;"Z) . (2.30)
Eq. (2.30) can be simplified to
Aot = AJIAS2 @31

It is nowadays called Lichtenecker model, or more generally, the geometric mean model
[114]. Eq. (2.30) weights both material proportions equally. No distinction is made be-
tween continuous and disperse phases, as they appear in filled polymers, see part (d) of
Figure 2.4. As can be easily demonstrated, the geometric mean model already provides a
good approximation of the effective thermal conductivity of filled polymers when the ther-
mal conductivities of the polymer and filler are similar. If the two thermal conductivities
are significantly different, the geometric mean model notably overestimates the effective
thermal conductivity. For this reason, special models are used to predict the effective ther-
mal conductivity of filled polymers. These account for the fact that the polymer forms a
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22 Physical basics of heat conduction

continuous phase, and the filler forms a disperse phase. Such models are presented in the
next section.

2.4.2 EFFECTIVE THERMAL CONDUCTIVITY OF FILLED POLYMERS
To properly handle filled polymers, there must be a clear distinction between the continu-
ous phase, and the disperse phase. As shown in part (d) of Figure 2.4, A\ denotes the
thermal conductivity of the polymer and A\, the thermal conductivity of the filler (provided
that only one type of filler is present). In addition, the filler volume fraction ¢ is defined as
Vb b

= 7 = m ) (2.32)
where V7, is the volume of the disperse phase and V-, the volume of the continuous phase.
Figure 2.5 and Table 2.1 give an overview of typical ranges of thermal conductivities of
polymers, fillers, and filled polymers. All ranges are intended as a rough guide and are not
exhaustive.
For the polymers, polystyrene (PS), silicone rubber (SR), epoxy (EP), and high-density
polyethylene (HDPE) are listed as examples in ascending order of thermal conductivity.
Filled polymers’ effective thermal conductivities are given in the rough range of
(0.3...30) W m~! K~!, with a majority of the values in the range of few W m~! K1,
see Figure 2.5. For a better overview, the fillers are grouped into three classes. Filler class
I contains materials with a thermal conductivity up to 20 W m~* K~!, class II contains
materials in the intermediate range up to 100 W m~' K=, and all highly thermally con-
ductive fillers with A\ > 100 W m~' K~! are summarized in class III. Class I contains
minerals and ceramics, in class II mainly oxide ceramics and in class III nitrides, metals,
and diamond are present.

Filled Polymers
eff
Polymers Filler Class I Filler Class II Filler Class III
PS Si0, CaF, ALO3 Al
SR 70, BN
EP Si0,+AlO, ZnO AIN Ap
o HDPE n AI(OH), MgO i
n n MR R A | L n I N | : n I S R | n L T S
0.1 il 10 100 1000
A/WmK™!

Figure 2.5. Overview of typical thermal conductivity ranges for polymers, fillers, and filled polymers.

For the individual values, see Table 2.1.
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Table 2.1.  Tabular overview of typical thermal conductivity ranges for polymers and fillers.

All values taken at 300 K. * No general material data available.

Thermal conductivity

Group Material A/ Wmt K Ref.
Polystyrene (PS) 0.10...0.20 [2,4,117]
Silicone rubber (SR) 0.15...0.30 [118-122]
Polymers
Epoxy (EP) 0.17...0.36 [4,117,123,124]
High-density polyethylene (HDPE) 0.33...0.58 [2,4,117,123]
Silica (Si02) 1.3...1.5 [10,44,119,125]
Zirconia (ZrO») 2 [42,125]
Filler Class I Calcium fluoride (CaF>) 10 [125]
Aluminosilicate (SiO4 + AlOy) 14 [126]
Aluminum hydroxide ATH (AI(OH)s) 10...20 [127,128]*
Alumina (A>03) 30...40 [42,119,125,129]
Filler Class [T | Zinc oxide (ZnO) 54 [119]
Magnesia (MgO) 60...70 [44]
Aluminum incl. alloys (Al) 110...237 [44,53,125]
Boron nitride (BN) 185 ... 300 [2,119,123]
Aluminum nitride (AIN) 100... 300 [2]
Filler Class III Copper (Cu) 01 [53.125)
Silver (Ag) 428...429 [53,125]
Diamond (C) 1000 [2.42,125]

Since the prediction of the effective thermal conductivity of granular filled composites,
even beyond polymers, has been of great interest for a long time, numerous theories and
models have been developed for this purpose. The physical principles and current under-
standing of heat conduction in filled polymers are summarized in [2,3,54,56,57]. Especially
well studied is the range of low filler volume fractions with isolated, non-interacting parti-
cles and a moderate increase in effective thermal conductivity. The findings come from
experimental studies, e.g., [119,122,130-133], as well as from the application of theoreti-
cal and empirical models, e.g., [114,134], and less often from numerical calculations, e.g.,
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[135,136]. Theoretical, empirical, and semi-empirical models, so-called effective medium
approaches (EMA), are a good way of analyzing qualitative relationships quickly and ef-
ficiently. However, the validity of the results depends strongly on the simplifications made
in the model and the quality of the input parameters.

Most EMAs consider dilute dispersions of particles and neglect particle-particle interac-
tions. They are therefore particularly suitable for low filler volume fractions [56]. Percola-
tion models, such as those proposed in [137,138], are more suitable for higher filler con-
centrations. These account for the probability of the particles forming closed paths and thus
significantly increasing the effective thermal conductivity. A comprehensive summary and
evaluation of the models was published in 1976 by Progelhof et al. [114] and in 2015 by
Pietrak and Wisniewski [134]. Comprehensive overviews of the various models can also
be found in e.g., [6,9,139]. While initial, simple approaches only consider filler volume
fraction and the two thermal conductivities of polymer and filler, later work also includes
other parameters such as particle shape, particle size, thermal interfacial resistances be-
tween filler particles and polymer, or maximum packing density. Many of the later ap-
proaches are based on the original and early models of Maxwell in 1873 [140], Rayleigh
in 1892 [141], or Bruggeman in 1935 [142]. Not all these models have been developed
primarily for estimating effective thermal conductivity. They were developed, or are at
least additionally suitable for many effective properties, such as thermal diffusivity, mag-
netic permeability or electric permittivity [134]. Both Maxwell and Rayleigh derived the-
oretically exact solutions but simplified the system strongly. Maxwell considered spherical
particles in low concentrations, without any interactions. In Rayleigh’s assumption, the
particles form a simple cubic array, and may interact, i.e., form well conducting paths,
when the filler concentrations increase. In both models, the polymer and the particles are
in perfect thermal contact and no thermal interfacial resistances occur. As an example, the
Maxwell model is shown here, with the effective thermal conductivity expressed by [140]

_20g +Ap +20(Ap — Ag)

oo =
900 + Ap — 6(Ap — Ao)

Ac s 2.33)

as a function of the polymer’s thermal conductivity A, the filler’s thermal conductivity
Ap, and the filler volume fraction ¢. The derivation of this model, as well as those that
follow, can be found in the referenced literature. Bruggeman took a slightly different ap-
proach in his model. He considered the individual particles as successively added to the
matrix or composite. The result is a differential effective medium approach, which is ex-
pressed using the implicit formulation [142]

1

Ap — A Ac\3

1f¢:%<)\—0> ) (2.39)
D C eff
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It is generally reported that the Bruggeman model provides more accurate solutions at
higher filler volume fractions [134]. Bruggeman’s model is based on the same input pa-
rameters as Maxwell’s or Rayleigh’s model.

Over the last decades, numerous other models have been created, based on new consider-
ations or as extensions to the three basic models mentioned. The aim was to consider fur-
ther parameters or to optimize the model quality, especially for higher filler volume frac-
tions. Today, many purely theoretical, empirical, and semi-empirical models are available.
The next example presented is a theoretical model published in 1969 by Cheng and Vachon
[143]. They started with a probabilistic model, previously suggested by Tsao [144]. They
derived a consistent solution from it, with the assumption that the discontinuous phase is
present in a parabolic distribution of volume fractions. The effective thermal conductivity
can then be derived as

-1

Mg = 1-B, 1 m( /\C+BlA/\+%\/ClA)\>}

+ 2.35
o VCANOG+ BAN)  \/Aq + B AX— B /C AN 23%)
with the thermal conductivity difference
AXN=Ap — ¢, (2.36)
as well as the parameters
3
B, = ; , @37)

and

2
C, =4 /£ : (2.38)

Cheng and Vachon [143] compared the results of their model with experimental data and
found better agreement than with other existing models. The model published only a short
time later by Lewis and Nielsen in 1970 [145-148] is semi-empirical and is one of the first
to include parameters such as the particle shape and the maximum packing density of the
filler. It is still very popular today [134], since the addition of the two parameters in the
model generally leads to better results compared to the basic models of e.g., Maxwell and
Bruggeman. It can be easily adapted to experimental data by adjusting those parameters.
In the Lewis and Nielsen model the, effective thermal conductivity is expressed as [145—
148]

1+ ABy¢

Aeff = Ac 1= ByCy0 (2.39)

where A is a factor, describing the particles’ shape,
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Ap/Ae — 1
B, _ 2n/Ac
2 )\D//\C+A7 (2.40)
and
1_
Cy=1+ ¢(2¢ax) . (2.41)

Dmax denotes the maximum packing density of the filler to be considered. Values for A
and ¢, are given in tables, e.g., in [114,134,148]. For spherical filler particles and a
random dense packing structure, A = 1.5 and ¢,,,,,. = 0.637 must be set. The introduced
models given in the Eqs. (2.33), (2.34), (2.35), and (2.39) are well suited for a first basic
analysis of the effects and their magnitudes. They were used to calculate the effective ther-
mal conductivity as a function of filler volume fraction for a reference mixture of epoxy
and alumina, see Figure 2.6. The thermal conductivities of the base materials were set to
Ac = 0.25 W m! K, representing epoxy, and Ap = 35 W m™' K1, representing alu-
mina. Additionally, Figure 2.6 shows the results of calculations with the basic Eqs. (2.28),
(2.29), and (2.30) for the parallel, serial, and geometric mean models introduced in section
2.4.1. Except for the parallel connection model, all models predict a superlinear increase
in the effective thermal conductivity with the filler volume fraction.

4

7 T T T T Vi
Parallel 7
3:5 |- - -~ Serial yd .
———————— Geometric mean F 4

3 Maxwell '," 7
251 Bruggeman r < |

: Cheng and Vachon L

9 Lewis and Nielsen with A = 1.5; ¢pax = 0.637 ,// ’

0 1 1 1 Il 1 I

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
¢/ -

Effective thermal conductivity of a filled polymer as a function of filler volume fraction.
Reference calculations based on the Eqgs. (2.28), (2.29), and (2.30) with ¢ = ¢,, and with
thermal conductivities A\; = 0.25 W m™ K and A\, = 35 W m™ K. Further calculations
based on the Egs. (2.33), (2.34), (2.35), and (2.39) with a thermal conductivity of the contin-
uous phase A =0.25 W m™ K! and a thermal conductivity of the disperse phase
Ap =35 W m™! K. For the Lewis and Nielson model, A =1.5 and ¢,,,, = 0.637 are
specified additionally.

Figure 2.6.
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The pure parallel connection model (Figure 2.4 (a)) provides a linear increase and far too
high effective thermal conductivity, as it assumes a continuous filler path. The lower limit
is given by the series connection model, see Figure 2.4 (b). The entire polymer volume is
abstracted as a continuous poorly thermally conductive layer. The geometric mean ap-
proach gives values in between, at least in the same order of magnitude as the EMAs from
Eqs. (2.33), (2.34), (2.35), and (2.39). The colored curves, representing the results of those
EMAs are located between the geometric mean and the series connection model.

For ¢ =10.2, the span of predictions ranges from M =042 W m' K' to
Agr =053 Wm! Kt and for ¢=05 from Ay =097 WmtK? to
Mg = 1.75 W m! KL, This corresponds to a relative span of +11.5 % and +45.3 %
based on the average value. The Maxwell model provides the lowest values by far, espe-
cially for ¢ > 0.3, as it generally excludes particle-particle interactions and thus the for-
mation of good thermally conductive paths in the material.

In contrast to the electrical conductivity of filled polymers, the effective thermal conduc-
tivity increases only moderately and does not show a pronounced percolation threshold
above which the conductivity increases abruptly, see e.g., [149]. This is presumably be-
cause the thermal conductivities of the base materials are of a similar order of magnitude,
whereas the typical specific electrical conductivities of polymers and conductive fillers
differ by several orders of magnitude. The two additional parameters of the Lewis and
Nielsen model appear to increase suitability of the model for general investigation on basic
parameters, affecting the effective thermal conductivity. The results of a parametric study
on the effects of the thermal conductivities of filler and polymer, the shape factor A, and

the maximum packing density ¢ are shown in Figure 2.7. The calculations are based

max
on the same initial parameter set, as used for the calculations shown in Figure 2.6, repre-
senting spherical alumina fillers in an epoxy matrix. Part (a) of Figure 2.7 presents the
results of a variation of the polymer’s thermal conductivity A between 0.15 W m™! K
and 0.35 W m™' K!. The thermal conductivity of the polymer has a decisive influence on
the effective thermal conductivity. The effective thermal conductivity in the parameter
range investigated scales, at least approximately, with the polymer’s thermal conductivity,
see Eq. (2.39). With double the polymer thermal conductivity, almost double the effective
thermal conductivity is achieved. Only the change in the thermal conductivity ratio Ap /A

in Eq. (2.40) leads to a slightly lower effective thermal conductivity.

Presented in part (b) of Figure 2.7 are the results of a variation of the filler’s thermal con-
ductivity Ap between 1 W m™' K! and 100 W m™' K. In line with assumptions, the ef-
fective thermal conductivity increases with the thermal conductivity of the filler. However,
the sensitivity appears to decrease with increasing absolute values, with minimal differ-
ences between 35 W m™ K and 100 W m™! KL,
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Figure 2.7. Parametric study on effective thermal conductivity of a filled polymer, based on the semi-

empirical Lewis and Nielsen model.

Calculations based on the Eq. (2.39) with the general parameter set: Ao = 0.25 W m™ K,
Ap =35 Wm! K, ¢
close packing, dispersed in epoxy. Variation of the polymer’s thermal conductivity A in (a).

max = 0.637, A = 1.5, representing alumina spheres with a random
Variation of the filler’s thermal conductivity A in (b). Variation of the maximum packing
density with ¢, = 0.524 for a simple cubic packing, ¢,,., = 0.601 for a random loose
packing, ¢, = 0.637 for a random close packing, and ¢,,,, = 0.741 for a face centered
cubic packing in (c). Variation of the particle shape and corresponding maximum packing
density with A = 4.93 for randomly oriented rods of aspect ratio 10, A = 2.80 for randomly
oriented rods of aspect ratio 6, A = 2.08 for randomly oriented rods of aspect ratio 4, and
A = 1.5 for spheres in (d). Values for ¢, and A are taken from [148].

Furthermore, the Lewis and Nielsen model allows for the discussion of the basic effects of
particle shape and maximum packing density. Parts (c) and (d) of Figure 2.7 present the
calculation results with variation of particle shape and related maximum packing density.

Only the values and combinations, proposed by Nielsen et al. in [148] were used. Part (c)
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shows the results of an isolated variation of the maximum packing density for a spherical
filler. The variation of ¢
curve. If the filler can be packed more densely, higher filler volume fractions are necessary

max l€ads to a horizontal stretching in the thermal conductivity

to achieve the desired effective thermal conductivity.

Part (d) shows the comparison of the increase of effective thermal conductivity between
differently sized rods and spherical particles. The maximum packing densities were ad-
justed accordingly, following [148]. This study leads to the conclusion that increasing as-
pect ratio (from 4 to 10) in the rods leads to an earlier and more significant increase in
effective thermal conductivity, even at low filler volume fractions. In the Lewis and Niel-
sen model, the simultaneous adjustment of shape factor A and maximum packing density
®Dmax leads to a superimposed effect and similar shifts, see parts (c) and (d) of Figure 2.7.

The two studies shown in part (c) and part (d) allow a first basic discussion of the micro-
structure effects in filled polymers, qualitatively and with little specificity. It must be as-
sumed that the maximum packing density parameter, which is only used here as a rough
orientation value from generally valid tables, depends on numerous filler properties such
as particle shape, size, size distribution, agglomeration, and particle-polymer interactions.
The situation is similar with the shape factor. It is questionable whether a single parameter
can describe all the effects of different shape and size distribution combinations. It is also
important to note at this point that the parameters in the Lewis and Nielsen model and in
many other models might not be directly measurable for real materials. As a result, pre-
dicting the effect of a real filler based solely on its measured properties is highly challeng-
ing. It is always possible to adjust the parameters empirically based on experimental find-
ings, however, this means that the models lose their predictive power.

What is still missing from the first summary of the current state of knowledge are the ef-
fects of thermal interfacial resistances between polymer and filler particles. Following Ka-
pitza’s discovery of the phenomenon [67], numerous theoretical and experimental studies
were carried out. The effects of thermal interfacial resistances in particulate composites
were first reported by Anderson and Rauch in 1970 [150]. They carried out experiments
below 1 K, and found that thermal interfacial resistances between copper particles and a
grease matrix reduce the effective thermal conductivity of the composite. The impact of
the effect increased with decreasing temperature. With a reduction in temperature from
1 K to 0.1 K, the effective thermal conductivity drops by approximately 82 %. In 1974,
Garrett and Rosenberg [151] reported similar results in their analysis of the effects on an
epoxy resin filled with glass spheres, quartz, corundum, and diamond at temperatures be-
tween 2 and 300 K. They also found that the effect increases with decreasing temperature,
while it is negligible at higher temperatures. Schmidt additionally reported on the effects
of thermal interfacial resistances on a copper-filled epoxy resin in 1975 [152], and did not
attribute any significance to the effect at higher temperatures. Furthermore, the work of
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Devpura et al. from 2001 [153] must be mentioned. They also investigated the effects of
thermal interfacial resistances between filler particles and matrix for common particle sizes
in the lower micrometer range. For the combination of a polyethylene matrix and alumina
fillers, they concluded that the effects are negligible at room temperature. In their general
review on thermal interfacial resistances published 2020, Giri and Hopkins [68] report that
these are of negligible magnitude in amorphous materials, such as many polymers. They
justify their statement with the very low thermal conductivity of the amorphous structure
which superimposes the effect.

Despite these findings, there is still a debate as to whether thermal interfacial resistances
play a crucial role in filled polymers [2—4,56,57], or rather from which particle sizes and
in which temperature ranges they are relevant. In general, it is very difficult to determine
thermal interfacial resistances for realistic material combinations from the first principles.
Measurements on particle surfaces are limited and what remains, is an observation from a
macroscopic point of view. With decreasing particle size the interfacial area per unit vol-
ume increases. Thus, the influence of thermal interfacial resistances, i.c., the reduction of
effective thermal conductivity, must increase [54]. If two fillers with different grain sizes
and otherwise identical properties are compared and the finer-grained material shows a
lower effective thermal conductivity, this is an indication of the effect of thermal interfacial
resistance. This is of course difficult to demonstrate experimentally, as it is highly chal-
lenging to find two otherwise identical fillers, differing only in grain sizes. In general, the
distribution of the particle size or the particle shape change at the same time. This means
that a perceptible size effect may or may not be an indication of thermal interfacial re-
sistances, as it may be superimposed by other effects [2].

There will always be a particle size below which the thermal interfacial resistances are of
considerable magnitude. The question is whether this limit is already reached with typical
particle sizes in the lower micrometer range or whether the phenomenon is only important
with nano composites. In recent review articles [2—4,56,57], the effect is always considered
and discussed, however a clear statement on its magnitude is missing. While some report
on studies in which a clear reduction in effective thermal conductivity with decreasing
particle size was observed, other groups also report contradictory effects [2,4]. Therefore,
neither a conclusive assessment of the effect nor its extent seems possible.

It will be necessary to investigate the effects for the materials and combinations used in
this work as well. In general, it can be expected that the effect increases with decreasing
temperature and increasing thermal conductivity of the polymer [54,151,152]. To describe
the general effects of thermal interface resistance on the effective thermal conductivity of
particulate composites, not only for filled polymers, a further theoretical model for calcu-
lating the effective thermal conductivity of filled polymers is introduced [154]. It is a com-
paratively modern theoretical approach which is based on the Bruggeman model, but ad-
ditionally includes the effect of particle shape and size as well as thermal interfacial
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resistances. In 2004 Jiajun and Xiao-Su [154] suggested an expression for the effective
thermal conductivity of a filled polymer in the following form:

Ny 1+n,op—oq

Aeit — Ap(1 — al)>1’_‘1‘ (Aic) T=oy

(2.42)
Ac —Ap(l—ayp) Aefr

(1-or = ( 7
where n, is a dimensionless particle shape factor, based on the particles’ sphericity .S, with
[154]

ny, =g - (2.43)

The sphericity is the ratio of the surface area of a sphere of the same volume to the surface
area of the particle of interest. o represents the thermal interfacial resistances, also dimen-
sionless, with [154]

"p.K

ar=-") 2.44
r (2.44)

where 7, is the radius of the equally sized particles, without further shape-dependent spec-
ification, and r, i denotes the Kapitza radius. The Kapitza radius is the threshold, below
which the further insertion of filler particles leads to a reduction in effective thermal con-
ductivity instead of an increase due to the additional interfacial area. It can be derived from
the thermal interfacial resistance r; and the thermal conductivity of the continuous phase
Ac [154]

Tp,K =11 Ac- (2.45)

As the thermal interfacial resistance ry, the Kapitza radius r,, x decreases with increasing
temperature. For spherical particles (n,, = 3) and zero interfacial resistances (o = 0), Eq.
(2.42) is identical to the basic Bruggeman model in Eq. (2.34).

An additional parametric study is presented to analyze both the effects of shape factor and
thermal interfacial resistances on the effective thermal conductivity, see Figure 2.8. The
same initial parameter set with Ao = 0.25 W m™' K'!, representing epoxy, and
Ap = 35 W m™! K-!, representing alumina is used as in the previous discussion with the
Lewis and Nielsen model, see Figure 2.7. Part (a) of Figure 2.8. shows the increase of
effective thermal conductivity with filler volume fraction, without considering interfacial
resistances, but with variable shape factor. The higher the shape factor, i.e., the lower the
sphericity, the lower the necessary filler volume fraction for a desired effective thermal
conductivity. A similar effect has already been shown in Figure 2.7, based on the Lewis
and Nielsen model.
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Figure 2.8. Effects of particle shape and thermal interfacial resistance on effective thermal conductivity

of a filled polymer as a function of filler volume fraction.

Calculations based on Eq. (2.42) with a thermal conductivity of the continuous phase

Ac = 0.25 W m! K1, and a thermal conductivity of the disperse phase

Ap =35 Wm'! KL

Part (b) of Figure 2.8 shows the increase of effective thermal conductivity with filler vol-
ume fraction, with a constant shape factor (n, = 3, spheres), but with varying thermal in-

terfacial resistances up to a; = 0.4. A significant drop in effective thermal conductivity is
observed with increasing thermal interfacial resistances. The effect is similar to that of
reducing the filler thermal conductivity, see Figure 2.7. Alternative models that take ther-
mal interfacial resistances into account have been proposed in e.g., [153,155,156]. For fur-
ther models that take into account, e.g., particle size distribution [157] or percolation paths
and particle aggregates [158], the reader is referred to the respective literature.

After the presentation of numerous calculation models for the effective thermal conductiv-
ity of filled polymers and several parametric studies on individual parameters, the follow-
ing can be summarized: The effective thermal conductivity of particulate composites de-
pends not only on the thermal conductivity of the base materials but also on the geometric
situation in the material microstructure. This determines the success of the formation of
highly thermally conductive paths. It is known that particles with large aspect ratios ensure
an increase in effective thermal conductivity already with lower filler volume fractions,
and that different maximum packing densities of a filler can stretch the thermal conductiv-
ity curve horizontally. Thermal interfacial resistances, on the other hand, affect the growth
rate of the effective thermal conductivity with increasing filler volume fraction, but may
only have a noticeable effect at very low temperatures.
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From a phenomenological point of view, it is evident that the formation of continuous heat-
conducting paths in the microstructure must have a decisive influence. Unfortunately, this
phenomenon cannot be quantified to any extent using the models presented. They each
represent only a small selection of the possible parameters and are therefore only suitable
for isolated, qualitative analyses of these factors. Numerous contributing parameters and
complex interactions must be suspected, necessitating detailed modeling of the microstruc-
ture to answer open questions and provide quantitative predictions. Particularly in the last
few decades, numerical simulation methods have also emerged. These offer the possibility
of resolving and analyzing a packing structure, down to the scale of individual particles, if
necessary. The numerical simulation methods used so far still lack a comprehensive repre-
sentation of the phenomena, so that no calculation approach can be directly adopted for
this work. Nevertheless, these approaches provide a good basis for the work described in
this thesis. An introduction to numerical calculation methods is provided in section 4.1.1.

2.4.3 THERMAL CONTACT RESISTANCE BETWEEN FILLED POLYMERS AND SOLIDS

As previously emphasized in the introduction, thermal contact resistances between filled
polymers and solid surfaces play a major role in TIM and IMS applications [5,8-10,159—
161], but have thus far been very rarely studied. As will be shown in chapter 3.3, experi-
mental access is currently only possible using macroscopic methods. These do not provide
any insight into microstructural relationships. The surface wetting of the continuous phase
on the rough solid surface can also have an effect, as in unfilled systems [109,112,113]. In
addition, there are most likely effects of the filler-surface interaction and the local packing
structure. Li et al. [110] and Yuan et al. [111] considered TIMs in their previously intro-
duced (section 2.3.3) studies on contact resistances, but treated the TIM as a continuum
and neglected the microstructural effects.

2.5 ADVANCES IN DEVELOPMENT OF HIGHLY CONDUCTIVE FILLED
POLYMERS

Over the years, new filled polymer composites have been developed for heat transport ap-
plications. New boundary conditions, different applications, and increased performance
requirements are constantly forcing researchers and developers to come up with new ap-
proaches, strategies, and material combinations. This chapter is intended to provide an
overview of development progress at the microstructure level, and thus giving the reader a
comprehensive picture of possible material combinations and achievable performance. For
further discussion and comparison, the materials are divided into three categories, see Fig-
ure 2.9, with differentiation relating to the characteristics of the filler packing. In part (a),
a single-scale filler packing is shown, where only one type of filler with particles of similar
size is used. The particles naturally have a certain size distribution, but with monomodal
characteristics.
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)

Figure 2.9. Three categories of filler packings.
Single-scale filler packing (a), hybrid filler packing (b), and multi-scale filler packing (c).

Single-scale filler packings are the most basic system and have been the subject of the
descriptions in chapter 2.4. For some applications, it may be necessary to combine different
types of fillers, while the size of the different filler particles remains similar. These filler
packings are called hybrid filler packings and are illustrated in part (b) of Figure 2.9. A
hybrid filler packing is shown, containing a spherical and a fibrous filler. Such a combina-
tion can be beneficial from a thermal point of view, as the fibers can efficiently bridge gaps
between spherical particles and generate highly conductive heat paths. The different filler
particles in hybrid packings might have a different particle shape or different chemistry.

Possible filler volume fraction in single-scale and hybrid filler packings is restricted by a
sharp increase in viscosity as the filler volume fraction increases, thereby limiting the
achievable thermal conductivity. To overcome this processing limitation, it is common
practice to use multi-scale filler packings, which allow for higher total filler volume frac-
tions with lower viscosities. The background and details of this effect are explained in
section 5.1.1. Part (c) of Figure 2.9 shows a multi-scale filler packing based on a ternary
filler blend. The complexity of material development increases as it shifts from single-scale
to hybrid to multi-scale filler packings. Beyond thermal aspects, a variety of target proper-
ties must be considered including density, effective viscosity, effective permittivity, etc.
For example, [162] and [163] describe two recent material developments in which the filler
packing is selected from not only a thermal point of view but also considering the mechan-
ical and rheological properties of the composite.

Recent material developments for the three introduced categories of filler packings are re-
viewed in sections 2.5.1 - 2.5.3. Additionally, there are a few further studies with unusual
approaches or special applications. Skrabala and Bonten [164] introduced a new extrusion
technique in 2014 that can be used to influence the particle orientation of fibers or platelets
in polymer composites and thus tailor the anisotropic thermal conductivity. Zhu et al. [165]
reported on the effective thermal conductivity of immiscible low-density polyethylene
(LDPE) / epoxy blends with hybrid filler systems in 2017. They investigated the influence
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of the LDPE to epoxy mixing ratio on the microstructure and the formation of good heat-
conducting paths. Tian et al. [166] developed a foam-template method and fabricated a
thermal interface material with boron nitride fillers in 2018. This novel technique enabled
the generation of continuous heat-conducting paths along the particles, even at low filler
volume fractions.

2.5.1 POLYMERS WITH SINGLE-SCALE FILLER PACKING
The most frequently used fillers up to now are alumina and boron nitride
[119,122,132,167—-172]. Other commonly used fillers are aluminum nitride, silica, or zinc

oxide [120,130,168-170,173]. For the polymeric matrix, a silicone rubber has been used
most often [119-122,132,167,169], followed by epoxy [168,171,173].

In 1999, Wong and Bollampally [173] studied the effects of several ceramic fillers, such
as silica, alumina, and aluminum nitride, on the effective thermal conductivity of epoxy
resins. The best result of roughly 2 W m~! K~! was obtained with a filler volume fraction
of ¢ = 0.5 and silica-coated aluminum nitride. Weidenfeller et al. [174] reported on a study
with fillers made of magnetite, barite, talcum, copper, strontium ferrite, and glass fibers.
This study showed the highest thermal conductivity of 2.5 W m™ K~!, achieved with
¢ = 0.3 of talcum in the polypropylene matrix under investigation. Sim et al. [169] inves-
tigated the effects of low filler concentrations of zinc oxide in a silicone rubber attaining
roughly 0.25 W m~! K~! with ¢ = 0.1.

A high density polyethylene was modified by Lee et al. in 2006 [170] with several fillers
including aluminum nitride, wollastonite, silicon carbide, and boron nitride. A maximum
thermal conductivity was attained for boron nitride at ¢ = 0.5 of 3.66 W m~' K~!, and
for aluminum nitride at ¢ = 0.6 0f 2.42 W m~! K1,

Copper fillers with different particle shapes were used by Tekce et al. in 2007 [131] and
added to a matrix of polyamide. With ¢ = 0.6 of spherical particles they achieved
3.66 W m~! K~!; however, they increased that to 11.57 W m~! K~! with ¢ = 0.6 of
platelets and to 8.71 W m~! K~! with ¢ = 0.3 of fibers. Another study on zinc oxide
filled silicone rubber was published in 2007 by Mu et al. [120]. The effective thermal con-
ductivity was just under 0.5 W m~! K~! at ¢ = 0.35. They investigated the size effect by
using different sized filler particles, however no clear tendency was observed.

A study on alumina-filled silicone rubber was reported by Zhou et al. in 2007 [167], where
they were able to observe an interesting size effect. The use of different micrometer sized
fillers only led to (0.8...0.9) W m~* K~1, however the use of nano scale filler at
¢ = 0.64 permitted an effective thermal conductivity of 1.38 W m~! K~!. Within the mi-
croscale fillers, a clear effect of size with the highest effective thermal conductivities
achieved via the largest particles was only observed for ¢ < 0.5. The same group per-
formed similar studies with boron nitride in which the potential influence of thermal
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interfacial resistances was clearly recognizable in the decreasing thermal conductivities of
smaller particles [132]. The highest effective thermal conductivity obtained of
1.2 W m~! K~! was reached at ¢ = 0.6 in a silicone rubber. In 2008, a clear size effect
was seen in a study with silicon nitride in a silicone rubber matrix [121] with the highest
achievable thermal conductivity of 1.4 W m~! K~! at ¢ = 0.6.

In 2010 Kochetov et al. [168] compared the thermal performance of alumina and silica
fillers in an epoxy polymer. At an equal filler weight fraction of 60 % they reached
0.675 W m~! K~! with alumina and 0.735 W m~ K~! with silica. A 2011 study, re-
ported by Kong et al. [119] compared the effects of different nano fillers (boron nitride,
silicon nitride, and diamond) on the effective thermal conductivity of silicone rubber. A
maximum filler volume fraction of 2 % was used, and they found a thermal conductivity
enhancement of roughly 40 % compared with the pure silicone rubber. Harada et al. [171]
studied the effects of boron nitride on the effective thermal conductivity of a liquid crys-
talline epoxy resin, achieving up to 2.5 W m~* K~! with ¢ = 0.35.

In a polypropylene matrix, Muratov et al. [172] attained 0.469 W m~! K~! with a weight
fraction of 33.7 % hexagonal boron nitride. In 2015 Gao et al. [122] studied the effects of
different sized alumina particles in a silicone rubber managing well above 2 W m~! K1
with ¢ &~ 0.63 using the largest filler particles. They found a reduction in effective thermal
conductivity with decreasing particle size.

In a recent study, Liu und Li [130] evaluated the effects of aluminum, zinc oxide, silicon
carbide, graphite, and aluminum nitride in a silicone oil based thermal grease. The highest
thermal conductivity achieved was 1.55 W m~! K~ with aluminum in a filler weight
fraction of 80 %.

2.5.2 POLYMERS WITH HYBRID FILLER PACKINGS

Most studies of hybrid filler packings report on binary filler blends, where particle shape
and chemistry differ among the filler components [121,130,170,175,176]. In 2006, Lee et
al. [170] fabricated high density polyethylene composites, using not only single-scale filler
packings but also several binary blends. The fibrous secondary fillers were expected to fill
the gaps between the spherical aluminum nitride particles and generate more highly con-
ductive thermal paths. They observed a clear enhancement in effective thermal conductiv-
ity when adding wollastonite and silicon carbide whisker to the aluminum nitride filler
packing up to a total ¢ = 0.5. The highest enhancement with almost 50 % increase was
achieved at ¢ = 0.1.

Zhou et al. [121] also did not limit their investigations to single-scale filler packings, but
combined the silicon carbide particles with silicon carbide whiskers. In a silicone rubber
matrix, they were able to achieve 1.57 W m~! K~! with ¢ = 0.5 in total. An enhance-
ment in thermal conductivity was observed for the entire investigated range of filler volume
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fractions. While a 10 % increase was achieved at a higher filler concentration (¢ = 0.5),
an increase of over 40 % was attained at a lower concentration (¢ = 0.3).

In 2012 Pak et al. [176] studied the performance of a binary filler blend consisting of boron
nitride particles and multi-wall carbon nanotubes in a polyphenylene sulfide matrix. With
filler weight fractions of 50 % boron nitride and 1 % multi-wall carbon nanotubes, they
achieved an effective thermal conductivity of 1.74 W m~ K1,

Akhtar et al. [175] studied the effects of an alumina graphene blend on the effective in-
plane thermal conductivity of an anisotropically structured epoxy composite in 2017.
1.68 W m~! K~! were achieved with ¢ = 0.5 of alumina and additionally one weight
percent of graphene.

Finally, we return to the study by Liu and Li [130], as they investigated not only single-
scale filler packings, but also multi-scale and hybrid filler packings. A combination of sim-
ilar sized spherical aluminum and irregular shaped aluminum nitride particles with weight
fractions of 75 % and 10 % led to the achievement of 1.982 W m~! K~ in silicone oil.

2.5.3 POLYMERS WITH MULTI-SCALE FILLER PACKINGS

There are numerous options for creating multi-scale filler packings. However, it is notice-
able that numerous studies report on pure alumina filler packings with three size classes
[167,177,178].

In addition to studying the effects of zinc oxide in single-scale filler packings, Mu et al.
[120] also combined the fillers in binary blends and attained up to 0.56 W m~! K~! with
¢ ~ 0.32. Yung and Liem [179] presented castable epoxy resins filled with fine grained
hexagonal boron nitride and coarse-grained cubic boron nitride fillers in 2007. Their im-
pressive result of 19 W m~! K~ was achieved with only ¢ = 0.265. In their earlier in-
troduced study, Zhou et al. [167] combined the alumina fillers of four different size classes
in binary, ternary, and quaternary blends. The highest thermal conductivity achieved was
1.45 Wm™t K at ¢ = 0.64.

The study by Zhou et al. [121] from 2008 has already been presented in section 2.5.1 for
single-scale filler packings and in section 2.5.2 for hybrid filler packings. In addition, Zhou
et al. tested a binary combination of fine and coarse-grained silicon nitride. They achieved
1.48 W m~! K~! with ¢ = 0.5 in an optimal weight ratio of 40: 60 for the coarse to fine-
grained filler fractions.

Using a very high filler volume fraction of ¢ = 0.8, Hong et al. [180] fabricated an epoxy
composite with an effective thermal conductivity of 8 W m~! K. They have combined
aluminum nitride and boron nitride fillers in binary blend of volumetric ratio 1: 1.

In 2013, Choi and Kim also reported on a variation of binary filler blends consisting of
alumina and aluminum nitride [181]. The higher performance of 3.40 W m™ K—! was
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attained with aluminum nitride in the larger size class and alumina in the smaller size class,
using in total ¢ = 0.584 in a ratio of 7: 3 for the coarse to fine-grained filler fractions.

Mao et al. [182] focused on creating a composite with low viscosity in the liquid state and
therefore combined three size classes of spherical aluminum in 2018. With ¢ = 0.5,
1.381 W m~! K~! was achieved in a silicone rubber.

In 2021, Su et al. [183] carried out a similar work using a polydimethylsiloxane as the
matrix. They could only achieve 0.71 W m~! K~! with a filler volume fraction of
¢ = 0.6. They also used three size classes of spherical aluminum. Further material
developments with high effective thermal conductivities were published in 2021 by Li and
Zheng [177] and in 2022 by Feng et al. [178]. In both studies, a ternary mixture of alumina
was optimized using epoxy as a matrix. Li and Zheng [177] achieved an effective thermal
conductivity of 6.7 W m™ K~! with ¢ =0.79 and Feng et al. [178] achieved
2.707 W m~! K~ with ¢ = 0.5.
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3 EXPERIMENTAL METHODS AND MATERIALS

In this chapter, the materials used in the experimental studies of this work are presented.
Furthermore, this chapter introduces the two main experimental techniques applied. The
steady-state cylinder method according to ASTM D5470-17 [184] was applied for thermal
conductivity measurements. For thermal contact resistance measurements, a novel micro
thermography technique was developed as part of this work [0]. This method will be intro-
duced and discussed in chapter 3.3.

3.1 RAW MATERIALS AND THEIR CHARACTERISTICS

Different polymers, fillers, and substrates were used in the experimental studies of this
work. The following sections provide tabular overviews of the materials and their basic
properties.

3.1.1 POLYMERS

Four polymers were selected for the experimental studies, which are particularly suitable
due to their processability as well as their thermal and mechanical properties. The assort-
ment is comprised of an epoxy resin and three silicone rubbers, see Table 3.1. All materials
are two-component systems that cure at room temperature. The aim was not to select
polymers for possible applications, but to use neutral model systems. This limits the trans-
ferability of the results to explicit applications regarding the chemical interactions between
polymers and fillers but is not a limitation for a systematic investigation of the predomi-
nantly geometric, microstructural effects of filler packings. In Table 3.1, the measured
densities and thermal conductivities are listed for the cured state. The values provided were
determined experimentally. Disc-shaped samples were prepared and analyzed using the
buoyancy method! and the steady-state cylinder method (see chapter 3.2 for more infor-
mation). In addition, Table 3.1 lists the Shore hardness® of the cured polymers and the
viscosity of the polymer mixtures according to the referenced data sheets. Epoxy E01 was
chosen because it has a very low viscosity of 7 = 500 mPa s at 298 K and high hardness
in the cured state. The low viscosity enables higher filler concentrations, and the high hard-
ness allows for grinding and thus the creation of micrographs. Also, no compression effects
of the filled materials need to be considered if measurements are performed at an elevated
surface pressure.

! Density measurements were performed using a Sartorius Semi-Micro - ME235S Balance with a YDK 01
density determination kit.
2 Shore hardness describes the resistance of a material to indentation.
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Table 3.1.  Overview of polymers and their technical data.
All measurements were performed on samples after curing for seven days at room tempera-
ture. Densities were measured with the buoyancy method. Thermal conductivities were meas-
ured using the steady-state cylinder method, see chapter 3.2. Viscosity and hardness values
were taken from the data sheet, see references.

Density Thermal Viscosity of =~ Hardness  Ref.
conductivity mixture
ID Name p/gem™ A/ Wm™t Kt n [/ mPas Shore
Epoxy Resin
E01 SikaBiresin® 1.124 4+ 0.001 0.25+0.04 500 D80 [185]
TD150 — TD165
Silicone Rubber
S01 ELASTOSIL® 0.970 + 0.001 0.22 4+ 0.04 800 A25 [186]
RT 604 A/B
Silicone Rubber
S02 ELASTOSIL® 1.070 4 0.001 0.25+0.04 6000 Al17 [187]
RT 620 A/B
Silicone Rubber
S03 ELASTOSIL® 1.095 4 0.001 0.28 £ 0.05 12000 A25 [188]

RT 625 A/B

The three silicone rubbers (S01-S03) were selected to determine the effect of polymer ther-
mal conductivity in experimental studies. The thermal conductivities of the unfilled
silicone rubbers are A = (0.22...0.28) W m~! K~1. The given viscosities refer to the
mixture of A and B components as specified in the data sheets at a temperature of 296 K.
While the silicone rubbers were processed unmodified, two additives were used for epoxy
EO01. Up to 3 wt% fumed silica powder® was added to prevent the sedimentation phenom-
ena that otherwise occur at lower filler concentrations. Fumed silica powder gives the pol-
ymer thixotropic properties. Impacts on the thermal conductivity could only be resolved in
measurements with > 5 wt%. For samples with high filler concentrations, close to the
maximum packing density, the wetting and dispersing agent BYK-W 996*, a solution of a
copolymer with acidic groups, was added with up to 1.5 % of the filler mass. In a prelim-
inary study, no measurable effect on thermal conductivity was observed, so the function
and impact of the dispersing agent are not further considered. However, dispersing agents

3 HP-PK22 from HP-Textiles GmbH [189]
* BYK-W 996 from BYK-Chemie GmbH, Germany [190]
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and other surfactants generally influence the particle-polymer interface by lowering sur-

face tension, potentially reducing agglomeration, and thereby changing the composite

structure. Consequently, certain material combinations may have a thermal conductivity
that depends on the type and use of the surfactant.

3.1.2 FILLERS

The central objective of this work is to investigate the effects of the microscopic packing
structure of filled polymers on their effective thermal conductivity. Therefore, fillers with

significantly different property profiles are investigated in the experimental studies. Table

3.2 lists the fillers and their basic properties.

Table 3.2.  Overview of fillers and their technical data.
Particle size data was measured using a laser particle sizer Fritsch Analysette 22 NanoTec.
Particle densities were measured using a liquid pycnometer. Thermal conductivity data is
based on the general material data from Figure 2.5, page 22.
Particle size Thermal Particle
Dy, conductivity density
Dy / pm
Dy,
ID Name Morphology S, /pym™t A/ Wm'K! p/gem™®
Alumina 0.3
) 1.1 3.457
Alox-S-01  Bestry spherical 97 35
BAK-1 =+ 0.006
2.22
Alumina ?g L
Alox-S-08  Sibelco Boratherm™  gspherical 1é_0 35 385
SA0050 +0.047
0.39
Alumina 27272 377
Alox-S-22  Sibelco Boratherm™  gpherical 43.8 35 '
SA0200N +0.021
0.15
12.8
Alumina
) ) 40.1 3.858
Alox-S-40  Sibelco Boratherm™  spherical 74.1 35
’ +0.027
SA0380 0.09
24.1
Alumina
: ) 63.4 3.790
Alox-S-63  Sibelco Boratherm™  spherical 106.9 35
’ +0.010
SA0700 0.07
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Particle size Thermal Particle
D, conductivity density
Dyy / pm
Dy,
D Name Morphology S, /pm™ A/ Wm ' K?' p/gem?
31.5
Aluminum hydroxide 74 é 9454
ATH-I-75  Sibelco Portaflame™ irregular 120.8 10 '
SG200E : +0.040
0.06
1.2
Silica
. . 4 ) 3.3 2.084
Siox-S-03  Sibelco Megasil® spherical 10.3 1.4
$5-0030 ' +0070
B 0.06
3.2
Aluminum
) ) 6.2 2.842
Al-S-06 Eckart CoolSpheric  spherical 10.7 150
S5 ’ +0.025
0.57
Aluminum 125
uminu
21.5 2.
ALS-22  Eckart CoolSpheric ~ “°P o 348 150 786
$20 spherical : +0.050
0.20
27.6
Aluminum 44.6 2.864
Al-S-4 herical
§-45 n.n. lab sample Spherica 684 150 4 0.003
0.11
48.6
Aluminum 8.6
) ) 87.7 2.875
Al-1-88 Eckart CoolSpheric irregular 140.5 150
N100 ) +0.073
0.04
50.9
Aluminum . 103.1 2.640
Al-I-103 nn. lab sample irregular 202.9 150 10015
0.03

For simplicity, each filler is assigned a unique ID containing information on the material
(Alox - Alumina, ATH - Aluminum hydroxide, Siox - Silica, Al - Aluminum), the particle
shape (S -Spherical, I - Irregular), and the mean particle size. Most of the fillers are com-
mercially available materials that are relevant for practical applications. Manufacturer and
trade name are listed in column two. Only two fillers are lab samples that cannot be spec-
ified further. The particle sizes are given in Table 3.2 using the percentile values D, D5,
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and Dy, which are derived from the measurements of the particle size distribution. For
evaluation, the Fraunhofer diffraction theory was applied (see e.g., [191]). In the case of
spherical fillers, the measured particle sizes correspond to the particle diameter, while ir-
regularly shaped particles are specified by the laser diffraction equivalent diameter. Ma-
tsuyama und Yamamoto [191] discuss the meaning of this equivalent parameter and its
influence on particle size distribution. D, D5, and Dy indicate the particle sizes below
which 10 %, 50 % and 90 % of the particle volume is present. The specific surface area
Sy of the fillers is also given, which was calculated from the size distribution under the
simplified assumption of a spherical particle shape and a smooth particle surface for all
fillers. Basically, it is the particle surface area in relation to the particle volume.

The thermal conductivities of the filler particles are based on the literature ranges shown
in Table 2.1, page 23. The actual values may differ due to purity, porosity, crystallinity,
and in the case of aluminum, depend on surface oxidation and alloying elements. Measur-
ing the thermal conductivity of the filler particles is difficult due to their small size and
inhomogeneous structure. While local methods such as Raman thermography, as demon-
strated by Stoib et al. in 2014 [192] and more recently by Ozden et al. [193] on small iron
sulfide crystals, may be applicable in some cases, they require homogeneous and isotropic
materials. The fillers used in this work do not fulfill these conditions.

In view of these constraints, the decision has been made to use representative literature
values (Table 3.2) for modeling and simulation in this work. This can be justified by the
fact, that the exact thermal conductivity of the filler material plays a minor role for the
effective thermal conductivity of the composite (see chapter 4.4). Rather, geometric factors
such as particle distribution and packing density tend to dominate the effective thermal
conductivity. Therefore, the use of approximate reference values appears sufficient for the
purposes of this work.

The respective particle density, required for sample preparation, is given in the last column
of Table 3.2. Measurements were performed using a pycnometer with a total volume of
approximately 27 ml and ethanol as the reference liquid. The varying densities of the fill-
ers, also within a material type, are due to different purities and porosities of the fillers.
Figure 3.1 additionally shows laser scanning microscopic images of all fillers listed in
Table 3.2. All individual images have been created with the same setup and show the fillers
at the same magnification. The selection contains fillers of different size classes (compare
Alox-S-01 and Alox-S-63), with a very broad size distribution (see Alox-S-22 and Alox-
S-40), and a clearly different particle morphology (compare Alox-S-63, ATH-I-75, and Al-
1-88).
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Alox-8-01 .

Figure 3.1. Laser microscopic images of fillers.

Images taken with a Keyence 3D laser scanning microscope VK-X100K with a 100x magni-
fication lens.

3.1.3 SUBSTRATES

This section presents the substrates used in the experimental studies on heat conduction
across filled polymer to substrate transitions (FPS transitions). These were made of alumi-
num sheet metal (AIMg3; EN AW-5754) with a thickness of 2 mm. The thermal conduc-
tivity of the alloy used is Ag = 130 W m™*K~! +5 % at 300 K [194]. Different surface
structures were created by grinding or sandblasting. The resulting surface characteristics
can be described using the surface parameters from DIN EN ISO 25178-2:2023-09 [195].
For the evaluation and further reconstruction, the surface structure of the prepared sub-
strates was digitized with a laser scanning microscope’. The surface height z(z,y) was
measured with an z and y step size of 0.68 pm at a z resolution of 0.05 pm and exported
in tabular form. Figure 3.2 visualizes the digitized surface structures and shows an illus-
trative light microscopic image of the corresponding surface. A unique ID is defined for
each substrate type for simpler further reference. SUB-R0 was prepared by grinding with
P800 silicon carbide (SiC) sandpaper, while SUB-R1 to SUB-R4 were prepared by sand-
blasting. The sandblasting was performed with glass beads of different grades, through an
8 mm nozzle with a blasting pressure of 0.5 MPa. For SUB-R1 to SUB-R4, glass beads
of increasing size from (40...70) pm up to (400...600) pm were used. Further details
follow in Table 3.3, page 48. The increasing coarseness of the substrate surfaces is visible

* Keyence 3D laser scanning microscope VK-X100K with a 20x magnification lens
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in both the height profiles and the microscopic images in Figure 3.2. Figure 3.3 illustrates
the evaluation of the surface parameters according to DIN EN ISO 25178-2:2023-09 [195]
based on the measured height data z(x,y). The surface's central plane is defined as the
reference plane (z = 0), ensuring that the arithmetic mean of all height values is zero.

2/ pm

500

vy 500 -500 il

SUB-R1 sandblasted

500

-500 -500

-500  -500

SUB-R3 . sandblasted

-500  -500
SUB-R4  sandblasted
© e
500
0 0 2
y/ pm =500 -500 e

Figure 3.2. Height profile and microscopic images of aluminum substrates.

Height data and images taken with a Keyence 3D laser scanning microscope VK-X100K
with a 20x magnification lens.
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Figure 3.3. Illustration of surface parameters.

Simplified representation of the surface parameters according to DIN EN ISO 25178-2:2023-
09 [195]. The evaluation is based on the complete surface and not on the simplified illustra-
tive extracted two-dimensional profile.

Three height parameters are derived from the measured data. The maximum height
SZ = max(z(m,y)) —mln(z(m,y)) (3~1)

describes the maximum distance between the highest asperity and the lowest valley of the
analyzed area A. The prepared substrates exhibit a maximum height of
S, = (14.294 ... 60.685) pm.

1
S, :Z// |z(z,y)| dedy (32)
A

describes the arithmetic mean height of the surface, calculated as an integral mean value

over the evaluation area A [195]. Arithmetical mean heights of S, = (1.382...3.562) pm
were evaluated for the prepared substrates.

The root mean square roughness [195]

1
S, = \/Z//A 22(z,y) dady 3.3)

is the square root of the mean squared height values. S, = (1.796 ... 4.458) pm was eval-

uated for the utilized substrates. In addition, the skewness of the surfaces is evaluated with
[195]

1
Sgc = TSS//A 2 (x,y) dedy . (3.4)

For a symmetrical probability distribution p(z) of the height data, S becomes zero, see
Figure 3.3. For a distribution shifted in the direction of positive heights, S, < 0 is evalu-
ated, while for a distribution shifted in the direction of negative heights, Sy, > 0 is
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evaluated. The ground surface SUB-RO has a clearly negative skewness of
Sqx = —0.9747. The sandblasted surfaces exhibit the typical skewness of S, ~ 0, which
is expected due to their typical Gaussian height distribution [196]. To additionally charac-
terize the spatial structure of the surfaces, the autocorrelation length S, is evaluated and
listed in Table 3.3. According to DIN EN ISO 25178-2:2023-09 [195], the autocorrelation
function fxcr(t,,t,) is calculated with

froeltort) %ﬂg z(w,y)z(x +t,,y +t,) dedy
) = . 3.5
ACF y %ffg 2(z,y) dady (35

It describes the correlation of a surface with the same surface displaced by (¢, ty), where

B is the intersection of the correlated surfaces at the displacement (¢, ty) [195]. The au-
tocorrelation length is the smallest horizontal distance at which the autocorrelation function
decays to a specified value s. It is evaluated with [195]

Sal = . HtluelR 1/ t32r + ti 9 (3.6)

xrly

where R = {(t,,t,): facr(ts,t,) < s}. The threshold s = 0.2 is set according to DIN
ENISO 25178-3:2012-11 [197]. Table 3.3 summarizes the preparation parameters and the
surface characteristics of the substrates used within the scope of this work. Each surface
preparation results in a characteristic property profile of the substrate. In the case of sand-
blasted substrates SUB-R1 to SUB-R4, the application of coarser blasting material leads
to a coarser lateral surface structure and thus an increasing autocorrelation length S,,;. The
surface height characteristics however, are only partially dependent on the grain size of the
blasting material used. There is a tendency towards increasing height parameters for
coarser blasting abrasives, but SUB-R2 has by far the greatest maximum height
S, = 60.685 pm. The root mean square roughness for SUB-R2 as well as the arithmetical
mean height hardly differ from those of the SUB-R4 substrate. In general, the prepared
substrates cover a wide range of surface characteristics. The sample preparation using the
presented substrates is described in section 3.3.3.
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Table 3.3.  Overview substrates and surface parameters.
Preparation parameters and surface parameters of five substrates made from aluminum alloy
AlMg3. Surface parameters derived from measured surface height profile, see Figure 3.2.

Height Skewness Auto correlation length
S,
S, / pm
D Surface preparation Sy Sgc | — S,/ pm
Grinding 14.294
SUB-R0 ) 1.382 —0.9747 36.47
Sandblasting 99.703
SUB-R1 Glass beads 2.025 —0.0106 26.68
(40...70) pm 2.540
Sandblasting 60.685
SUB-R2 Glass beads 3.526 —0.0832 37.66
(90....150) pm 4.445
Sandblasting 39.908
SUB-R3 Glass beads 2.863 —0.0387 50.32
(200...300) pm 3.618
Sandblasting 36.441
SUB-R4 Glass beads 3.562 —0.1681 72.79
4.458

(400...600) pm

3.2 MEASURING THERMAL CONDUCTIVITY WITH THE STEADY-STATE
CYLINDER METHOD

After an introduction to the basics of thermal conductivity measurements, the specific ap-
paratus used in this work is presented. Following is then a description of the evaluation
method including exemplary measurement results. Finally, the uncertainties of the steady-
state cylinder method are discussed.

3.2.1 INTRODUCTION TO THERMAL CONDUCTIVITY MEASUREMENTS

To determine the thermal conductivity of a sample, it must be exposed to a temperature
difference and the resulting heat flow measured. Alternatively, a heat flow is applied and
the resulting temperature difference measured. Depending on the characteristics of the
sample material, the magnitude of its thermal conductivity, and its dimensions, there are
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various measurement methods available. Following [32,38,41], these methods can gener-
ally be divided into:

- steady-state methods, and
- transient methods.

In the case of steady-state methods, time-invariant temperature differences or heat flows
are imposed. Transient methods are characterized by applying or measuring temporally
varying signals. These can be pulses, steps, or periodic functions. In general, measurements
with steady-state boundary conditions take longer time, as it is necessary to wait until the
temperature field in the sample and measurement setup is stable. Transient measurements
can be carried out much faster. Recent review articles summarize state-of-the-art methods
for e.g., filled polymer composites [6], insulating materials [198], thermoelectric materials
[199], or energy storage materials [200]. In principle, the methods are all very similar, but
adapted in detail to the respective sample properties and characteristics. In principle, only
thermal conductivity can be determined with steady-state methods, whereas the transient
methods also allow for analysis of thermal storage effects, described by the specific heat
capacity c. The measured quantity is thus sometimes the thermal diffusivity, defined as

A

a=—,
pc

3.7)
where p denotes the density of the material. The most common transient techniques are the
3 - w - method, the transient hot wire, bridge, and disc methods, as well as the laser flash
analysis. The 3 - w - method proposed by Cahill [201,202] is based on a periodic heating
signal, and is particularly suitable for thin layers. An alternating current at angular fre-
quency w is applied to a metal line on the sample surface, causing a temperature oscillation.
The resulting oscillating voltage response with frequency 3w at the metal line is measured.
Amplitude and phase shift of the voltage signal contain information about the thermal con-
ductivity of the sample material.

Transient hot wire, bridge, and disc methods all work similarly but differ in the structure
and function of the sensor. They have a specific sensor geometry subjected to an electrical
current and thereby heated, for example in the case of the hot wire method, a thin wire. The
temperature measured at the sensor over time is then a measurement for the thermal con-
ductivity of the surrounding sample. If the temperature in the sensor increases faster with
the same heating power, the surrounding sample has a lower thermal conductivity. The
methods are specified e.g., in [203-205].

The last example to be mentioned is laser flash analysis, first introduced by Parker et al. in
1961 [206], and currently specified in e.g., ASTM E1461-13 (2022) [207], or
DIN EN ISO 22007-4:2024-04 [208]. This method is also relevant in the context of this
work, as it was used for method comparison, see section 3.3.7. In laser flash analysis, a
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sample is heated on one side with a laser or xenon light flash. On the opposite side, the
temperature increase of the sample over time is determined in a contactless manner using
an infrared detector. The thermal diffusivity of the material can be derived from this time-
dependent temperature signal. Details on the method and the evaluation can be found in
[206]. If the heat capacity is known, or also measured, the thermal conductivity of the
material can be determined using Eq. (3.7).

Steady-state methods are all based on the same general idea. A time-invariant heat flux is
applied to the samples in a one-dimensional manner, and the resulting temperature drop
along the sample is determined. The ratio of the temperature difference to the heat flux is
the sample’s specific thermal resistance; and from this, the thermal conductivity can be
obtained. A distinction can be made based on the direction of the heat flow. There are some
methods in which longitudinal heat flow is applied, while in others a radial heat flow results
from the internal heating and external cooling of a circular sample [38].

Since all methods are based on the same theory, no further description of the individual
specifications is provided. For filled polymers and in particular thermal interface materials
(TIMs), the steady-state cylinder method has been established, as specified in ASTM
D5470-17 [184]. The measurement range is well suited for testing filled polymer compo-
sites, and equally suitable for testing viscous liquids and elastic to rigid solids. It was used
to determine the thermal conductivity of filled polymers in e.g., [122,130,169,177]. A de-
tailed introduction to the measuring apparatus and the measurement principle follows in
the next sections.

3.2.2 MEASUREMENT PRINCIPLE AND APPARATUS

A commercially available steady-state apparatus (TIM-Tester®) was used to perform meas-
urements according to ASTM D5470-17 [184]. The device is designed to determine the
thermal resistance of thermal interface materials (TIMs) in the form of thermal grease,
sheets, or pads. Figure 3.4 shows a picture of the measuring section and illustrates the
general measurement principle. The sample is placed between two cylindrical aluminum
bars, referred to as heat flow meter bars in [184], as they not only apply a heat flow through
the sample but are also used to determine it. An electric heater heats the upper side of the
upper bar to a constant hot temperature 73, while the lower side of the lower bar is kept at
a constant cold temperature T, through a coolant mass flow. Neglecting lateral heat losses
along the measuring section between heater and coolant, the heat flow through upper and
lower bar as well as the sample is assumed to be one-dimensional. The heat flow through
the sample can be described as heat flow through an infinitely extended plate.

¢ TIM-Tester: Device for measuring thermal resistances according to ASTM D5470-17. Built and distrib-
uted by [Center for heat management] Zentrum fuer Waermemanagement (ZFW), 70174 Stuttgart, Ger-
many.
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Figure 3.4. Measuring section of TIM-Tester and measurement principle.

As Figure 3.4 illustrates, the temperature in the aluminum bars decreases linearly from top
to bottom. Four thermocouples are mounted in both the upper and lower bars. Using the
measured temperatures 77 ; and 77, ; with the z coordinates of the thermocouples, a linear
regression can be performed for the lower and the upper bar. The temperature profiles in
the two bars are then extrapolated to the surface of the aluminum rods using linear rela-
tionships with the constant gradients (9Z); and (4%);,, allowing for calculation of the tem-
peratures 17y and 77, at the contact surfaces to the sample. Using four thermocouples, the
accuracy of the method is improved, and measurement errors can be compensated for. Both
the aluminum bars and the sample have the same heat-transferring cross-sectional area.
The measurements are carried out under steady-state conditions. All measured values are
constant over time. The heat flux in the upper bar is evaluated as

aT
aw =@ () - »
U U dz )y 3.8)

where A\(;(T) is the well-known temperature-dependent thermal conductivity of the alumi-
num, from which the upper bar is fabricated. For the lower bar the heat flux is evaluated as

dT
qr, = =M (T) (@)L ; (3.9)

where A (T') is again the thermal conductivity of the aluminum. Both heat fluxes should
be the same when one neglects heat loss; however, in reality the lateral heat loss leads to
deviations from this equality. For further evaluation, the heat flux through the sample is
therefore calculated as the mean value of the upper and lower heat flux with
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+
= Th (3.10)
2
Finally, the overall specific thermal resistance of the sample is evaluated as
Ty —T;, AT
r="t—L-—| @3.11)
q q

assuming equal heat-transferring cross-sectional areas in aluminum bars and sample. This
resistance value contains the contact resistances between the sample and aluminum bars.
For this reason, it cannot be used directly to evaluate the thermal conductivity of a bulk
material. The further evaluation procedure is described in section 3.2.5. The thickness of
the sample is also required for this, which is determined in-situ. A laser micrometer is
installed for this purpose, which continuously measures the distance between two reference
pins attached to the aluminum bars near the sample. The zero point of this measuring sys-
tem is set at the beginning of each series of measurements at the relevant contact pressure
and temperatures to minimize the effects of thermal expansion and compression set.

The diameter of the aluminum bars is 30 mm and the length of the cylindrical segment is
60 mm. The upper cylinder is fixed, and the lower cylinder is positioned by a hydraulic
lifting unit. This allows a constant surface pressure to be applied to the specimen. A load
cell is installed above the heated bar for control purposes. To compensate for angular mis-
alignments between the two aluminum bars or imperfectly flat specimen surfaces, the up-
per bar is equipped with a floating mount and can adapt to the specimen or the lower cyl-
inder when surface pressure is applied.

3.2.3 SAMPLE PREPARATION

The thermal conductivities of the filled polymers prepared in this study were determined
solely in the cured state. While the steady-state cylinder method also permits measurements
on uncured, pasty samples, preliminary studies have shown that better reproducibility is
achieved with cured samples. Sedimentation may occur during measurement, particularly
in samples with low filler content, which can significantly distort the measurement result.
An additional advantage of analyzing cured samples is the ability to prepare cross-sections
of the microstructure for further investigation. As the investigation of microstructural in-
fluences is the focus of this work, this is an important advantage. Figure 3.5 illustrates the
sample preparation process. After weighing the components (liquid polymer A+B compo-
nent, fillers, additives, see chapter 3.1), these were first mixed and then degassed in a vac-
uum chamber, see parts (a) and (b). A maximum volume of 70 ml per mixture was created.
The composites were placed in open containers and kept in a vacuum chamber for about
ten minutes at room temperature and approx. 0.8 Pa. The resulting mixtures ranged from
a liquid to paste-like consistency, based on the filler concentration.
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Figure 3.5. Sample preparation for steady-state cylinder method.
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The composites are mixed manually and with a vortex shaker Vortex-Genie™ 2 from Scien-
tific Industries SI™ (a). The composites are then degassed in a vacuum chamber (b). The
samples are cured into sheets in an aluminum mold (c). Discs are cut out of the cured sheets
(d). Samples of different thicknesses are prepared for measurements using the steady-state
cylinder method (e).

The mixtures were then poured into a mold within a few minutes, ensuring the time was
well below the pot life of the polymers, see part (c) of Figure 3.5. The mold is made of
aluminum and covered with Polytetrafluoroethylene (PTFE) foil for better extraction of
the samples. It has various mold shells in which the composites were cured to sheets of
n = 4 different thicknesses. The thicknesses varied depending on the characteristics of the
composite and were typically between 0.5 mm and 3.0 mm. The samples were cured at
room temperature, without applying surface pressure. The curing duration was determined
in a preliminary study and chosen based on the longest curing time required for epoxy EO1
(see Table 3.1, page 40). Within the first five days, there was a measurable change in the
thermal conductivity and Young’s modulus. To ensure full crosslinking and account for
possible variations in environmental conditions or material properties, two additional days
were added, resulting in a total curing time of seven days prior to further processing. After
curing the sheets, they were cut to discs with a diameter of (307-5) mm, see parts (d) and
(e) of Figure 3.5. Preliminary studies have shown that the diameter tolerance of the sam-
ples does not have a significant effect with the typical thermal conductivities
<6 W m™ K1, as the spreading effect is not yet pronounced compared to the highly
conductive aluminum bars of the apparatus.
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All samples with silicone rubber as the polymer matrix were placed directly on the alumi-
num bars of the measurement apparatus. For the samples with the comparatively rigid
epoxy matrix, a 1: 1 water-glycol mixture was applied as a contact agent between samples
and aluminum bars. While the soft silicone-based samples are good at compensating for
surface irregularities, the epoxy-based samples had the contact agent reducing the thermal
contact resistance between the sample and the aluminum bars.

Process-related uncertainties occur when weighing the components. For each sample, the
actual masses were recorded, and the corresponding filler volume fractions were recalcu-
lated accordingly. The filler volume fractions reported in the following refer to these cor-
rected values and are therefore presented without the remaining small uncertainty for the
sake of simplicity.

3.2.4 MEASUREMENT PROCEDURE

This chapter briefly summarizes the applied parameters and environmental conditions pre-
sent during the performed measurements. The apparatus was operated in a room with con-
trolled environmental conditions. Within this room, the temperature was kept at
(25 £ 1) °C, and the relative humidity at (50 4- 10) %. Before each series of measure-
ments, the heater and cooler of the apparatus were pre-tempered for at least two hours so
that the temperatures of all components stabilized. After the thickness measurement was
tared, the samples were placed between the aluminum bars and the desired surface pressure
was applied. For the rigid epoxy samples, 2 MPa was applied and for the more softer sil-
icone samples, (0.02...0.1) MPa was set. The higher the pressure, the lower the thermal
contact resistance between the sample and the aluminum bars. In the case of soft samples,
the pressure can simultaneously lead to significant compression of the sample, and there-
fore a noticeable change in its thermal conductivity. In a preliminary study, the effects of
surface pressure were determined, and a material-dependent surface pressure was defined
that lies within a range of low sensitivity.

Next, steady-state conditions were allowed to stabilize before the actual measurement. Fol-
lowing [184], the temperatures in the aluminum bars must not change by more than +-0.1 K
within five minutes. Once the specified thermal equilibrium is reached, the measurement
can be triggered. The specific thermal resistance of the sample is calculated from the meas-
ured temperatures and stored together with the thickness, the applied pressure, an estima-
tion of the systematic measurement uncertainty Ar; gyg, and the other boundary conditions
by the apparatus control software for further processing. Measurements were carried out at
an average sample temperature of (25 4 1) °C. This is done using a heater and cooler tem-
perature setting of 7, = 311 K/ T, = 285 K (38 °C / 12 °C). n = 4 samples of different
thicknesses were analyzed for each composite.
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3.2.5 EVALUATION

The measured values are subsequentially evaluated. The specific thermal resistances
7; & Ar; syg and the in-situ measured thicknesses d; for all n = 4 samples are used. The
measured specific thermal resistances also include the thermal contact resistances towards
the aluminum bars, so that only the apparent thermal conductivity, as defined in Figure
2.3, page 18, can be calculated with the individual measured values. It is obtained using

d,

3

)‘app,i = 7 . 3.12)
i

Assuming that the thermal conductivity and contact resistances are identical for all meas-
ured samples of varying thicknesses, a linear increase in specific thermal resistance with
sample thickness can be expected. This assumption is valid when the sample thickness is
much larger than the characteristic dimensions of the microstructure and the surface struc-
ture remains consistent.

A linear regression is performed, using the four measured specific thermal resistances and
the corresponding thicknesses. The specific thermal resistance is expressed as

r(d)g = ag+a; d. G.13)

Details on the calculation of the regression parameters «,, and «; can be found in appendix
B.1. Based on Eq. (3.12), the thermal conductivity of the bulk material can be determined
as the inverse of the slope in Eq. (3.13), not including the contact resistances, as

A=a;7h (3.14)

Figure 3.6, Figure 3.7, and Figure 3.8 show the described evaluation for three exemplary
measurements on samples with low, medium, and high thermal conductivity. The four
measured data points of the specific thermal resistance for specimens of different thick-
nesses, and the corresponding systematic uncertainties are plotted.

Furthermore, the linear regression line is shown, according to Eq. (3.13). The evaluated
thermal conductivity, as well as a systematic and a random uncertainty component are
specified in Figure 3.6, Figure 3.7, and Figure 3.8. The uncertainty calculation and a
discussion of the measurement uncertainty contributions in the given examples can be
found in section 3.2.6.

In addition, specific thermal contact resistances that have been evaluated form the meas-
urement results are shown in the respective figures. The evaluation and discussion of these
contact resistances are described in section 3.2.7.
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Figure 3.6. Evaluation of a thermal conductivity measurement of a sample with low thermal
conductivity.

Exemplary measurement results for the unfilled, and cured epoxy EO1.
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Figure 3.7. Evaluation of a thermal conductivity measurement of a sample with medium thermal
conductivity.

Exemplary measurement results for a filled and cured epoxy composite. Polymer: Epoxy
EOI. Filler: Alumina, ¢ = 0.5.
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Figure 3.8. Evaluation of a thermal conductivity measurement of a sample with high thermal
conductivity.

Exemplary measurement results for a filled and cured epoxy composite. Polymer: Epoxy
EO1. Filler: Aluminum and alumina blend, ¢ = 0.75.

3.2.6 DISCUSSION OF MEASUREMENT UNCERTAINTIES

This section describes the origin and magnitude of the uncertainties when measuring with
the steady-state cylinder method. In addition, the estimation of the total uncertainty of the
primary target value, the thermal conductivity is presented. Random and systematic uncer-
tainty components are processed separately. The systematic uncertainty evaluated for each
obtained thermal conductivity is originally based on the internal uncertainty estimation in
the control system of the “TIM-Tester”. A systematic uncertainty component Ar; gy is

determined for each measured specific thermal resistance ;. It is based on a superposition
of the uncertainties originating from:

- the temperature measurement,

- the thermal conductivity of the aluminum bars,

- deviations in the aluminum bars’ diameter,

- the thermocouples’ positions, and

- amisalignment of the aluminum bars’ center axis,

and evaluated, depending on heater and coolant temperatures. Comprehensive discussions
of the uncertainties in the steady-state cylinder method can be found in [209-211]. The
systematic uncertainty components in the measurements of this study were
Ar; gys/r; = (6...8) % for most of the measured samples. An increase with very high
thermal resistances occurs because the heat flow decreases and the effects of ambient losses
increase [209]. With unfilled samples (e.g., Figure 3.6), this effect is already very pro-
nounced and Ar; gyg/r; ~ 12.5 % was evaluated for the thickest sample. For samples
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with very low thermal resistances, the uncertainty also increases, since the temperature
drop across the sample is small and the impact of the uncertainties in the temperature ex-
trapolation is large [209]. However, this range was not reached with the samples in this
study. Systematic uncertainty in the determination of the sample thickness can be ne-
glected, as this has no impact on the evaluation of the gradient of the function r(d)g, to be
evaluated. Appendix B.2 provides additional details on the uncertainty analysis and the
uncertainty propagation procedures used to estimate both the systematic component
Algyg and the random component A np of the evaluated thermal conductivities.

The total uncertainty of the measurement can be expressed as the sum of the independent
systematic and random components A\gyg and A np. For easier interpretation, the val-
ues are given separately in the evaluations in Figure 3.6, Figure 3.7, and Figure 3.8. While
the random uncertainties are not significant for the poorly thermally conductive sample in
Figure 3.6, the systematic uncertainties are particularly large. As the thermal conductivity
increases, the random uncertainties increase as well, but the systematic uncertainty de-
creases. There are two reasons for this. First, the general random uncertainty of
Arpnp ~ 20 mm? K W1, determined as the mean standard deviation from repeated
measurements on the same sample, becomes more significant. Second, variations between
individual samples increase, as samples with high filler content are more difficult to pro-
duce consistently. Air inclusions or surface irregularities become more likely under these
conditions.

For a general overview of the uncertainty components for samples with good or poor ther-
mal conductivity, Figure 3.9 shows a summary of the uncertainties for the measurements
carried out as part of this work.
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Figure 3.9. Systematic and random uncertainty components of thermal conductivity measurements.

Systematic evaluation of uncertainty components in 384 measurements, performed within
the scope of this work.
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As the sample’s thermal conductivity increases, the systematic uncertainty components
decrease, while the random uncertainty components increase. In total, the minimum ob-
tainable uncertainties are just under 10 %. Most samples can be measured with a cumula-
tive uncertainty of < 15 %, except for the lowest and highest thermal conductivities. The
unfilled polymers with A < 0.3 W m~ K~! stand out. The method has reached its reso-
lution limits with the selected sample size. Even lower thermal conductivities can no longer
be measured precisely.

3.2.7 EXTENSION: EVALUATION OF THERMAL CONTACT RESISTANCES

As mentioned previously, the specific thermal resistances measured using the steady-state
cylinder method include the contact resistances between the sample and the surfaces of the
aluminum bars. A common approach to estimate these contact resistances is to extrapolate
the linear regression of measured resistance values (see Eq. (3.13)) to a sample thickness
of d = 0, as shown in Figure 3.6, Figure 3.7, and Figure 3.8 [160,161,209,211]. This
yields the combined resistance of both interfaces. If the upper and lower contact resistances
are assumed to be equal, their sum can be expressed as

2r¢ =qp, (3.15)

where « is the r-axis section in Eq. (3.13). However, this approach is not meaningful for
the studies conducted in this work. The interface between the aluminum bars and the cured
polymer composites, modified with a contact agent, does not reflect a practically relevant
contact scenario. This evaluation is more applicable when analyzing thermal greases or
other paste-like materials. By adjusting the surface structure of the aluminum bars in the
measurement setup, the contact conditions of an actual application can be approximated,
allowing for a more realistic measurement of the thermal contact resistance.

However, even for paste-like samples, the method has a fundamental limitation, as the
presented evaluation strategy only approximates the contact resistances macroscopically
and reduces them to planar phenomena. Yet, shown in Figure 2.3, page 18, thermal contact
resistance is influenced by the entire contact zone. Already the pure surface roughness en-
sures that the temperature drop occurs over a certain distance. When the microstructural
heterogeneity of filled polymers is also considered, extrapolation to zero-gap thickness
oversimplifies the interface behavior and blurs important effects.

Furthermore, considerable material changes can occur during the measurement. When test-
ing paste-like samples, it is typical to start with a large gap width, i.e., a large sample
thickness d, and gradually reduce the gap during the measurement. This displaces exces-
sive material from the gap. During this deformation process, however, it must be assumed
that the microstructure of the material in the boundary zones changes considerably. Parti-
cles are pushed into direct surface contacts or form stacked particle layers. Abo Ras [211]
discussed these phenomena with thermal grease in 2020. It is no longer sufficient to assume
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constant material and contact properties during the gradual change in sample thickness.
The impact on the described extrapolation and evaluation cannot be estimated without con-
sidering the microscale effects.

3.3 MEASURING THERMAL CONTACT RESISTANCES USING MICRO
THERMOGRAPHY

The central objective of this work is to investigate the microstructural effects on the heat
transport properties of filled polymers. This includes not only the thermal conductivity of
the bulk material but also the phenomena at filled polymer to substrate transitions (FPS
transitions) and the arising contact resistances. A new measurement method based on micro
thermography was developed to enable the experimental investigation of thermal contact
resistances. This chapter introduces the new measurement method, describes the apparatus
used, the evaluation strategy, and the uncertainties and limitations associated with the
measurements. The new measurement method has already been presented and described in
detail in [0]. In some places, reference is made to [0] for the consideration of peripheral
and detailed topics as well as further experimental results.

3.3.1 INTRODUCTION TO THERMAL CONTACT RESISTANCE MEASUREMENTS

The measurement of thermal contact resistances is carried out following the same basic
principles as the measurement of thermal bulk resistances or thermal conductivities. A
temperature difference is applied, and the heat flow is measured, or vice versa. However,
the fact that thermal contact resistance phenomena take place in a very confined space, i.e.,
very thin layers, makes resolution more difficult. The measurement of local temperature
differences is limited by the size of conventional temperature probes, such as thermocou-
ples. Extrapolation methods are usually used to approximate the resistances in the contact
area or zones, as explained in section 3.2.7. In 2018, Xian et al. [212] reviewed several
transient and steady-state methods for measuring thermal contact resistances. While many
studies, e.g., [86,90,92,93,97], focus on the measurement of thermal contact resistance be-
tween solids, there are only a few that include filled polymers, e.g., [159,161,213]. How-
ever, they all depend on macroscopic approximations, e.g., zero-gap extrapolation. There
is no study in which FPS transitions are resolved microscopically. Some interesting ap-
proaches [88,89,214,215] have been published that use infrared thermography in combi-
nation with steady-state and transient methods to enable higher spatial resolution for local
temperature measurements. Thermal resistances are determined from heat flow and tem-
perature differences. Locally finely resolved temperature measurements also enable the
determination of locally resolved thermal resistances. While sensor contact always disturbs
the temperature field and limits the local resolution, thermography can enable locally finely
resolved measurements. However, the technique has not yet been applied to directly re-
solve the temperature differences at the interfaces between filled polymers and solid
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surfaces. In previous studies involving filled polymers, temperature measurements were
still conducted outside the sample and extrapolated, as with the steady-state cylinder
method, e.g., [214,215].

The measurement method developed as part of this work also uses infrared thermography,
with temperatures measured directly at the transition from the solid surface to the filled
polymer, not outside the sample. Temperature differences and thus thermal resistances are
finely resolved locally without disturbing the temperature field. This method promises de-
tailed insights into local thermal resistances and thus into the effects of the microscopic
material structure in FPS transitions. Thus, it should be possible to investigate the effects
of surface structure, filler quantity, filler size and filler material.

3.3.2 MEASUREMENT PRINCIPLE AND APPARATUS

A measuring apparatus for the thermal characterization of multi-layered samples was de-
veloped and built. The multi-layered samples consist of two aluminum substrates and an
intermediate layer of filled polymer. The function is based on the steady-state cylinder
method, as presented in chapter 3.2, see Figure 3.10. The samples are placed between two
aluminum bars, with the upper side of the upper bar heated electrically to 7}, and the lower
side of lower bar cooled to a low temperature 7., by means of coolant flow.

The mechanical design is considerably simplified compared to the steady-state cylinder
method in chapter 3.2. Since only fully cured sample materials with negligible elasticity
are measured, position and force control of the aluminum bars are not necessary. The lower
bar is fixed, and the upper bar is pressed onto the multi-layered samples from above using
a manual clamping device. Thermal contact resistances between the sample and the alumi-
num bars are irrelevant, as the measurements are limited to the inner part of the sample.

Force

Upper bar

Sample, A.

Thermocouples
LT T ———— N
T, e - 1 o
Ce—
P
Coolant

Figure 3.10. Schematic illustration of the micro thermography apparatus and the measurement principle.
Modified from [0], CC BY 4.0, https://creativecommons.org/licenses/by/4.0.
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The two aluminum bars and the samples have a square cross-section of A = 20 x 20 mm?

in heat flow direction. A one-dimensional heat flow () is assumed, flowing from the upper
bar, through the sample and through the lower bar into the coolant. The measurement is
conducted under steady-state conditions. Unlike the steady-state cylinder method, where
temperature profiles are measured along the aluminum bars and extrapolated to the sample
surface, this setup captures temperature differences directly within the sample layers, with-
out physical contact, see Figure 3.10.

For this purpose, an infrared camera’ with an additional close-up lens 0.5 x is fixed to the
apparatus to image the temperature field on the side surface of the sample. The pixel di-
mension with this setup is 14.836 pm, which corresponds to approximately half the native
detector resolution. The utilized camera system has a MicroScan mode in which a rapidly
oscillating deflection unit shifts the sensed area by half a pixel dimension. By superimpos-
ing four individual images with slight local offsets, a thermal image is created with twice
the resolution in each image direction. Figure 3.11 shows the micro thermography appa-
ratus and exemplary temperature data. The measuring section with an inserted sample and
the adjusted IR camera is shown in part (a). Part (b) shows superimposed extractions from
a sample micrograph and captured temperature field.

In part (c), a full temperature field captured on an exemplary sample is presented, and part
(d) shows an averaged temperature profile T(z) derived from the thermal image. Assuming
z is the direction of heat flow, local temperature gradients along z can be converted into
local thermal resistances using the known heat flux. The heat flux is determined from a
reference section in the lower bar, where two thermocouples are positioned at a known
distance. The temperature difference between them, along with the known thermal re-
sistance R is used to calculate the heat flow, as shown in Figure 3.10.

3.3.3 SAMPLE PREPARATION

The multi-layered samples were prepared from aluminum substrates (EN AW-5754) with
an area of 100 x 100 mm?, and filled polymer composites based on the epoxy polymer
EO1. The sample preparation process described below requires a fully cured, grindable
polymer composite. The studies are therefore limited to this polymer. No loss of generality
is expected for the subsequent studies on the effects of the materials microstructure. The
surface structure of the aluminum substrates was modified by sandblasting, as described in
detail in section 3.1.3. They were then cleaned with isopropanol before further processing.
The preparation process of the central particle-polymer composites is identical to the pro-
cess presented in section 3.2.3. Figure 3.12 illustrates the preparation process of the com-
plete multi-layered samples, which involves several steps.

7 InfraTec VarioCAM® HD head 980
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Figure 3.11. Micro thermography apparatus and exemplary measured temperature field.

Image of the apparatus with measuring section and IR camera (a). Section of a micrograph
and corresponding thermal image (b). Full thermal image (c). Average temperature curve
along z direction on sample surface (d).

The prepared particle-polymer composites were applied to an aluminum substrate, and an-
other substrate placed on top, see part (a). Spacers with a thickness of (0.9...1.2) mm
were used to adjust the distance between the substrates and thus the layer thickness of the
filled polymer. The multi-layered structure was fixed in place with four screws and then
cured at room temperature for at least seven days, see part (b) of Figure 3.12. The multi-
layered samples were then cut to the approximate final dimensions of 20 x 20 x 5 mm?®
using a waterjet cutter, see part (c). The side surfaces of the samples were ground and
polished, see parts (d) and (e) of Figure 3.12. Finally, the side surface to be analyzed was
coated with an acrylic resin-based graphite spray. For thermography, it is necessary to have
a surface with uniform emissivity, which is not fulfilled with aluminum and filled poly-
mers. While the absolute level of emissivity is not critical, it is essential to minimize sur-
face reflectivity to avoid distortion of the thermal image caused by reflections of the IR
detector’s own radiation. To address this, a coating with high emissivity, and therefore low
reflectivity, was applied to the sample surface. In a preliminary study, the emissivity of the
utilized graphite coating was determined to be € = 0.98 4 0.01.
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Figure 3.12. Sample preparation for micro thermography.

Application of filled polymer composite between substrates (a). Joining the substrates at a
defined distance using spacers (b). Cutting the sample from the central area of the multi-
layered structure (c). Grinding and polishing the side sample surfaces (d). Prepared samples
before graphite coating (e).

3.3.4 CALIBRATION PROCEDURE

Like the steady-state cylinder method, the micro-thermography technique relies solely on
temperature measurements. To minimize uncertainty, the thermocouples used are cali-
brated for the steady-state cylinder method. IR camera systems generally exhibit lower
absolute accuracy than thermocouples and are subject to calibration limitations. Additional
sources of uncertainty in the micro-thermography measurements include variations in
emissivity, reflected ambient radiation, and environmental heat losses. Another significant
consideration is the spatial assignment of temperature values. The raw thermal image does
not provide spatial information, so local coordinates must be assigned, introducing further
uncertainty. Consequently, measurements are not made in absolute terms but are instead
compared to a well-known reference sample. An initial calibration procedure compensates
for the uncertainty effects mentioned. The calibration process was carried out before each
series of measurements, or if the measurement conditions or ambient temperature changed.
For the latter, a threshold of 1 K is used as the limit for recalibration. The thermal reference
resistance R in the lower aluminum bar serves as the calibration parameter. This is par-
ticularly suitable because it directly influences the heat flow and, consequently, the meas-
ured thermal resistance values. An absolute determination of this reference resistance
would be subject to high uncertainty due to temperature measurement errors, uncertainty
in the distance between the thermocouples, or ambient losses. To calibrate the system, a
well-known reference material with thermal resistance similar to that of the multi-layered
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samples is required. For the measurements conducted in this study, a reference sample was
fabricated from stainless steel 304. Stainless steel 304 is listed as a reference material by
the National Physical Laboratory (NPL), UK [216], and its thermal conductivity has been
extensively studied, e.g., [217-220]. The batch of the material used for the reference sam-
ple was examined using laser flash analysis, according to ASTM E1461-13 [207]. The
thermal conductivity was calculated from the separately measured values of thermal diffu-
sivity, density, and heat capacity. For the relevant temperature range of 288 K to 303 K,

Aot (Trot) = [6.859 +0.027 Tpoe /K] Wm™ ! K1 £48 % (3.16)

was obtained [0]. The uncertainty value is based on [216], after determining good agree-
ment with [217-220]. The average deviation in relation to the literature values is 2.6 % in
the investigated temperature range. The reference sample was prepared with the dimen-
sions 20 x 20 x 5 mm?. A flat groove with a width of Az; = 3.0 mm and a depth of
0.2 mm was milled into one of its side surfaces. The excess rib surfaces were polished,
while the base of the groove was coated with the same graphite spray used on the actual
samples. At the beginning of a series of measurements, the reference sample is placed in
the micro thermography apparatus and a series of heater and coolant temperature combi-
nations is then run, with a calibration measurement carried out for each combination. While
the coolant was kept at a constant 288 K, the heater temperature was increased from 303 K
to 343 K in 5 K steps. Figure 3.13 illustrates the calibration procedure, based on the well-
known reference sample with thermal conductivity A.; and heat-transferring cross-sec-

tional area A, ;.

Heater cartridge i rrrrrrrr T 1, = const.

Upper bar, A,

Reference AzM A A

sample ref? “ “ref

Thermocouples Lower bar, 4, >
Loy e S z
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Figure 3.13. Calibration procedure for micro thermography apparatus.
Modified from [0], CC BY 4.0, https://creativecommons.org/licenses/by/4.0.
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To calibrate the spatial assignment of the temperature field and the temperature measure-
ment at the same time, the evaluation window in the thermography software IRBIS® 3?* is
aligned with the edges of the flat groove in the reference sample surface. These are easily
recognized by the difference in emissivity (groove - graphite coated and rib - polished).
This alignment is illustrated in Figure 3.13 by the red dashed lines between reference sam-
ple and IR camera. After reaching thermal equilibrium at each temperature set, according
to the criterion in ASTM D5470-17 [184], the temperature field on the reference sample’s
surface is captured. Since the reference sample is homogeneous along the x axis (into the
image plane), the temperature field can be averaged along this direction.

The obtained temperature curve 7' (z) is then approximately linear in the central area and
might be disturbed by boundary effects at the lower and upper end. The temperature gra-
dient dT /dz on the reference sample surface is calculated using linear regression. The
calibration heat flow in the reference sample can be calculated with

dT

Qcalib = 7)\ref (Tref) Aref E ) 3.17)

where T, is the mean reference sample temperature and A, is the heat-transferring
cross-sectional area of the reference sample. Using this heat flow, the apparent thermal
reference resistance can be expressed as

R = TTC,I B TTC,2
0 = - ) (3.18)
_Qcalib

where (T'rq 1 — Trre 2) is the temperature difference measured across the lower aluminum
bar. The average temperature Tj, of the two thermocouples in the lower aluminum bar is
then calculated as a reference for the thermal reference resistance.

After running through various heater and coolant temperature combinations (7}, / T}), a
calibration curve R (7)) is obtained, see Figure 3.14. This curve is approximated by a
linear fit and expressed as e.g.,

Ry(T,) = [—0.0028 Ty /K + 1.0837] K W1 . 3.19)

This calibration result can be used to evaluate all subsequent measurements under the same
ambient conditions.

$ InfraTec GmbH, Germany
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Figure 3.14. Result of a calibration run in the micro thermography apparatus.
Based on [0].

In the calibration process described, all environmental influences and uncertainties are ne-
glected. These include:

- absolute errors in temperature measurement with the IR camera,

- aninaccurate z coordinate assignment to the pixels of the thermal image,

- absolute errors in temperature measurement with the thermocouples,

- environmental heat losses at the side surfaces of the measuring section by radia-
tion or convection

- temperature field disturbance by the thermocouples in the lower aluminum bar,

- reflected ambient radiation on the reference samples’ surface,

- reflected radiation of the IR detector from the reference samples’ surface,

- deviations or non-uniformities in the emissivity of the reference samples’ sur-
face,

- further optical inaccuracies of the setup.

These uncertainties are directly reflected by the calibration result Ry (7). Since they are
all systematic uncertainties, it can be assumed that they are identical for the measurements
directly following under the same conditions. Reapplying R (7},) for the evaluation of the
actual measurement helps to compensate for these uncertainty effects. The black error bars
shown in Figure 3.14 illustrate the uncertainty contribution from determining the temper-
ature gradient through the reference sample. The red, significantly larger error bars also
include the uncertainty contributions of the thermal conductivity of the reference sample
and its area.

A detailed description of the uncertainty analysis can be found in section 3.3.7 and appen-
dix B.3. It is apparent from Figure 3.14 that a large part of the total uncertainty is due to
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the reference sample. Only the uncertainty in the temperature gradient is method related,
and with an even better-known reference material, a more accurate measurement would be
possible.

3.3.5 MEASUREMENT PROCEDURE

The measurements with the micro thermography method were carried out under controlled
ambient conditions. Due to the described calibration process, the absolute ambient condi-
tions are less important, however the measuring procedure requires constant thermal con-
ditions. In addition, the average temperature at the reference resistance R, must be as close
as possible to the ambient temperature. This results in sample-specific heater temperatures
between 318 K and 328 K. The effects were investigated in advance using numerical sim-
ulation and are discussed in detail in [0]. The coolant was kept at a constant inlet tempera-
ture of 288 K for all measurements performed within this study. Since micro thermography
is a steady-state measurement method in which all components must be in thermal equilib-
rium, the micro thermography apparatus was pre-heated for at least two hours before each
series of measurements. For each measurement, the sample is inserted and fixed with the
mechanical clamping device. A water-glycol mixture is injected between the aluminum
bars and the multi-layered samples as a contact agent to ensure uniform thermal contact,
and the thermal equilibrium must then be reached. The criterion from ASTM D5470-17
[184] was used to evaluate the thermal equilibrium. Finally, the thermal image is recorded,
and the raw data are saved as a two-dimensional matrix 7'(z, z). It is imperative that the
identical local alignment is set in the thermography software as in the previous calibration
process, see section 3.3.4. For this purpose, the same evaluation window is set in the
IRBIS® 3 software as for the previous calibration. Furthermore, the temperatures of the
thermocouples in the lower aluminum bar are recorded.

3.3.6 EVALUATION

Before further evaluation, the recorded two-dimensional temperature fields 7'(x, z) are nu-
merically sharpened to reduce camera and detector-related blurring. While this process
does not increase physical resolution, it enhances image clarity, making transitions be-
tween sample layers more visible. Since the optical setup is consistent across all measure-
ments, a general point spread function is determined, and a reverse Gaussian low-pass fil-
ter? is applied. A standard Wiener filter'® is used beforehand to reduce high-frequency
noise. The temperature field T'(z, z) is then averaged along the z-direction, which is as-
sumed to be homogeneous, by calculating the arithmetic mean for each pixel row. The

? MATLAB® built-in function imsharpen() with Radius = 2.3, Amount = 0.2, and Threshold = 0 (de-
fault).
" MATLAB® built-in function wiener2() with Neighborhood size = [5 5].
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resulting temperature curve T(z), shown in Figure 3.11, page 63, represents the tempera-
ture variation along the heat flow direction. A method for considering variations along the
x-direction, to analyze local thermal contact resistances, is discussed in section 6.4.4. The
heat flow through the sample can be determined with

Trer —Trep

Q = - . 3.20
Ry(Ty) 3:20)

The thermal resistance contributions of the sample layers are finally obtained from the local
derivative of the temperature profile dT /dz, the heat flow @, and the cross-sectional area

of the sample A

dr A dT
Az = 5@ . (3.21)
For simplicity, the differential notation is chosen, even if only discrete temperature values
are available from the thermal images. However, these are available in a fine local resolu-
tion such that neither a discrete notation nor a discrete representation is appropriate. For
easier analysis and extraction of the thermal contact resistances, dr/dz according to Eq.
(3.21) is integrated and can be illustrated as shown in Figure 3.15. The presented meas-
urement result is that of a typical multi-layered sample with two aluminum substrates and
a particle-filled polymer in between. The integrated specific thermal resistance growth
along z direction is presented.
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Figure 3.15. Exemplary micro thermography result.
Cumulative thermal resistance curve across a multi-layered sample with two aluminum sub-
strates and a filled polymer interlayer. Polymer: Epoxy EO1. Filler: Alox-S-63, ¢ = 0.5,
Dy, = 63.4 pm. Results are given in Table 3.4. Based on [0].
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The two interfaces between substrate and filled polymer are located at z¢ ; and 2¢ o, and
visualized with black dashed vertical lines. The positions were determined ex-situ, using a
digital light microscope!'!. Difficulties and definition gaps that arise with this approach are
discussed in chapter 6.3. With rough surfaces, there is always the question about the refer-
ence height to be evaluated. There is hardly any resistance increase visible above and below
the interfaces, since the thermal conductivity of the substrates (AIMg3; EN AW-5754) is
very high (\g = 130 W m™1K~! 4+ 5 % at 300 K [194]) and therefore their contribution
to thermal resistance is low. In the bulk zone of the filled polymer layer, an approximately
linear increase in specific thermal resistance is observed. This corresponds to a constant
effective thermal conductivity of the filled polymer, which can again be determined from
the inverse of the slope. In the example shown in Figure 3.15, it is

dr\ !
Aot = ((T) =166 Wm 1K1, 3.22)
%/ bulk

For simplified analysis, the three approximately linear thermal resistance curves along the
z axis in the substrates and in the bulk of the filled polymer are approximated using linear
functions. This is shown by the red lines in Figure 3.15. In the contact zones, shaded in
grey, there is a clear deviation of the resistance curve from the ideal linear behavior. The
deviations can be explained by FPS transition effects and are caused by the thermal contact
resistances, which have already been analyzed from a macroscopic perspective in other
works, e.g., [8,9,159-161,213].

Unlike previous steady-state methods, which could only derive contact resistances macro-
scopically via temperature field extrapolation, this approach enables direct visualization of
these resistances with spatial resolution. The contact zones between the substrates and the
filled polymer can be distinguished from the bulk zone in Figure 3.15. This marks a sig-
nificant advancement: the thermal contact resistances become visible and locally evalua-
ble. However, despite numerical sharpening, the visualized resistance curve contains a re-
maining blurriness. It has not been possible within the scope of this work to quantify this
remaining blurriness, or the potential distortion caused by the sharpening process with a
standardized point spread function. As a result, the identification of the beginning and end
of the contact layers is subject to considerable uncertainty and cannot be made with exact-
ness. Nevertheless, this method provides a valuable comparative insight. Using the same
measurement setup and conditions, different FPS transitions can be compared for tenden-
cies, e.g. whether one FPS transition has thicker or thinner contact zones than another. The
unsharpened raw data consistently shows smoother, more blurred resistance curves, which
result in broader contact zones. Sharpening the data helps to better approximate the actual

' Keyence VHX with a dual-light high-magnification zoom lens VH-Z250R and an xy-measurement sys-
tem VH-M100E
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layer thicknesses, but the true values remain at an unquantifiable distance due to the limited
spatial resolution which is given by the physical resolution limit in the used spectral range
of (7.5...14) pm (Abbe limit) and the point spread function of the optical system. For a
quantitative evaluation of the thermal contact resistances, several strategies are available.
Chapter 6.3 discusses those strategies, the different results obtained, and the uncertainties
in detail. Only a rough introduction is provided here. Table 3.4 summarizes the evaluation
results for each layer and interface, gained from the micro thermography analyses shown
in Figure 3.15. Based on previous steady-state methods, the first and simplest option is to
extrapolate the linear relationship of the bulk zone and search for the intersections with the
interface heights. In Figure 3.15, the thermal contact resistances determined this way are
labeled r¢ ; and r o.

Table 3.4.  Results of exemplary micro thermography measurement, corresponding to Figure 3.15.

Bulk Contact
Aett / No. re / o/ Az /
W m1K! mm? K W1 mm? K W—! pm
1.66 4+ 0.18 1 122 +£13 175 £ 18.6 184
2 110+ 11.7 236 +25.1 241

In the example shown, 7 ; = 122 mm? K W' and ¢, = 110 mm® K W~ were de-
termined. Compared to the total thermal resistance for the layer of roughly
Teor ~ 850 mm? K W1, the two contact resistances account for a considerable propor-
tion. This evaluation strategy is suitable if the results are to be used subsequently to calcu-
late entire thermal dissipation paths and to add up several layers in series connections.
However, it does not offer any added value for the analyses in this work, as the effects in
the broad FPS transitions are not considered. For this purpose, a second evaluation strategy
is additionally shown in Figure 3.15. The z positions at which the measured thermal re-
sistance curve diverges from the ideal linear increases are identified. The areas found are
declared as boundary layers, see grey shading in Figure 3.15. The width of the boundary
layers and the total resistance contribution of these layers are evaluated, the latter referred
to as r¢,. In the example given, Az ; ~ 184 pm and ¢4 ~ 175 mm? K W are deter-

mined for the first boundary layer. For the second boundary layer, Az¢ 5 ~ 241 pm and
TG 236 mm?2 K W1 are obtained. This evaluation ignores the fact that the image

blurriness and the sharpening process influence the identified divergence points and result
in non-quantifiable errors. The values should therefore not be used as an absolute result
but may be used to compare different FPS transitions that were examined with the same
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setup. The uncertainty in the layer thickness cannot be quantified and is therefore not spec-
ified. The uncertainty of the specific thermal contact resistances given in Table 3.4 refers
only to the uncertainties in the resistance, but not to the uncertainties in finding the diver-
gence position. The second evaluation strategy includes all parts and contributions of the
substrate surface, FPS transition, and close-to-surface particle packing. Local analyses can
be carried out in the further course of the work and if necessary, a separation of the effects
of substrate and particle layers in local analyses. A detailed discussion of the definition and
evaluation of boundary layers is provided in chapter 6.3.

3.3.7 DISCUSSION OF MEASUREMENT UNCERTAINTIES

This section deals with the estimation of the resistance-related uncertainties of the new
micro thermography method. The calibration process described in section 3.3.4 compen-
sates for numerous sources of error. Nevertheless, systematic and random uncertainties
remain, which are evaluated and discussed separately. Appendix B.3 provides the detailed
uncertainty analysis and propagation calculations. The analysis of systematic uncertainty
is carried out in two steps. First, the uncertainty of the calibrated thermal reference re-
sistances Ry, according to Eq. (3.18), page 66, is determined. In the second step, the sys-
tematic uncertainty of the actual measurement result, the specific thermal resistance r of
the sample, is estimated. Figure 3.16 shows the results of the uncertainty estimation for
the calibration results given in Figure 3.14, page 67, and the results of the uncertainty
estimation for eight exemplary samples.

(@) ®)
8f————————————40 2% 6000
Ttot
Tt 135 [ Contr. of A(Troy — Tre2) | | 5000
20 - (I Contr. of AA
6L 130 [ Contr. of ARy
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Figure 3.16. Exemplary results of systematic uncertainty analysis.
Results of systematic uncertainty estimation for the calibration run, already presented in Fig-
ure 3.14 in part (a). Estimated systematic uncertainties for nine exemplary samples, meas-
ured with micro thermography in part (b). Modified from [0], CC BY 4.0, https://crea-
tivecommons.org/licenses/by/4.0.
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The results shown are to be understood as an example, since the calibration results and thus
also the uncertainty analysis vary slightly from measurement series to measurement series.
However, the general order of magnitude remains the same. Part (a) of Figure 3.16 shows
the estimated uncertainty of the thermal reference resistance and its components for nine
calibration measurements at different reference temperatures 7, achieved by variation of
the heater temperature, as described in section 3.3.4. Almost 70 % of the uncertainty is
caused by possible errors in the reference samples’ thermal conductivity A\, This fact
was already mentioned in the previous section and shown in Figure 3.14, page 67. If a
reference with even better-known thermal conductivity is available, more reliable (abso-
lute) results can be achieved with micro thermography. The uncertainty contribution of
AA,; is roughly 1 %. The uncertainty contribution coming from the evaluation of the
temperature gradient dT' /dz accounts for slightly more than 1 % and drops marginally
with temperature. In total, the uncertainty in reference resistance determination is
ARy/Ry ~ 7 %. Part (b) of Figure 3.16 shows the estimated uncertainty and the contri-
butions of the specific thermal resistance of eight exemplary samples with different total
specific thermal resistances. The samples were selected to cover the complete range of
relevant total resistances. The relative uncertainty increases with total thermal resistance,
which is almost solely caused by the increasing relevance of the uncertainties in tempera-
ture difference measurements. This is due to the decrease of the heat flow and thus the
absolute temperature difference. Especially for small and medium total specific thermal
resistances up to 3000 mm? K W~!, the contribution of the uncertainty of the reference
resistance is dominant. For higher specific thermal resistances, the contribution of the un-
certainty of the temperature difference measurement is of a similar magnitude. The contri-
bution of the uncertainty in the sample area is almost constant at approx. 1 %. In the rele-
vant range of sample resistances, the estimated total systematic uncertainty is
Ar/r = (10...17) %. The uncertainty analysis is based on an estimation of the maximum
error and is therefore a worst-case scenario. Further confidence in the method can be
achieved through cross-comparison with other measurement methods. As no other method
is available with microscopic resolution of thermal resistances, a comparison was carried
out using measured thermal conductivities of bulk samples. The micro thermography re-
sults were compared with measurements using the steady-state cylinder method, according
to ASTM D5470-17 [184], and measurements using laser flash analysis, according to
ASTM E1461-13 [207]. The latter were again based on the separate measurement of ther-
mal diffusivity, density, and heat capacity. Details on the laser flash analysis can be found
in [206]. Twelve filled polymer samples were prepared with different filler concentrations
and filler types to achieve thermal conductivities in the relevant range of 0.25 W m~! K~!
up to approx. 2 W m~! K~!. Figure 3.17 compares the effective thermal conductivities
of the twelve measured samples using the three methods.
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Figure 3.17. Results of cross-comparison of micro thermography, steady-state cylinder method (ASTM
D5470-17), and laser flash analysis (ASTM E1461-13).

Measured thermal conductivities of twelve filled polymer samples of different filler concen-
tration. Polymer: Epoxy EO1. Filler: alumina and aluminum. The error bars show the assigned
systemic uncertainties of the methods. Based on [0].

Very good agreement within the error bars of the measured thermal conductivities for all
samples confirms the success of the error compensation by the described calibration pro-
cess, as well as the suitability of the method for measuring thermal resistances in the rele-
vant order of magnitude.

As in case of the steady-state cylinder method, the random uncertainties were also analyzed
in addition to the systematic uncertainties of the method. To assess the reproducibility of
the micro thermography technique, a series of repeatability tests was conducted using se-
lected samples. Measurements were repeated on the same side surface, as well as on the
other three side surfaces of the samples. Additionally, multiple nominally identical samples
were fabricated and compared. Across repeated measurements on a single surface and be-
tween the different side surfaces of a given sample, only minor variations < 5 % were
observed, indicating good measurement repeatability. However, significant local variations
were found within individual surfaces. This phenomenon will be discussed in section 6.4.4.
Furthermore, differences of up to 25 % were detected between the measured thermal con-
tact resistances of two samples that were prepared under identical conditions. In contrast,
the bulk thermal conductivity of the filled polymer showed much lower variability of
< 10 % across the same sample set.

These findings lead to an important conclusion: the reproducibility of the measurement
method itself is considerably higher than the reproducibility of the physical phenomenon
under investigation. This is primarily attributed to the stochastic nature of thermal contact
resistance formation (see chapter 6.4). Local variations in particle-to-substrate contact,
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particle aggregations, and surface roughness result in varying thermal contact behavior,
even between samples that appear identical on a macroscopic level.

Furthermore, the measurements were not examined in the complete volume of the sample,
but only on one of the four side surfaces with the structure present there and in the imme-
diate proximity. The method is therefore more suitable for resolving the local effects on
individual, well-known samples than for carrying out systematic studies. For a comparison
of differently prepared samples to each other, numerous repetitions would have to be car-
ried out to compensate for sample and structure-related variations. If the microscopic struc-
ture of a sample or the surface to be measured is known from microscopic imaging anal-
yses, micro thermography is very suitable. The results can be directly correlated with the
structural properties. Given the method’s high reproducibility, additional statistical evalu-
ation was not performed.
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4 EFFECTIVE THERMAL CONDUCTIVITY OF SIN-
GLE-SCALE FILLED POLYMERS

This chapter starts with the simplest case: single-scale filled polymers. These are charac-
terized by the use of only one filler with a monomodal particle size distribution. A contin-
uation of the previous considerations of chapter 2.4.2 is presented. Numerous experimental
and numerical studies on model systems were carried out to investigate the effects of var-
ious polymer and filler properties on the effective thermal conductivity. These studies and
the results obtained are presented and discussed mainly focusing on the isolated investiga-
tion of microscopic packing effects. This work aims to achieve a comprehensive quantifi-
cation of these phenomena by developing and utilizing a new microscale simulation
method, since it is challenging to extract detailed information about individual packing
phenomena solely from experimental data. The method is based on detailed representations
of the filler packings at the microscale, allowing for a fundamental investigation of their
impact on the effective thermal conductivity. The microstructure models are fully param-
eterized using measurable quantities, which enables their direct adaptation to real filler
systems without requiring empirical adjustment of model parameters. Chapter 4.1 de-
scribes the new calculation method. Chapter 4.2 follows with mostly numerical studies on
the effect of the filler’s maximum packing density on effective thermal conductivity. The
impacts of the packing’s compaction, the particle size distribution, and the particle mor-
phology are discussed. Chapter 4.3 deals with dispersion effects. Chapter 4.4 follows with
numerical and experimental studies and presents the effects of thermal filler and polymer
properties. Chapter 4.5 presents an experimental validation of the microscale simulation
approach and the findings from chapters 4.2 - 4.4. Finally, chapter 4.6 gives a comprehen-
sive picture and conclusion of the investigated parameters, their interactions and the factors
affecting them.

4.1 PREDICTING THE EFFECTIVE THERMAL CONDUCTIVITY USING
MICROSCALE SIMULATIONS

Thermal microscale simulations offer several advantages when conducted alongside ex-
perimental studies. Fillers at the micro- and nanoscale exhibit complex property profiles,
including chemical composition, morphology, surface structure, particle size distribution,
and interactions with the polymer matrix. In experiments, these properties are inseparable,
making it difficult to isolate the influence of individual parameters. In contrast, numerical
simulations allow targeted variation of specific filler characteristics, and thus enable the
isolated study of packing effects. Moreover, simulations can provide insights into heat
transfer at the particle level, which are not accessible through macroscopic thermal
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conductivity measurements. While the micro thermography method introduced in chapter
3.3 offers spatially resolved resistance data, it does not allow detailed analysis of local heat
paths. Numerical simulations also offer practical benefits: they can replace or complement
experiments, accelerate development, and provide results even before materials or mixtures
are physically available. This can be an important factor in the early stages of filler design.

4.1.1 INTRODUCTION TO NUMERICAL SIMULATION OF HEAT CONDUCTION IN FILLED
POLYMERS

Modeling and calculating the effective thermal conductivity of filled polymers has long
been established in research and development using a variety of methods. The simplest and
most common variant is the application of theoretical and semi-empirical models, as pre-
sented in section 2.4.2, e.g., [119,120,122,130,165,168,169,173]. However, the use of
these models is limited to simplified, qualitative studies, as these are restricted to a few
parameters. They are usually not solely based on measurable parameters, therefore making
quantitative predictions of the effective thermal conductivity, especially for medium to
higher filler concentrations difficult. As soon as the particles approach each other spatially
and the geometric interplay becomes decisive, microstructure simulations offer a more
suitable and accurate approach.

This chapter introduces the general concept of microstructure simulations and presents the
currently published techniques. The limitations of existing approaches and the motivation
for developing a new calculation technique are discussed. Microstructure simulations phys-
ically model the heat conduction through the heterogeneous structure of a filled polymer
and derive the effective thermal conductivity based on the resulting relationship between
heat flux and temperature field. The previously published methods can be divided into two
groups:

- random network models (RNM), and

- full-field techniques.

Recent work explaining and applying methods from these groups in detail has been pub-
lished by Chowdhury et al. in 2018 [221] (RNM), and Sharma in 2022 [136] (full-field).
Both require the definition of a representative volume element (RVE), as resolving the full
application-scale microstructure is computationally expensive.

RNMs simplify the microstructure by representing each particle as a point mass and mod-
eling thermal paths as one-dimensional thermal resistors between particles. These models
are limited to spherical particles and rely on empirical calibration. A fundamental model
for describing the thermal resistance between two particles in a continuous matrix was
introduced by Batchelor and O’Brien [222], who analytically described the heat transfer
through a narrow cylindrical zone between two adjacent particles. Their model incorpo-
rates the particle diameters and inter-particle distances to estimate local thermal
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resistances. This approach has been widely adopted [221,223,224] and further refined in
subsequent studies, e.g., [225,226].

RNMs enable fast, resource-efficient calculations; however, the achievable accuracy is
limited due to the simplified modeling of geometric microstructures and thus simplified
thermal paths. In contrast, full-field techniques represent the microstructure in more detail.
They allow the inclusion of arbitrary particle shapes and more realistic heat conduction
paths. These techniques typically use finite element, finite difference, or finite volume
solvers.

The finite element method (FEM) has been used most frequently [135,136,227-232].
Whenever microscopically detailed full-field simulations were performed, it was con-
cluded that the structural heterogeneity and the details of the microscopic particle-polymer
arrangement are important [135,136,228,229,231,232]. However, these studies are often
limited to a few selected microstructures and primarily serve to support specific experi-
mental work. A comprehensive, systematic study of the microstructural effects on the ef-
fective thermal conductivity is lacking in the literature. This can be attributed to fact that
the detailed representation of the microstructure of filled polymers still reaches the limits
of computing capacity today. The recent review article by Zhai et al. (2018) [139] compre-
hensively summarizes various calculation approaches. They cover both theoretical and
semi-empirical models as well as numerical simulations. The authors conclude that there
is a strong demand for a precise and universal calculation method for the effective thermal
conductivity of particulate composites, as all existing techniques have strict limitations.
Zhai et al. as well as Hu and Yang [233] emphasize the importance of multi-scale simula-
tions, starting at the atomic level, and reaching up to the macroscopic effects.

Table 4.1 categorizes the calculation methods described and lists possible calculation
scopes. Four different calculation techniques are compared regarding their resolution po-
tential and suitability for describing differently sized RVEs. The size of the RVE is ex-
pressed as a multiple of the volumetric median particle size Ds. Filler properties such as
the particle morphology, the maximum packing density, and most importantly the width of
the particle size distribution determine how large an RVE must be modeled to fully repre-
sent the material behavior.

The first column classifies effective medium approaches (EMAs), which do not resolve the
material’s microstructure explicitly and therefore require no computational meshing. As a
result, both memory usage (Mem.) and computational time (Comp.) are negligible. The
second column describes random network models (RNMs), which use a simplified thermal
network to represent the particle packing. Due to their idealized microstructural represen-
tation, RNMs are generally considered applicable only for representative volume elements
(RVEs) with a size >4 x Dgy. The method offers rapid computation with minimal
memory demand.
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Table 4.1.  Comparison of calculation techniques for effective thermal conductivity of filled polymers.
A classification of effective medium approaches (EMA), random network models (RNM),
and full-field techniques. Column 3 describes the new full-field calculation approach devel-
oped as part of this work. Representation of the typical memory requirement (Mem.) and the
typical calculation times (Comp.), depending on the size of the RVE to be described. The
calculation times given are rough guideline values based on the calculations carried out as
part of this project using the same computing hardware (AMD EPYC™ 9274F). Full-field
FEM simulations were carried out using Ansys® Material Designer, 2023 R1.

1 2 3 4
EMA RNM Full-field Full-field
this work FEM
Resolved packing X v v v
Resolved particles X X v v
Mesh none Simplified Case-independent, Case-dependent,
network structured unstructured

10° elements
1 x Dy, Mem.: ~ 5 GB
Comp.: ~ 12 s

5-10° elements
2 x Dy Mem.: ~ 18 GB
Comp.: ~ 2 min

1.4 - 10° elements

8% Do Mem.: ~ 73 GB
.“5 Mem.: neglig. Comp. ~ 20 min
)  Compi = 20 min
Comp.: < 1s
E X 3-10° elements
a 4 X Dy, 27 - 108cells Mom: ~ 200 CB
Mem: ~ 4 GB Comp.: ~ 1.5 b
Mem.: neglig. Comp.:~ 1 h
5 x Dy, Comp.:~ 1 s

6 x Dy,

> 6 x Dy Increasing packing modeling runtimes

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielféltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fiir den personlichen Gebrauch



80 Effective thermal conductivity of single-scale filled polymers

The FEM-based full-field technique (column 4) resolves both particle geometry and pack-
ing structure in detail. A case-specific computational mesh is used. As is typical for FEM,
the mesh is unstructured, making it well suited for representing complex particle geome-
tries. Depending on the specific filler properties, the method can be applied starting at
1 x Dyy. The number of mesh elements scales with the number of particles, leading to a

significant increase in memory requirements as RVE size increases.

To quantify this, simulations were performed using Ansys® Material Designer (2023 R1)
on RVEs containing ideally spherical particles with a log-normal size distribution with a
logarithmic standard deviation of log(c) = 0.4. Table 4.1 summarizes the required
memory and computation times. In particular, the enormous increase in storage require-
ments is seen to correlate with the number of mesh elements required as the size of the
RVE increases. For > 4 x Dy, it was unreasonable to perform a simulation with today’s
practical hardware capacity and calculation time. However, even at 4 x Dy, the number
of resolvable particles (~1,000) was insufficient to statistically represent the target size
distribution, which would require at least 6,000 particles. For details on the required num-
ber of particles and RVE size, see section 4.1.2 and appendix C.1.

The new full-field technique developed within this work (column 3) addresses this limita-
tion by retaining the high geometric resolution of FEM-based approaches while simplify-
ing meshing and numerical computation. The computational meshes are case-independent
and structured. The structured meshes limit the memory requirement in this study to
~ 4 GB, for a mesh with 27 mio. cells and permit accelerated calculation on the graphics
processing unit (GPU), see section 4.1.4. The method takes up the basic features of the
finite cell method, used in structural mechanics [234]. Details on the computational mesh
and compensation of the resulting loss of accuracy are described in section 4.1.5. The
boundary conditions used in the new full-field technique limit the method to RVE
> 3 x Dy, see section 4.1.4. Regardless of the method used, Table 4.1 shows that very
long runtimes of the packing modeling occur for RVEs > 6 x Ds,. This did not lead to
any restrictions in the context of this work but must be communicated as a general re-
striction for all methods, considering today’s computing capabilities.

4.1.2 MICROSTRUCTURE MODELING WITH SPHERICAL PARTICLES

The first step of every microscale simulation process is the modeling of the materials mi-
crostructure. There are existing approaches, that derive microstructural models from ex-
perimental data, e.g., scanning electron microscopy [235-237], but these methods do not
allow the creation of artificial material models. Since the objective of this work is to carry
out systematic studies on the properties of the microscopic packing structure, completely
virtual filler packing models were created. The modeling approaches are adapted from es-
tablished granular bed modeling since filler concentrations close to the maximum packing
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density are of interest. Many fillers used in practical applications have approximately
spherical particles, see references in chapter 2.5. These are the basis for the explanation of
the packing modeling in this section. An extension to arbitrary particle morphologies is
presented in section 4.1.3.

The modeling of dense particle arrangements, especially for spherical particles, has been
the subject of numerous publications in recent decades with a variety of objectives. Some
studies investigated the maximum achievable packing density, while others modeled pack-
ings to later perform physical simulations of diffusion, flow, or electricity. In general, most
of the published approaches can be assigned to one of the following groups:

- Collective rearrangement methods, e.g., in [238-241], and
- Sequential addition methods, e.g., in [242-248].

Using a collective rearrangement method, all particles are randomly placed within the RVE
initially and then further stepwise adjustments are made to either the particle sizes, the
particle positions, or both. One option is to start with a random dense packing, allowing
overlaps at the beginning and optimize the positions and sizes afterwards to eliminate all
overlaps. Alternatively, the packing can begin as random and loose, and then be compacted
as much as possible by virtually shaking or vibrating. Both methods can achieve a dense
packing of particles. In general, collective rearrangement methods are computationally ex-
pensive, especially when considering large numbers of particles. Furthermore, limiting the
resulting size distribution can be difficult when the sizes of single particles must be ad-
justed during the rearrangement steps.

Particles are added in a stepwise fashion in a sequential addition algorithm, with size and
position defined directly. If the positions are selected randomly, large gaps remain between
the single particles and the resulting packing density is low. Therefore, methods have been
developed where each new particle is added in contact with the existing packing. A very
popular method, known as the spherical growth procedure, is based on the early work of
Norman in 1971 [242] and Adams and Matheson in 1972 [243], and has since been applied
and expanded upon in several studies [245-248]. A container is filled with particles, start-
ing with either one central particle or a small cluster of a few particles in the middle of the
volume, with all subsequently added particles placed at positions where they contact the
existing packing. The packing grows from the center outwards by adding particles step by
step, until the desired volume is filled. The new positions are selected in such a way that
each newly positioned particle touches three existing particles. This ensures that all gaps
are filled, for the densest packing. This method permits the quick growth of particle pack-
ings while maintaining the desired size distribution. Matheson [249] reported resulting in-
homogeneities in packing density using this method and proposed an alternative in 1974.
Instead of growing the filler packing from a central point, a flat surface was used as the
basis for filler packing growth. Another variant is to reverse the methodology and start with
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positioning the individual filler particles at the edge of the RVE and grow the filler packing
inwards [250,251]. With this method, it is noticeably hard to handle the last remaining gap
in the center of the volume, but the effect of the central void is smaller with larger total
volumes. Another sequential addition algorithm is the dropping method. Visscher and Bol-
sterli [252] reported the use of this method already in 1972, and Santiso and Miiller [244]
applied this method to large systems with up to 20,000 particles in 2002. The sequentially
added particles are “dropped” from a random position above the volume to be filled. After
hitting the existing particles, rolling is modeled until a stable position is reached. As with
the spherical growth procedure, the existing gaps are filled most effectively for dense pack-
ing. In addition to the collective rearrangement and sequential addition methods, several
combined procedures have been developed where individual particles or clusters are added
and then the packing is compacted by collective rearrangement [253,254].

A sequential addition algorithm was also implemented as part of this work, based on the
assessment that the control of the desired size distribution and homogeneity is much easier
than when using collective rearrangement methods. A spherical growth procedure was pro-
grammed, which has the disadvantage of possible radial inhomogeneities reported by
Matheson [249]. The produced packings were therefore carefully examined regarding their
homogeneity and found to be sufficiently homogeneous. Further details will follow after
the explanations of the spherical growth procedure.

Figure 4.1 illustrates the spherical growth procedure for the numerical modeling of filler
packings. For the sake of simplicity, the process is shown in 2D and with equally sized
spheres. However, 3D simulations were carried out without restriction of particle size.
MATLAB®!? was used to program and run the algorithm. First, an RVE is defined. Only
cube-shaped RVEs with a case-dependent size Az, x Ay, x Az were modeled. Before
particle placement, a random sample of 100,000 particle sizes is prepared, from which the
particles are selected sequentially. For the preparation of the random sample, an experi-
mentally determined or a theoretically defined particle size distribution can be used. A
theoretically defined particle size distribution is discretized into 145 logarithmically spaced
intervals, which are used to represent the size distribution in the random sample. To main-
tain the desired particle size distribution during the entire packing generation process,
batches of 20 randomly selected particles are created. Each batch is adjusted to best match
the required size distribution and morphology characteristics. Those prepared batches are
then positioned within the RVE sequentially. The first particle is positioned in the center
of the RVE, see part (a) of Figure 4.1. The next particles with diameter D; are placed in
contact to the existing packing in the center of the RVE.

2 MATLAB®: R2022a, R2023b, R2024a
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Figure 4.1. Schematic illustration of spherical growth procedure.
Simplified 2D illustration of a process, which is carried out in three dimensions. Numerical
generation of a dense filler packing with all particles in contact with each other in (a) — (d).
Expansion of the entire RVE, keeping relative particle positions, while maintaining the par-
ticle sizes to adjust the filler volume fraction in (e).

To find the best position for each particle to be positioned, /N different possible positions
around the existing packing are explored. Therefore, the particles are numerically shifted
radially outwards from the center of the RVE, until no overlaps with the previously placed
particles remain, see part (b). The directions are selected randomly and out of NV possible
particle positions, the one with the closest distance to the RVE center is selected, see part
(c). All others are rejected. This ensures efficient filling of all gaps between the filler par-
ticles. The higher NV, the more likely that perfect positions for a very dense particle ar-
rangement are found. Thus, increasing IV increases the achievable packing density. Section
4.2.1 deals with the effects of varying N, and thus achieving different packing densities.
The packing procedure ends when no further particles can be added within the defined
RVE. Particles that overlap the RVE boundaries are cut off during the subsequent meshing
process. In the final packing (d), all particles are in contact with their neighboring particles.

This state is referred to as ¢ . configuration. For equally sized spheres and N being be-

max

tween 500 and 500,000, packing densities between 0.578 and 0.641 were attained. This
range is in line with literature values for maximum packing densities of sphere packings.

Random packing of spheres has been widely studied experimentally, numerically, and the-
oretically [243,249,255-259]. The achieved packing densities always depended on the ex-
perimental methods, or the packing algorithm employed in simulations. It has been estab-
lished that the densest random particle arrangements approach a packing density of
¢ ~ 0.637, known as random dense packing or random close packing. While this value is
generally accepted as the maximum achievable for random sphere packing, its stochastic
nature prevents a precise definition [256]. Nevertheless, the term “random close packing”
is also adapted in this work to describe packings with equally sized spheres that have a
packing density of ¢ ~ 0.64 in the ¢, configuration. Achieving higher packing densities
with equally sized spheres requires crystalline substructures or fully crystalline arrange-
ments, such as the face-centered cubic packing, which has a maximum packing density of
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e = T/ (3v/2) = 0.74048 ... [257,258]. The ¢
bility for thermal simulations of filled polymers. To set a desired filler volume fraction

max configuration is of limited applica-
@ < ¢p.x the entire RVE including the particle positions is expanded uniformly in all three
spatial directions to Az x Ay x Az while maintaining the particle sizes, see part (e) of
Figure 4.1. The result is a homogeneous, random packing structure with the desired filler

volume fraction ¢ based on a specified ¢, .. configuration. The interpretation of this rela-

max
tionship is discussed in chapter 4.2.

The ¢,,,, configuration can be adjusted by varying IV, enabling the modeling of fillers with
different packing characteristics. In addition to N, ¢, is also influenced by the particle
shape and size distribution. Figure 4.2 shows the process of deriving multiple filler volume

fractions based on one ¢, configuration using a filler packing of Alox-S-22 as an exam-

ple. Central cross-sections of the RVE are shown. Initially, the ¢,,,. configuration was
modeled in an RVE with Az, = Ay, = Az, =90 pm. ¢,,,, = 0.68 is reached with
N = 5,000. The stepwise expansion up to Ax = Ay = Az = 136 pm reduces the filler
volume fraction down to ¢ = 0.2. The resulting filler packings are perfectly homogeneous
as local accumulation or individual particle-particle contacts are impossible with this pro-
cedure. This aspect and alternative modeling approaches are discussed in chapter 4.3.

Az=94 pm Az =100 pm 5 Az =108 pm | Az =136 pm

»lle
(I

Azp =90 pm

¢ = ¢m
6 =0.68

Figure 4.2. Expansion of the RVE to adjust the filler volume fraction.
Cross-sections of a particle filled RVE during an expansion process (from left to right), start-
ing at the maximum packing density of ¢ = ¢, = 0.68, ending at ¢ = 0.20. All packing

models with ¢ < ¢ are based on the same initial ¢

max Y max

configuration. Filler: Alox-S-22.

One of the biggest challenges in modeling RVEs is determining an appropriate size that
balances computational efficiency and statistical representativeness. Smaller RVEs pro-
vide higher geometric resolution but may not capture the full particle size distribution of
the filler and variability of the random packing behavior. On the other hand, larger RVEs
can better compensate for local packing variations and thus reduce statistical variance in
repeated simulations. As RVE size increases, local heterogeneities tend to homogenize at
the global level, and the variability between independently modeled packings decreases.
This convergence behavior has been investigated in numerous studies to define minimum
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RVE sizes that ensure statistically reliable simulation results. If the RVE is too small, the
modeled packing may not be representative, leading to large variations in the results and
poor reproducibility.

Two criteria were checked to assess the representativeness of RVEs:

1. The deviation between desired and modeled particle size distribution: If D, D5,
and Dy, deviate less than two percent from the target value, the filler packing is
assumed to be representative. Details on the evaluation and an exemplary compari-
son between the desired and modeled particle size distribution are provided in ap-
pendix C.1.

2. The stability of the thermal simulation: Modeling a too small RVE causes a strongly
non-linear temperature curve along the heat flow direction (z-axis), see section
4.1.4. This leads to a high uncertainty in the linear regression used to extract the
effective thermal conductivity. An uncertainty threshold of 1 % in the regression
slope is defined as acceptable, ensuring the RVE is sufficiently large to compensate
for local internal variations. As a result, the uncertainty in the simulated effective
thermal conductivity is an order of magnitude lower than that of the experiments,
see section 3.2.6.

The following findings were made in a series of test simulations and packing studies:
- Fillers with a broad size distribution increase the microstructure randomness and
thus ensure a higher linearity in the temperature curve. Therefore, smaller RVEs
may be sufficient to achieve a good linear regression.

- For fillers with a broad size distribution, larger RVEs are required for a repre-
sentative size distribution.

- Irregularly shaped filler particles increase the microstructure randomness, thus
smaller RVEs suffice to achieve a good linear regression.

The first two effects mentioned are opposing and overlap, so that no generally valid state-
ment on the required RVE size is possible. The dominant effect depends on the individual
filler properties. Based on those findings, the RVEs were modeled with a filler dependent
size between three and six times the median particle size Ds. A size of 6 x Dy, was nec-
essary for equally sized spheres. When introducing a size distribution for spheres, the nec-
essary RVE size dropped to 4 x Dy, before increasing again to 6 x Dy, for very wide
size distributions. For strongly irregular particle shapes and medium broad size distribu-
tions, the necessary RVE size dropped even further to 3 x Dxj,.

The preliminary studies described were conducted on a representative selection of modeled
RVEs and additionally showed that repeated simulations with identical setups yield a
standard deviation of less than 1 %. This not only confirms the adequacy of the selected
RVE size but also provides a solid basis for estimating the statistical uncertainty in all
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subsequent simulations. Since the uncertainty margin is very small compared to the exper-
imental uncertainty, it is treated as constant in the following analyses and not reassessed
for each individual model. An exemplary study on model reproducibility is provided in
appendix C.1. Due to the meshing procedure described in the section 4.1.4, the filler vol-
ume fraction of the simulated models is known exactly, so that no uncertainty needs to be
considered here.

Before performing the thermal simulations on the modeled RVEs, the filler packings must
also be checked for homogeneity, randomness, and isotropy. Numerous methods and indi-
cators have already been described in various publications. In general, the homogeneity
can easily be checked by dividing the RVE into several sub-volumes and calculating the
standard deviation of local properties [241,248]. Another method to check the properties
of a filler packing is evaluation of the radial distribution functions, e.g., [244,249,252,259].
A radial distribution function quantifies how the particle density varies with the distance
to a reference particle in a packing structure and can be used to identify unwanted structur-
ing.

The most prominent criterion, which was also chosen for the evaluation of filler packings
in this work is the coordination number, the average number of contacting neighbors per
particle. The coordination number was already analyzed in the early works of Bernal and
Mason in 1960 [260], Tory et al. in 1968 [261] and Visscher and Bolsterli in 1972 [252],
but continues to be used in later work, e.g., Yang et al. 1996 [239], Kristiansen et al. 2005
[262], An et al. 2005 [263]. The coordination number is reported to be around six for a
random dense packing of equally sized spheres with ¢,.,, ~ 0.64 and drops for lower pack-
ing densities, or with the introduction of a size distribution. Lattice structures exhibit sig-
nificantly higher coordination numbers. For example, in a body-centered-cubic packing it
is eight, while in hexagonal close and face-centered-cubic packings, all particles have
twelve contacting neighbors. The local coordination number can be used to assess the ran-
domness of modeled packings. If local coordination numbers of > 7 are determined, a
crystalline sub-volume must be assumed, and the generated packing is discarded. This risk
solely exists for packings of equally sized spheres. With the previously described packing
algorithm, globally averaged coordination numbers of up to 5.2 were achieved for the dens-
est filler packings with ¢, ~ 0.64. This is slightly lower than the literature value of six
mentioned above. The slightly lower coordination number results from the differences in
the packing algorithm. Instead of looking for positions with at least three contact partners,
the positioning of new particles is based on selection of the position closest to the center
from a limited random sample. Presumably this method increases the randomness of filler
packings, which is fairly advantageous, but at the same time reduces the coordination num-
bers.
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The homogeneity and geometrical isotropy of the packings are evaluated based on position-
dependent coordination numbers and filler volume fractions. Figure 4.3 shows an example
of the calculated filler volume fractions and coordination numbers for a random medium
dense packing of equally sizes spheres.
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Figure 4.3.  Packing evaluation along the z axis of a modeled RVE.

Filler volume fraction and local coordination number along the z axis. Random medium
dense packing of equally sized spheres with ¢, = 0.61.

Shown is the evaluation along the z axis, which is the primary heat flow direction in the
subsequent thermal simulations. Evaluations along the other spatial directions were carried
out additionally and typically showed no differences. For the analysis, the packing with
particles of 100 pm in diameter is divided into 12 pm slices. The analyzed packing has an
average coordination number of 3.1. Both filler volume fraction and coordination number
show random variations, but neither systematic trends nor inhomogeneity are detected.

4.1.3 MICROSTRUCTURE MODELING WITH ARBITRARY PARTICLE MORPHOLOGIES

Finally, an extension to the presented technique for modeling arbitrary particle morpholo-
gies is provided. Clearly the spherical particles are the simplest case, as they can be de-
scribed with merely three spatial coordinates and one diameter. It is unnecessary to specify
an orientation. There are numerous primitive particle shapes for which only minor addi-
tions to the algorithm would have to be made. However, since complex and realistic parti-
cle shapes are also considered in the further development, the utilized method is directly
suitable for arbitrary particle morphologies. The description is based on the example of
real, digitized particle morphologies, but artificial shapes can also be represented, see sec-
tion 4.2.3. An interesting method, in which arbitrary particle shapes are composed of a
finite number of spheres of the same or different sizes was used by Smith and Midha in
1997 [255] and Zhao et al. in 2011 [264], for example. A disadvantage here is that the
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surfaces of the abstracted bodies are never completely smooth, when formed with a rea-
sonable number of base spheres. The surfaces always have a characteristic structure created
by the spheres. An alternative method was used by Jia and Williams [265] (2D) and Gan
et al. [266], based on pre-meshing the volume to be filled and positioning the digitized
particles that are represented by point clouds. This approach is also pursued in the present
study. Particles are digitized using a 3D laser scanning microscope'®. The gained images
are first processed with an image analysis software'*. High frequency noise is automati-
cally removed, and the resulting height data from the scans are stored in tabular form. The
images have a spatial resolution of 0.14 pm in the x and y directions and the scan resolu-
tion in z direction is 0.08 pm. The height data are further processed using MATLAB®.
Figure 4.4 illustrates the main steps of the digitization process. In the first step, the upper
half of the particle is extracted by truncating the height data at half the maximum height
(orange line), see part (a). A point cloud, representing the captured surface is generated in
the second step, see part (b). This point cloud is based on the = and y resolution of the
image and reduced to 1/25 of the original resolution in Figure 4.4 for better visualization.
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Figure 4.4. Filler particle digitization process.
Height data obtained during a single particle scan (a). Reduced data and point cloud repre-
senting the particle’s upper half (b). Extracted and mirrored point cloud with spherical enve-
lope (c). Pixel based representation of particle volume (d). All illustrations are reduced to
1/25 of the original resolution for better visualization.

13 Keyence VK-X100K with a 100x magnification lens
4 Keyence VK-HIXAD
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The point cloud is mirrored to represent the lower surface of the particle that cannot be
captured, see part (c). Finally, a volumetric point cloud is generated that represents the
filling volume of the particle, see part (d). By superimposing a numerical grid with the
same spatial resolution, a pixel-wise representation of the particle volume is obtained. In
this step, the size of the particle model is normalized to one based on the size of an envel-
oping sphere. These particle data sets are stored for further use in microstructure modeling.
Tensors are stored with a logic "1" for particle volume and a logic "0" for empty volume.
No absolute size information is stored with the particles.

It is also important to note that mirroring the particle data is a simplification, however it is
assumed that the morphological characteristics (geometrical structure, shape, and rough-
ness) of the particles are adequately represented this way. The randomness required to rep-
resent a complete particle packing is achieved by digitizing ten different particles per filler
and then randomly rotating and scaling them.

The pixel-wise representation of the digitized particles can be visualized using a suitable

rendering software, see Figure 4.5. Three exemplary laser microscope images of digitized
particles are shown in (a) - (c). The corresponding rendered 3D particle models derived

from them are shown in (d) - (f). The rendered images were generated using the rendering
software MATLAB® Volume Viewer.

Figure 4.5. Digitization results of exemplary filler particles.
Laser microscope images, taken with a Keyence 3D laser scanning microscope VK-X100K
with a 100x magnification lens in (a) — (c). Corresponding 3D particle models derived from
the laser microscopic data in (d) — (f). Fillers: ATH-I-75 (a), Al-I-88 (b), and Al-I-103 (c).
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These representations are based on the original resolution of the digitization. The com-
pletely different morphological characteristics of the particles, and thus the need for indi-
vidual digitization can be seen from these three examples.

Packing modeling is then carried out based on the digitized particle models. There is a
basic difference between packing modeling with ideal spheres and arbitrarily shaped par-
ticles. For the latter, the complete RVE is pre-meshed. The cube-shaped volume is divided

into n = n, =n, =n, = 50... 300 cube-shaped cells per spatial direction. This step is

y
necessary for subsequent processing and therefore does not involve any additional effort.
Figure 4.6 illustrates the filler packing modeling procedure based on digitized particle
models. Ten digitized particle models are available, which are represented by size-normal-
ized logical tensors and can be called up one after the other (a). The sequence is determined
randomly. As several hundred to a few thousand particles must be positioned per RVE, the
particle models are repeated frequently. After selecting the next particle model, the abso-
lute size of the particle and its orientation are adjusted. The size is determined according
to the desired particle size distribution.
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Figure 4.6.  Filler packing modeling with arbitrarily shaped particles.
Simplified illustration of the packing process, based on digitized particle models, represented
with numerical grids. Digitized and stored particle data sets (a). Scaling and rotation process
for randomly selected particles (b). Sequential insertion of the particles to the RVE by super-
imposing the RVE and particle grids (c).
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When converting to this size, the particle models are projected onto numerical grids that
have the same spatial resolution as the mesh of the RVE. Therefore, the particle models
are resolved with a different number of mesh cells per spatial direction based on their size,
see part (b) of Figure 4.6. The number of mesh cells per particle and spatial direction are
typically between ten for the smallest particles in the packing and 200 for the largest par-
ticles. In the illustration, the spatial resolution is again significantly reduced for better vis-
ualization of the grids. After the size has been determined, the logical tensor is generated
in the final size, and the particle model is randomly rotated with the angles «, (3, and
around the z, y, and x axis. No preferred direction is considered in the standard procedure.
A different procedure considering a particle alignment is described in section 4.2.3. The
rotation is done with a simple coordinate transformation. For each tensor cell ¢, containing
alogic "1", a transformation from the original coordinates x;, y; and z; to the rotated coor-
dinates z’;, 3, and 2’; is performed with

z’; Ty
(y/i) =R <y1> ; @.1)

27, Zi

K2

where R is the rotation matrix for the rotation of axis in Euclidean space

R =R_(a) R,(B) R,(7)

cosa —sina 0 cosf 0 sinfq] Tl 0 0 @2)
= |:sin a cosa O |: 0 1 0 ] |:O cosy —sin ’y} .
0 0 11 L—sing8 0 cosfBl LO siny cosvy

Finally, the prepared particle grids can be inserted into the pre-meshed RVE, see part (c)
of Figure 4.6. If both these grids have the same spatial resolution, the particle grids can be
used like bricks and moved cell by cell in all directions. This means that the spherical
growth method described previously can be used without restriction. IV possible positions
are determined for each particle by moving it radially outwards from the center of the RVE
in N randomly selected directions, until no more overlap with existing particles is detected.
In the case of arbitrary shaped particles, this gradual movement is performed cell by cell.
Particle overlap can be identified as a multiple assignment of individual cells in the grid.
Figure 4.7 shows an example of four modeled RVEs and a summary of the input parame-
ters. Parts (a) and (c) show modeled filler packings with spherical particles. There is either
a random packing of equally sized spheres (a), or log-normal size distributed spheres with
log(o) = 0.4 (¢). In (b), a packing of equally sized spherocylinders with a length-to-diam-
eter ratio of L/D = 5 is shown. Part (d) shows a packing of irregularly shaped, digitized
aluminum particles (Al-I-88).
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Figure 4.7. Microstructure modeling based on experimental or artificial input data.

Exemplary images of generated filler packings in ¢, configuration. Random packing of
equally sized spheres in (a). Random packing of spherocylinders with L/D = 5 in (b). Ran-
dom packing of spherical particles with log-normal size distribution and log(c’) = 0.4 in (c).
Random packing of digitized aluminum particles of irregular shape in (d), representing Al-I-
88.

The microstructure modeling method is based on a particle size distribution, particle mor-
phology input, as well as the specified modeling parameter IV to adjust the resulting pack-
ing density. For details, see chapter 4.2. Both the particle size distribution and the particle
morphology can be modeled artificially. This is particularly suitable for basic parametric
studies and analyses, see e.g., sections 4.2.2 and 4.2.3. However, it is also possible to base
the models on real measured filler data and thus achieve results that are as close to reality
as possible, see chapter 4.5.

4.1.4 COMPUTATION OF MICROSCALE HEAT CONDUCTION

After modeling the materials’ microstructures in cube-shaped RVEs, the models are
meshed, boundary conditions are defined, and the system is solved using a steady-state
heat conduction solver. The meshing process discretizes the calculation space spatially,
which is a necessary step for the subsequent application of the numerical solver. If the RVE
has already been pre-meshed for packing generation with arbitrarily shaped particles, this
step is skipped. As already introduced, a case-independent, structured mesh with equally
sized, cube-shaped mesh cells is used. A case-dependent mesh would have the advantage
that local areas can be resolved with different levels of resolution. The resolution potential
of the method used here is lost in geometrically complex areas and the resolution can be
finer than necessary in irrelevant areas. Nevertheless, the advantage of the significantly
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lower storage requirement of a structured mesh predominates. Accuracy losses are com-
pensated for by using a dynamic mesh. This newly developed approach qualifies the
method for calculations of large RVEs with > 4 x Dy, which would demand excessive
memory and computation time when using current commercial FEM software. Figure 4.8

illustrates the comparatively simple meshing process in the case of a structured mesh.

(a) (®) ©

Figure 4.8. Process of meshing a modeled microstructure RVE with equally sized cube-shaped mesh
cells.

Schematic illustrations of central cross-sections. Filler packing in (a). Filler packing and su-
perimposed grid in (b). Discretized RVE in (c).

For the sake of simplicity only central cross-sections are shown, although the process is
volumetric. The generated, and typically expanded filler packing is overlaid with a numer-
ical gridofn =n, =n

y = n, = 50... 300 equally sized cube-shaped mesh cells. The par-

ticle’s thermal conductivity is defined for all mesh cells located with at least 50 % of their
volume within a particle domain, and all for all other cells, the polymer’s thermal conduc-
tivity is set. A thermal interfacial resistance can be set at interfaces between cells if they
represent a boundary between particle and polymer, see chapter 4.4. The result is a spatially
discretized representation of the RVE, ready for thermal simulation in the next step. Each
mesh cell is considered as an isothermal volume and projected onto its center point. Each
mesh cell has exactly six clearly defined neighboring cells in the structured grid with which
it can interact. The coefficient matrix required for the calculation is therefore significantly
narrower than for unstructured grids with arbitrary interactions between individual cells. A
mesh with n = 300 has 27 mio. cells in total and a storage demand of 216 MB per physical
quantity in double precision.

A process of steady-state heat conduction through the RVE in the negative z direction is
simulated. For this purpose, a constant temperature difference is applied to the boundaries

of the RVE between z = z;, and z = 2 see part (a) of Figure 4.9.

max?
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Figure 4.9. Simulation setup for steady-state heat conduction through RVE.

Simplified illustration of the meshed RVE with boundary conditions in (a). Basic principle
of local thermal resistance modeling in (b).

In general, any temperature difference can be applied, and if the simulation is carried out
with temperature-independent material values, the absolute temperature level is irrelevant,
too. To remain within the typical range of practical applications, Dirichlet boundary con-
ditions with

- T(z
- T(z

=293 K, and
=353 K

min)
max)

are set. The other four side surfaces are treated as adiabatic walls; thus Neumann boundary
conditions are set:

- qz(‘xmin) = qz(xmax) =0, and
- Qy(ymin) = Qy(ymax) =0.

Physically, the applied Dirichlet boundary conditions are not fully accurate for a flat cross-
section through a heterogenic material. However, a constant heat flux boundary condition
would also be imprecise. Only periodic boundary conditions, such as those applied by Tian
et al. [135] or by the Ansys® Material Designer, would be exact from a physical point of
view. However, the periodic boundary conditions must already be considered in the pack-
ing modeling. It was found that the effect on the packing structure is especially significant
for relatively small volumes. For this reason, certain errors due to the incorrect boundary
conditions are initially accepted, but later considered in the evaluation process. A more
detailed evaluation and discussion of the different boundary conditions was published by
Sharma [136] in 2022. After applying the boundary conditions, the resulting heat flow be-
tween all mesh cells representing the microscale heat conduction paths is calculated using
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a finite volume method (FVM) algorithm. MATLAB® was used to program and run the
algorithm. Based on Fourier’s law, see Eq. (2.1), the balance equation

0 or 0 or 0 or
% (Aw a_) oy (A 8_y> * 5 (Az a_> =0 43)

can be derived for three-dimensional steady-state heat conduction at each location within

the volume. A, A, and A, are the thermal conductivities in the three spatial directions.

Applied to a grid of n,, X n,, x n_, mesh cells with the uniform side length dz = dy = dz,
the discrete form

AT AT AT AT AT AT

-z 4 +z+ y+ +y+ =z 4 +z:0

L T+z Tfy T+y T2 T+z

(4.4)

can be formulated for each cell. AT\, denotes the temperature difference between the cell
under consideration and the adjacent cell in the indexed direction. 7. denotes the corre-
sponding specific thermal resistance between the two cell centers, see part (b) of Figure
4.9. If A is the cell under consideration, then the effective one-dimensional specific thermal
resistance towards the adjacent cell B in negative z direction is

1 1
T =5TBt (rp) + 3TA > 4.5)

where rg is the specific thermal resistance of cell B with rg = dz/\g, and r is the spe-
cific thermal resistance of cell A with 7, = dz/A,. 1 is an optional thermal interfacial
resistance to be considered. This scheme can describe the interaction resistances between
all middle cells. For boundary cells in the = and y directions, the interaction terms towards
the adiabatic boundary must be set to zero. For the boundary cells in the positive and neg-
ative z directions, a further fictitious cell layer without any thermal resistance and with a
constant temperature is added. Eq. (4.4) represents a heat flow balance with the summands
being the heat fluxes conducted to or from the adjacent cells in all spatial directions. Under
steady-state conditions, this energy balance must hold for each cell.

Based on an initial temperature field guess, a numerical iteration scheme is applied to ob-
tain the steady-state temperature field inside the RVE. Many different iteration schemes
are available for such applications. For this study, the basic Jacobi scheme is applied, which
is a method of simultaneous displacements. It is best suited for very large meshes with
numerous cells, as it can be implemented in vectorized form on the GPU and thus enables
almost case-independent short calculation times. Details are provided in appendix C.2. For
further evaluation, the fully converged temperature field and the corresponding heat fluxes
for each mesh cell are stored and post-processed.
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4.1.5 EVALUATIONS

Besides the converged thermal fields, only spatial information about the RVE is necessary.
The converged fields can be used to visualize the results and to qualitatively analyze the
microscale heat conduction paths. Figure 4.10, Figure 4.11, and Figure 4.12 show exem-
plary evaluations of different simulated RVEs. Part (a) of the figures shows a central cross-
section through the microscale packing structure of the RVE. An ideally spherical filler is
shown in Figure 4.10, and two fillers with irregular grain shape based on particle digitiza-
tion are shown in Figure 4.11 and Figure 4.12. Part (b) of the figures shows the steady-
state heat flux field in the same cross-section and part (c) shows the respective steady-state
temperature field. The heat is conducted in the opposite direction to the z axis. The tem-
perature fields are highly inhomogeneous with no flat isothermal cross section in the entire
RVEs. At the RVE boundaries, the imposed Dirichlet boundary conditions artificially in-
fluence the temperature distribution, disturbing the actual inhomogeneity of the internal
field. As a result, the boundary regions must be excluded during subsequent evaluation. In
part (b) of the figures, the formation of good heat-conducting paths through the particle
network can be recognized. Paths that carry a high heat flux run along the heat flow direc-
tion from particle to particle. An increase in the heat flux can be seen at the narrow points
between the particles. Nevertheless, there are no percolation paths in the true sense of the
word, since all RVEs were expanded homogeneously and thus all particles were pulled
apart equally.
For a quantitative evaluation and extraction of the effective thermal conductivity of the
RVE, Fourier’s law in one-dimensional notation must be used. The effective thermal con-
ductivity can be calculated with

—q,
dT/dz’ @.6)

)‘eff =

where g, is the heat flux through the RVE in z direction and dT /dz is the mean temperature
gradient within the RVE. The negative sign indicates the heat flow direction. The heat flux
must be equal for all mesh cell layers to maintain an energy balance and can be easily
derived from the converged heat flux field data.

To determine the mean temperature gradient for Eq. (4.6), the evaluation region must first

be defined. As already described, the Dirichlet boundary conditions at z,;, and z are

min max

not physically correct. The disturbance of the temperature field protrudes approximately
one particle size into the RVE. This effect can be observed most clearly in part (d) of Fig-
ure 4.12. Consequently, the two boundary regions up to the marked boundary level, see
dashed lines in part (d) of Figure 4.10, Figure 4.11, and Figure 4.12, are ignored in the
calculation. Only the temperature gradient of the zone in between is calculated.
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Figure 4.10. Results of microscale heat conduction simulation 1 (ideally spherical filler).

Central cross-sections of geometry (a), steady-state heat flux field (b), steady-state tempera-
ture field (c), and average temperature curve along heat flow direction (d). Polymer:
A¢ =0.25 W m! K (e.g., epoxy). Filler: Spheres with log-normal size distribution with
log(c) = 0.2, D5y =100 pm, ¢, = 0.66, ¢ =0.56, A\p =35 W m! K (e.g., alu-
mina). Ay = 1.26 W m™ K.
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Figure 4.11. Results of microscale heat conduction simulation 2 (irregular particle morphology).
Central cross-sections of geometry (a), steady-state heat flux field (b), steady-state tempera-
ture field (c), and average temperature curve along heat flow direction (d). Polymer:
Ac =025 Wm! K (e.g., epoxy). Filler: ATH-I-75 with digitized morphology.
Dy = 74.6 pm, ¢, = 0.64, ¢ = 0.56, A\p = 10 W m™ KL, A\ = 1.28 W m? KL
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Figure 4.12. Results of microscale heat conduction simulation 3 (irregular particle morphology).
Central cross-sections of geometry (a), steady-state heat flux field (b), steady-state tempera-
ture field (c), and average temperature curve along heat flow direction (d). Polymer:
Ac =025 Wm! K? (e.g., epoxy). Filler: Al-I-103 with digitized morphology,
D5y =103.1 pm, ¢y, = 0.42, ¢ = 0.38, A\p = 150 W m! KL\ = 1.26 W m! K.
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For the mean temperature gradient, the mean value of all mesh cells per mesh layer is
calculated, see black curves in part (d) of the figures. A linear regression is then performed
over all mesh layers of the middle zone, see red line in part (d) of the figures. The thickness
of the boundary zones is set to the volumetric median particle diameter. The Neumann
boundary conditions on the remaining four outer surfaces of the RVE, which are also in-
correct, have a much smaller effect on the evaluated thermal conductivity. Since the de-
fined boundary conditions cause a heat flow with a preferred z direction, the local trans-
verse heat flows at the boundaries are negligible. Therefore, a further restriction of the
evaluation region is unnecessary. The evaluated effective thermal conductivities of the
three simulation examples are given in the captions of the respective figures.

Finally, the aforementioned dynamic mesh approach is explained. In principle, the simple
structured, case-independent meshing has several advantages. A clear disadvantage is the
loss of resolution in geometrically detailed sub-areas. This is particularly relevant for filler
concentrations close to the maximum packing density, as there are only very small interpar-
ticle distances, and the particles can fuse together due to the lack of resolution. This leads
to a significant overestimation of the effective thermal conductivity. To compensate for
this disadvantage in the developed method, the affected calculations are carried out using
a dynamic mesh. In the first step, a simple and quick calculation of the RVEs is carried out

with a very coarse resolution of n = n, = n, = n, = 50. After completion and evalua-

y
tion, step-by-step refinement and recalculation is carried out until the resolution limit of

n =n, =n, = n, = 300 is reached, see Figure 4.13.

For the example shown, with a filler volume fraction close to the maximum packing den-
sity, the individual particles are not properly resolved for n < 150 and may fuse together
due to the lack of resolution. Figure 4.14 shows the progression of the calculated effective
thermal conductivity for these configurations as well as for four other filler volume frac-
tions of the same filler packing with an increasing number of mesh cells. The blue data
points (¢ = 0.63) show the results corresponding to the dynamically meshed RVE in Fig-
ure 4.13.

n =50 n = 100 n = 150 n = 200 n = 250 n = 300

A

Figure 4.13. Stepwise refinement of RVE meshing using the dynamic mesh.

Central cross-sections of meshed RVE and magnified sections of a particle proximity. Filler:
Spheres with log-normal size distribution with log(o) = 0.2, D5, = 100 pm, ¢, = 0.66,
¢ =0.63.
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Figure 4.14. Results of dynamic mesh simulations.
Progression of evaluated effective thermal conductivity for n = 50...300. Polymer:
Ac =0.25 W m! K (e.g., epoxy). Filler: Spheres with log-normal size distribution with
log(c) = 0.2, Dgy =100 pm, ¢y, = 0.66, ¢ =0.56, \p =35 W m™* K! (e.g., alu-
mina).

In addition, the results for two configurations with higher and two configurations with
lower filler concentration are shown. There is always a decay of the evaluated effective
thermal conductivities with the number of mesh cells per spatial direction . While the
results for the lower filler volume fractions ¢ = 0.56 and ¢ = 0.61 already stabilize at
n > 200, the results for higher filler volume fractions and especially the ¢, configura-
tion with ¢ = ¢ = (.66 are still decreasing even with n = 300. While the RVE are not

resolved finely enough at n = 300, the intermediate results obtained during the dynamic

max

mesh calculations allow an approximation of the further decay behavior of the results with
increasingly finer meshes.

In such cases, the effective thermal conductivity is evaluated by extrapolation to n — oo.
For this purpose, a model of type A\ = a + bexp(—c n) is fitted to the simulation results
and A g (n — 00) = a is evaluated, see Figure 4.14. The selected model assumes that the
effective thermal conductivity is increased due to fused particles at a coarse mesh resolu-
tion. With increasing number of mesh cells n, the probability of such numerical artifacts
decreases and the error decays exponentially. The parameter a represents the error-free
effective thermal conductivity with an infinitely fine mesh. b describes the magnitude of
the described artifacts and c is an empirical decay coefficient that depends on the specific
packing structure and model parameters. The average root mean square error of the fits in
relation to the simulations shown in Figure 4.14 is 1.3 %. Across all simulations per-
formed in this work, the root mean square error of the fit was < 5 %, confirming the
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general suitability of the model for extrapolating effective thermal conductivity values at
higher resolutions. The precondition is of course, that sufficient data can be collected up to
n = 300 to provide a stable forecast. This requires that the microstructure of the RVE is
not too complex and that the calculations with n = 300 are already close to the result. In
the calculations carried out as part of this study, up to n = 600 would have been necessary
to generate reliable values without extrapolation. Such calculations, with 216 mio. mesh
cells demand unreasonable calculation times with today’s hardware. The calculation meth-
odology and details on the hardware used are provided in appendix C.2. An experimental
validation of the method is shown in chapter 4.5. A good agreement with experimental data
confirms that the presented approach is effective and that reliable results can be achieved
with a manageable use of resources and in a reasonable amount of time. The considerations
in the following sections show which input parameters are of particular importance for the
simulation and must be considered when modeling real materials for experimental valida-
tion.

4.2 EFFECT OF THE FILLERS MAXIMUM PACKING DENSITY

The qualitative parametric studies with the semi-empirical Lewis and Nielsen model in
chapter 2.4.2 have already shown that the maximum packing density of the filler packing
has a significant effect on the increase in the effective thermal conductivity over the entire
range of possible filler volume fractions, see Figure 2.6, page 26. Tabulated guide values
of maximum packing density for clearly defined or well-studied packing structures are
available for the Lewis and Nielsen model. These can only provide a rough orientation at
best for fillers with complex property profiles with irregular particle shapes, arbitrary size
distributions, and unique dispersion behavior. In this chapter, the newly introduced simu-
lation method is used to study the effect of the maximum packing density and secondary
parameters with a direct impact on the maximum packing density, such as particle size
distribution and particle morphology.

4.2.1 MICROSCALE PACKING STRUCTURE

A fundamental feature of the introduced microscale simulation approach is that each in-

vestigated packing structure is based on a predefined ¢ configuration. This approach

accounts for the fact that different fillers in different polymers can be packed to different
densities, as different microscale packing structures are formed, depending on the mixing
process. For structured particle arrangements, such as the simple cubic packing (SCP), the
cubic close packing (CCP, face-centered cubic lattice), or the hexagonal close packing
(HCP), the ¢,
ments, the maximum packing density depends largely on the mixing process and the degree
of compaction. Accordingly, the literature reports a range of values. In 1969, Scott and

configuration would be clearly defined. For random particle arrange-

Kilgour [258] reported an experimentally determined maximum packing density of
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Pmax ~ 0.64 for a random dense packing of equally sized spheres. Since then, this value
has been reproduced in numerous other experimental studies and simulations to a good
approximation [243,249,255,258,259]. For a less compact arrangement, a so-called ran-
dom loose packing, Scott and Kilgour [258] reported a value of ¢, =~ 0.61. The intro-
duced microscale simulation approach allows for the modeling of different packing con-
figurations and enables the analysis of how the packing structure and compactability of a
filler influence the effective thermal conductivity at any ¢ < ¢,,.... For random packing
structures, the degree of compaction can be set by varying N, the number of possible par-
ticle positions considered during packing generation. Figure 4.15 shows the results of a
first purely simulative study, considering two structured and three random particle arrange-
ment of equally sized spheres. Part (a) presents the simulation results, while part (b) shows
the corresponding 1o uncertainty from repeated simulations with random packings, esti-
mated as described in section 4.1.2. Ao = 0.25 W m~! K~! is set for the polymer and
Ap =35 W m™ K~! is set for the filler, representing an alumina filler in an epoxy ma-
trix. Thermal interfacial resistances between filler particles and polymer are neglected.
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Figure 4.15. Effective thermal conductivity of a filled polymer as a function of filler volume fraction,

considering different packing structures.

Simulation results are shown in (a). The corresponding 1o uncertainty, estimated as described
in section 4.1.2, is shown in (b). Polymer: Ao = 0.25 W m~! K~! (e.g., epoxy). Filler:
Equally sized spheres, D = 100 pm, A\p = 35 W m~! K~ (e.g., alumina). Packing struc-
tures: SCP (Simple cubic packing), CCP (Close cubic packing), RLP (Random loose packing
with N = 500), RMP (Random medium packing with N = 5,000), RCP (Random close
packing with N = 500,000).

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielféltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fiir den personlichen Gebrauch



104 Effective thermal conductivity of single-scale filled polymers

A simple cubic packing (SCP) with ¢ = (.52 and a cubic close packing (CCP) with
@max = 0.74 are considered as the respective limits of the lowest and highest possible
=0.58
= (0.64 are achieved by varying IV, the number of possible particle positions

max

maximum packing densities. Maximum random packing densities between ¢
and ¢
considered during packing generation, between 500 and 500,000. The packing structures

max

max

are referred to as random loose packing (RLP), random medium dense packing (RMP),
and random close packing (RCP), see Figure 4.15.

For all packing structures, the expected superlinear increase of effective thermal conduc-
tivity with filler volume fraction is observed. There is a sharp increase in the effective
thermal conductivity just before the maximum packing density is observed, beginning be-
tween ¢ = 0.45 and ¢ = 0.65. For ¢ < 0.4 it seems irrelevant how the microstructure is
modeled, with particle-particle interactions having no notable effect. For ¢ > 0.4 the pack-
ing structure is significant.

This may explain why simple effective medium approaches (EMAs) can provide good re-
sults for low filler volume fractions without empirical adjustment, but normally fail for
high filler volume fractions, see section 2.4.2. Even if the unrealistic, structured particle
arrangements are excluded, there remains a considerable difference between the remaining
random particle arrangements, dependent upon their degree of compaction and thus their
maximum packing density. In the range of 0.56 < ¢ < 0.64, effective thermal conductiv-
ities of 1.36 W m™ K1 < A\ < 4.79 W m~! K~! are predicted, see part (a) of Fig-
ure 4.15. For ¢ = 0.61, the range between the differently compacted random structures is
as highas 1.88 W m™ K1 < A\ 4 < 3.36 W m~ K. The medium dense filler pack-
ing (RMP) is used as a starting point in several of the following studies.

4.2.2 WIDTH OF THE PARTICLE SIZE DISTRIBUTION

In addition to the microscale particle arrangement, the particle morphology and size distri-
bution also have an effect on the maximum packing density [264,267,268]. In this section,
the spherical particle shape is retained, but a particle size distribution is introduced. A sys-
tematic study on the effects of particle morphology is presented in the next section. Mi-
croscale fillers often have broad size distributions as a result of mining or manufacturing
processes, see Table 3.2, page 41. Log-normal size distributions, or those closely approx-
imating log-normal behavior, are of particular relevance, as they are commonly observed
in both technical and natural processes. To investigate the effects of the particle size dis-
tribution, the random medium dense packing (RMP) of equally sized spheres from the pre-
vious section is taken as a basis and compared with packings with log-normal size distri-
bution. Ideal log-normal size distributions with a volume weighted distribution integral
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Q3(D) = % (1 + erf <log(D)10;(l;)§);(D50)>) ) (%))

are modeled, where D is the particle diameter, Dy is the volumetric median particle di-
ameter, and log(co) is the variable logarithmic standard deviation. The volumetric median
particle diameter Dy, is set to 100 pm, and Mg =025 W m™! K! and
Ap = 35 W m~! K1 are set, as in section 4.2.1. In addition to the RMP of equally sized
spheres, taken from section 4.2.1, four RMPs of spherical particles with logarithmic stand-
ard deviations between log(o) = 0.2 and log(o) = 0.5 were modeled. As explained in sec-
tion 4.1.2, the continuous size distribution given in Eq. (4.7) is discretized and represented
by a random sample of particle sizes. The evaluation of how accurately the modeled pack-
ing represents the target distribution is described in detail in section 4.1.2 and appendix
C.1. Part (a) of Figure 4.16 shows the calculated effective thermal conductivity as a func-
tion of filler volume fraction, without accounting for thermal interfacial resistances be-
tween filler particles and polymer. Part (b) shows the corresponding 1o uncertainty from
repeated simulations with random packings, estimated as described in section 4.1.2.
7.00 : . , , , , .

—@— RMP — ¢pax = 0.61

6.001 |- RMP — log(0) = 0.20 — ¢hex = 0.66 i
—@— RMP - log(c) = 0.30 — ¢pax = 0.69
—@—RMP — log(0) = 0.40 — e = 0.72

5.00f- | —@— RMP — log(c) = 0.50 — ¢pax = 0.75 —

=
~0.021-

< 0008 !
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
b/—
Figure 4.16. Effective thermal conductivity of a filled polymer as a function of filler volume fraction,
considering a variable width of the particle size distribution.

Simulation results are shown in (a). The corresponding 1o uncertainty, estimated as described
in section 4.1.2, is shown in (b). Polymer: A = 0.25 W m~ K~! (e.g., epoxy).

Filler: Spheres, Dy, = 100 pm, Ap = 35 W m~! K~! (e.g., alumina). Packing structure:
RMP (N = 5,000).
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In this study, hardly any difference is observed for ¢ < 0.55, but for higher filler volume
fractions, the calculation results diverge notably for the different filler characteristics. The
=0.61 and
the thermally conductive paths are formed at an early stage. The RMP of spheres with

RMP of equally sized spheres reaches its maximum packing density at ¢, .

log(o) = 0.5 reaches a maximum packing density of ¢ = 0.75. Accordingly, a steep

max
increase in the effective thermal conductivity can only be observed for high filler volume
fractions ¢ > 0.7. All packings are modeled with N= 5,000 and thus have the same degree
of compaction. It can already be summarized from the last two sections that the width of
the particle size distribution determines the maximum achievable packing density, but the
degree of compaction of the formed filler packings has a superimposed effect of a similar
magnitude. For a reliable, quantitative calculation, both the size distribution and the degree

of compaction must be precisely known.

4.2.3 PARTICLE MORPHOLOGY

Another filler property with a noticeable impact on the maximum achievable packing den-
sity is particle morphology. The microscale modeling approach introduced above also al-
lows this effect to be systematically investigated. While some fillers are specifically man-
ufactured with a spherical particle shape to reduce the increase in viscosity with the addi-
tion of fillers, there are others that have completely different morphologies due to the man-
ufacturing process. As the overview in chapter 2.5 has shown, fillers with a fiber or platelet-
like morphology are regularly used if a strong increase in effective thermal conductivity is
desired even at low filler volume fractions. However, the viscosity of the composite also
increases. In addition to fibrous and platelet-like materials, there are others with a com-
pletely irregular shape, see section 3.1.2. Since it is difficult to derive general statements
from the analysis of arbitrary particle morphologies, the simulation results for various
primitive particle shapes are presented in this section. Figure 4.17 shows ten modeled ran-
dom loose packings (RLP) with equally sized particles of different morphology. All pack-
ings were modeled geometrically isotropically. No preferred orientation of the particles
was applied. The packings are sorted by descending sphericity. The following shapes were
modeled:

- spheres (a),

- short (b) and long (i) spherocylinders,

- prolate (c) and oblate (d) spheroids,

- short (e) and long (f) truncated cones,

- short (g) and long (j) cylinders, and

- cubes (h).
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Figure 4.17. Filler packings of equally sized particles with different morphology.
RLP (N = 500). Sorted by descending sphericity.

Table 4.2 lists the geometry details of the different shapes, the achieved maximum packing
densities (RLP), the sphericity, and the roundness of the particles modeled. The size of the
differently shaped particles is defined by the diameter of a spherical envelope
(D =100 pm). Several descriptors are required for a sufficient description of a particle
shape, e.g., sphericity, roundness, and surface roughness. The latter is omitted here, since
only smooth particle surfaces were modeled. The definition of sphericity and roundness
goes back to the early work of Wadell [269] from 1935. Both are still used today when
describing granular matter. The sphericity S compares the surface of the present particle
Ap with that of an ideal sphere of the same volume V. It is calculated with [270]

g \3/3671"/]%.

A 4.8)

The sphericity of the modeled particles is given in Table 4.2. The roundness 1, is the ratio
of the average corner radii to the radius of the maximum inscribed circle or sphere.
Wadell’s [269] original definition is based on the manual analysis of several perpendicular
2D cross-sections. More recent approaches evaluate the roundness of particles numerically,
analyzing the entire 3D particle morphology, e.g., [270-273]. The roundness values given
in Table 4.2 are based on a 2D analysis, according to Wadell [269]. This appears sufficient
in this case, as these are clearly defined, primitive particle shapes. Spheres have
S = R, = 1. Increasing the specific surface of the particle, decreases the sphericity. For
the evaluation of roundness, the edge characteristic is important. Completely sharp-edged
particles have a roundness 2, = 0, such as the cubes.
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Table 4.2.  Geometry data and maximum packing density of modeled primitive particle morphologies.
Maximum packing densities of filler packings, modeled with N = 500 (RLP). Sphericities
calculated using Eq. (4.8).
Index Morphology Geometry details Dmax S R,
(a)  Sphere 0.53 1 1
(b)  Spherocylinder short L/D =1.5 0.51 0.968 1
(¢c)  Prolate spheroid Dy:Dy:D,=1:05:0.5 0.50 0.929 0.6
(d)  Oblate spheroid Dy:Dy:D,=1:1:05 0.50 0.913 0.6
(e)  Truncated cone short D, : D, : L=1:2.26:2.01 0.47 0.834 0.1
() Truncated conelong D, :D,:L=1:35:4 0.45 0.815 0.1
(g)  Cylinder short L/D =237 0.44 0.812 0.1
(h)  Cube 0.44 0.806
(i)  Spherocylinderlong L/D =5 0.37 0.732
(G)  Cylinder long L/D=5 0.34 0.697 0.1

Figure 4.18 presents the calculated effective thermal conductivities, achieved with the

packings shown in Figure 4.17. Again, the combination of Aq = 0.25 W m~* K~! for

the polymer and A\, = 35 W m~! K~ for the filler, representing an alumina filler in an

epoxy matrix, is set. Part (a) of Figure 4.18 shows the calculated effective thermal con-

ductivity as a function of filler volume fraction ¢. The expected superlinear increase is

apparent for all morphologies.
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Figure 4.18. Effective thermal conductivity of a filled polymer as a function of filler volume fraction (a)

and filler loading level (b), considering different particle morphologies.
Polymer: A\ = 0.25 W m~ K~ (e.g., epoxy). Filler: D5, = 100 pm,
Ap =35 W m~! K~! (e.g., alumina). Packing structure: RLP (N = 500). Error bars are

omitted for clearer visualization. The 1o margin of the simulations is 4+ 1 %, estimated as
described in section 4.1.2.
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The individual curves are color-graded in order of increasing sphericity. While the two
particle shapes with the lowest sphericity (long cylinders (j), and long spherocylinders (i))
form the earliest thermally conductive paths, the effective thermal conductivity with the
use of spheres is the lowest over the entire range of filler volume fraction and a steep in-
crease is only calculated for high filler volume fractions ¢ > 0.5. In contrast to the evalu-
ations in the previous sections, the curve of the effective thermal conductivity only appears
to be compressed or stretched with the filler volume fraction. It makes sense to carry out
further evaluation with a standardized filler volume fraction. Part (b) of Figure 4.18 shows
the same results, but with respect to the normalized axis of the filler loading level ®, de-
fined as,

¢
¢ = P @.9)

As can be seen by comparing parts (a) and (b) of Figure 4.18, the effect of the particle
morphology is dominated by the effect of maximum packing density. Normalizing the filler
volume fraction with the maximum packing density compensates for its effect. Only at
high filler volume fractions ® > 0.9 there is still a considerable spread of up to
1 W m~! K. To supplement this, Figure 4.19 shows a representation of the calculated
effective thermal conductivities as a function of the sphericity (a) and the maximum pack-

ing density (b).
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Figure 4.19. Effective thermal conductivity of a filled polymer as a function of sphericity (a) and maxi-
mum packing density (b), considering different filler volume fractions.

Polymer: A\ = 0.25 W m~! K! (e.g., epoxy). Filler: D5, = 100 pm,

Ap = 35 W m~! K~! (e.g., alumina). Packing structure: RLP (N = 500).

Note that the colored data points correspond to constant filler volume fractions ¢, while the
black data points correspond to particle morphology-dependent maximum packing densities
Dmax(S). Error bars are omitted for clearer visualization. The 1o margin of the simulations
is + 1 %, estimated as described in section 4.1.2.

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielféltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fiir den personlichen Gebrauch



110 Effective thermal conductivity of single-scale filled polymers

The evaluations shown are for filler volume fractions from ¢ = 0.20 to ¢ = 0.42, and for
& = Pax(S). The effective thermal conductivity of the ¢
beds with polymer instead of a filling gas, increases with the sphericity and the maximum

max configurations, i.e., for filler
packing density, as also reported by Fei et al. [270]. For all filler volume fractions
¢ < Pax, the effective thermal conductivity decreases with the sphericity and the maxi-
mum packing density. This reduction is attributed to inefficient heat paths in the filled
polymer, caused by the polymer layers between the particles and the lack of direct particle-
particle proximity. In all simulations performed, the maximum packing density shows a
strong correlation with the sphericity of the filler particles. This is further supported by the
similarity of the two representations in (a) and (b). It can therefore be concluded that the
relevant morphological effects can, to a large extent, be described solely by the sphericity.
In contrast, a clear effect of the particles’ roundness Rp could not be found, thus no addi-
tional illustration is provided. The results shown are based on geometrically isotropic pack-
ings without any preferred direction of the individual particles. A clear effect of orientation
on the effective thermal conductivity is to be expected, especially in the case of highly non-
spherical fillers, such as the fiber-like cylinders or spherocylinders in Figure 4.17 part (i)
and part (j). A further simulative study has been carried out to quantify this effect. The
geometrically isotropic packing of the long spherocylinders from Figure 4.17 part (i) is
used as reference. Additional packings are modeled with the same particles and the same
packing compaction. During the random rotation of the individual particles however, an
increased probability of orientation along the heat flow direction z is set. The achieved
level of alignment 7 is evaluated with

Zm v
=1 2t

Z;’zl(vx,i + vy,i + vz,i)

T= , 4.10)
where m is the number of particles in the RVE, v; is the orientation vector of particle i,

and v,

#.i» Uy.i» and v ; are its direction components. 7 = 1/3 represents the geometrically

i
isotropic modeling in which the probability of particle orientations in all three spatial di-
rections is the same. For 7 = 1, all particles are perfectly aligned in the z direction, i.e., in
the direction of heat flow, see Figure 4.20. The packings are modeled with N = 500, re-
sulting in a random loose packing, but depending on the level of alignment 7, different
max = 0.37 is achieved for 7 =1/3,
Omax = 0.42 is achieved for 7 = 1. Part (a) of Figure 4.21 shows the effective thermal
conductivities calculated with these RVEs at different filler volume fractions. Part (b)

maximum packing densities are achieved. While ¢

shows the corresponding 1o uncertainty from repeated simulations with random packings,
estimated as described in section 4.1.2. A\ = 0.25 W m~* K~ is set for the polymer and

Ap =35 W m~! K~! for the filler, representing an alumina filler in an epoxy matrix.
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7=0.33 7=0.39 T=10.54 7=10.80 7=1.00

Figure 4.20. Spherocylindrical particle packings with different levels of alignment.

RLP (INV = 500). Sorted by increasing level of alignment. Morphology data of the particle,

see Table 4.2.
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Figure 4.21. Effective thermal conductivity of a filled polymer with spherocylindrical particles as a
function of the particles’ level of alignment, considering different filler concentrations.

Simulation results are shown in (a). The corresponding 1o uncertainty, estimated as described
insection 4.1.2, is shown in (b). Polymer: A = 0.25 W m~* K~! (e.g., epoxy). Filler: Long
spherocylinders, see Table 4.2, Dy, = 100 pm, Ap =35 W m™! K~! (e.g., alumina).
Packing structure: RLP (N = 500).

The results are shown for the ¢, configurations as well as for the filler volume fractions
¢ =0.20, ¢ = 0.30, and ¢ = 0.35. As expected, the effective thermal conductivity in-

creases significantly with the level of alignment for the ¢,,,, configuration. From 7 = 1/3

max
to 7 = 1 there is an increase of 344 %. For the three curves with ¢ < ¢, , there is also
a general increase in the effective thermal conductivity with the level of alignment. How-
ever, there is an intermediate maximum at approx. 7 = 0.8. This non-monotonic behavior
may initially appear counterintuitive. However, it must be considered that the maximum

packing density also increases with the level of alignment and thus the relative particle
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distance increase, too. From 7 = 0.8 upwards, the additional positive effects of the align-
ment are counteracted by the increasing particle spacing. A slight inclination of the parti-
cles, see Figure 4.20, is advantageous compared to a perfect alignment. The resulting par-
ticle-particle proximities lead to better heat-conducting paths through the material. To sum-
marize the last three sections, it can be concluded that the filler-specific morphology and
particle size distribution, together with the degree of compaction of the filler packing have
a direct influence on the achievable maximum packing density. This in turn defines the
filler volume fraction above which effective thermal paths are formed in the material and
leads to a steep increase in effective thermal conductivity. With this knowledge, the con-
siderations of Figure 4.7, page 92, must be expanded. In addition to morphology and size
distribution, the maximum packing density of the filler must be included as an input pa-

rameter. Packing structure and density are not only important for ¢ configurations. It

max

is also important for all packings with ¢ < ¢ which particle arrangement is modeled

max

and from which ¢, ,, configuration it is derived.

4.2.4 AN EXPERIMENTAL APPROACH FOR DETERMINING THE MAXIMUM PACKING
DENSITY

The simulation results in the previous sections have shown that the maximum packing
density of a filler packing is of considerable importance. For proper calculations, it might
be not sufficient to assume reference values, as proposed in the Lewis and Nielsen model.
If the filler volume fraction comes close to the maximum packing density, the calculation
results are significantly affected, see e.g., Figure 4.15, page 103. Ifreal fillers are modeled,
the individual maximum packing density of the packing structure must be known. This
depends on both filler properties and microscale particle arrangement. If a random packing
structure is assumed and its ability to be compacted is attributed to the filler, the maximum
packing density can be regarded as a filler or filler-polymer combination property. The
particle shape, size distribution, agglomeration effects, and the overall ability to be com-
pacted are of great importance. While the effect of particle morphology and size distribu-
tion can be predicted in microstructure simulations, agglomeration effects and the overall
ability to be compacted can only be determined experimentally.

A representative experimental approach is required to determine the maximum packing
density as input for the simulation. In principle, different experimental methods can be
considered:

- preparation of dry beds and determination of the volume,

- carrying out tapped density experiments,

- sedimentation trials with determination of the sediment density, or
- performing dispersion tests.
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For the variety of fillers analyzed in this work, only dispersion tests were found to provide
reasonable and reproducible values as input for the simulations. While reasonable results
could also be achieved with coarser-grained fillers in the other experiments, it was primar-
ily the fine-grained fillers that formed insufficiently dense packings in the other experi-
ments due to their pronounced aggregation behavior, caused by inter-particle interactions.

For the dispersion tests, the experimental approach previously published by Hodgson et al.
[274] is adopted and modified. Hodgson et al. performed rheological experiments with
soda-lime glass spheres in a glycerol-water mixture. The transition from a dry-looking
granular material to a flowable suspension was investigated. It was found that the mixing
method has a major impact on the rheological behavior of the mixture in this transition
area. Both low- and high-shear mixing were carried out; however, in this work only low
shear mixing is applied to avoid grinding up the filler particles.

Mixtures are prepared in transparent 20 ml polypropylene cans, filled to half maximum
and a defined quantity of dry filler is added. A comparatively thin liquid, ethanol, is used
to suppress the effects of the continuous phase as much as possible and to determine a
purely geometric ¢,,,, value, dependent solely on the filler. In the first step, a small
amount of ethanol is added, so that the mixture is still dry and crumbly. The filler volume
fraction is well above the maximum packing density. Subsequently, further drops of etha-
nol (0.1 ml — 0.5 ml) are added stepwise and the suspension is mixed each time for 60
seconds with a vortex shaker'’ at a mixing speed of 2000 rpm. After each mixing process,
the result is visually assessed and the transition from a dry, crumbly mixture to a flowable,
paste-like suspension is observed, see Figure 4.22. The process and the results for four
exemplary fillers are shown. From left to right, suspensions with increasing amounts of
ethanol and thus decreasing filler concentration are presented. The observed transition re-

gion between a dry, crumbly mixture with ¢ > ¢,,.. to the overwetted state ¢ < ¢

max max 1S

marked with a grey background.

After an initial identification of this region, the actual transition point of the maximum
packing density is approached with finer resolution by reducing the ethanol quantities
added in the mixing steps. As the result, ¢, .. = 0.700 for Alox-S-01, ¢, = 0.646 for
Alox-S-08, ¢, = 0.644 for ATH-I-75, and ¢, = 0.431 for Al-I-88 were approxi-
mated by gradually refining the steps.

For Alox-S-01, the comparatively broad size distribution (see Table 3.2, page 41) leads to
a particularly high maximum packing density. In the case of Al-1-88, it is most probably
the highly irregular grain shape (see Figure 3.1, page 44) that causes the comparatively
low maximum packing density.

15 Vortex-Genie™ 2 from Scientific Industries SI™
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Figure 4.22. Experimental determination of maximum packing density.
Representative selection of images, taken during the maximum packing density experiment
of four fillers with different characteristics. Alox-S-01, a fine-grained, spherical alumina
filler is shown in (a). Alox-S-08, a medium-grained, spherical alumina filler is shown in (b).
ATH-I-75, a coarse-grained aluminum hydroxide filler with irregular morphology is shown
in (c). Al-I-88, a coarse-grained aluminum filler with irregular morphology is shown in (d).

The maximum packing densities of the individual fillers determined depending on their
morphology, size distribution, aggregation behavior and surface characteristics, can be
used as direct input parameters for simulations. By modifying N, the number of possible
particle positions in the packing modeling, the model can be adjusted to the experimentally
determined input, as described in section 4.1.2. As with the simulations, the maximum
packing density found experimentally depends on the specific process. If other liquids or
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surfactants are used, or if other mixing processes are applied, different results can be ex-
pected. However, it has been found that the simulations created with the experimentally
determined packing densities agree very well with measured values. This confirms that the
method is suitable and representative for the materials and combinations investigated. A
general validation of the microscale simulations using the experimentally determined max-
imum packing densities is presented in chapter 4.5.

4.3 EFFECTS OF THE SPATIAL FILLER PARTICLE ARRANGEMENT

All previous studies are based on packings, modeled with the spherical growth procedure
described in section 4.1.2. An ideally homogeneous particle distribution in the RVE is con-
sidered, as the microstructural model for each individual filler volume fraction is generated
by uniform expansion of a ¢, configuration. Individual particle-particle contacts are ex-
cluded. This chapter deals with other spatial arrangements of the particles and the effect of
local and global packing inhomogeneities on the effective thermal conductivity of a filled
polymer.

4.3.1 INHOMOGENEOUS PARTICLE DISTRIBUTION

The first and most obvious approach is to modify the process of RVE expansion from a
dmax configuration to any ¢ < ¢, and to generate locally inhomogeneous particle dis-
tributions during this procedure. For this purpose, an additional step is inserted into the
microstructure modeling described in section 4.1.2, see Figure 4.23.

o o,

Az (¢)

Figure 4.23. Packing modification by random particle displacement.
Schematic illustration of cross-section through modeled filler packing in ¢,,,, configuration
in (a). Random particle displacement after RVE expansion to ¢ < ¢, in (b).
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After expanding the densest packing configuration (a), all particles are individually dis-
placed from their position in random directions, see part (b), and a kind of collective rear-
rangement is performed. Local voids and local accumulations of particles are created. The
resulting packing structure deviates considerably from the structure originally generated
using the spherical growth procedure. This can also show how representative the packings
of the previous studies are and the extent to which deviations due to other modeling ap-
proaches can be estimated. The distance by which the individual particles are shifted is
defined by a new parameter J. This is defined globally for all particles and calculated ac-
cording to

b=7——" @.11)
i,max

where As, is the distance particle i is shifted and As; . is the maximum distance particle
i could be shifted until a collision with any other particle occurs. The direction is randomly
determined in advance for each particle. The higher ¢, the greater the deviation of the pack-
ing structure from the initial homogeneous spatial arrangement. For § = 1, all particles are
shifted towards contact with any other particle. Since particle displacement is only possible
if there are gaps between the particles, this excludes the consideration of a ¢,,,,, configu-
ration. Figure 4.24 shows the results of an exemplary study for ¢ < ¢,,,. based on a ran-

dom medium dense packing of equally sized spheres.
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Figure 4.24. Change in effective thermal conductivity with inhomogeneous particle distribution.
Calculated effective thermal conductivity with differently modified packing structures in re-
lation to the calculated effective thermal conductivity with an ideally homogeneous filler
packing. Polymer: Ao = 0.25 W m~! K~ (e.g., epoxy). Filler: Equally sized spheres,
D =100 pm, A\p =35 W m~! K! (e.g., alumina). Packing structure: RMP (N = 5,000).
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The random medium dense (RMP) packing structure of equally sized spheres with
Ac=0.25 Wm™ Kt and A\p =35 W m™! K™! is adapted from the study already
shown in Figure 4.15, page 103. The ratio of the calculated thermal conductivity to that of
an ideally homogeneous particle distribution at the same filler volume fraction

Nett/ )‘eff,hom 1s given.

Four curves for 0.2 < § < 0.8 are shown in Figure 4.24. In general, the effective thermal
conductivity increases with increasing § and increasing filler volume fraction ¢. However,
the random modifications of the packing structures lead to strongly scattering results also
containing microstructures with a slight reduction of effective thermal conductivity. Shift-
ing the individual particles from their ideal position for a dense packing structure generally
reduces the maximum packing density of the new microstructure and thus, as a logical
consequence tends to increase the effective thermal conductivity.

Notably, the effect is very small at typically < 5 %, which confirms that the spherical
growth procedure used probably does not suppress any significant effects that occur in
other random packing structures. Not included here are cases in which the particles are
shifted so that they touch each other. This would represent an agglomeration of particles
and not just an inhomogeneous distribution of particles. The effect of agglomeration is
examined and discussed in the next section. Presently, it can be concluded that the model-
ing approach using a spherical growth procedure with ideally homogeneous expansion of
the RVE is reasonable since the effect of inhomogeneous particle distributions is of minor
importance.

4.3.2 AGGLOMERATED FILLER PACKINGS

Agglomeration or aggregation is a well-known and common phenomenon with micro and
nano scale fillers [4,29,56,275,276]. Several experimental studies have reported an in-
crease in effective thermal conductivity with a higher degree of agglomeration, e.g., [4,56].
Burger et al. [29] discuss various experimental studies investigating the effect of agglom-
eration or varying degrees of dispersion on the effective thermal conductivity. However,
the reported results are different and sometimes contradictory, with some studies observing
higher thermal conductivity with better dispersion. These discrepancies are due to the com-
plex interplay of several factors that are difficult to isolate in a purely experimental inves-
tigation. It is unclear how the agglomerates form, whether thin polymer layers remain be-
tween the particles, or whether there are air inclusions in the agglomerates. It is also very
challenging to control the degree of agglomeration inside a sample, therefore the results
are difficult to compare and evaluate. To examine the effect of agglomeration in isolation,
a further simulative study with a controlled microstructure is carried out. Once again, an
ideal random medium dense packing model of equally sized spheres is used as a starting
point and modified stepwise. Unlike in the previous section, no random particle displace-
ment is performed to generate particle-particle contacts, but a systematic agglomerate is
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formed in the center of the RVE. Since the RVE only represents a small, microscopic sec-
tion of the entire material, there is no loss of generality. This approach does allow for ag-
glomerates to be modeled in a very controlled manner, with a structure that can be clearly
determined and quantified. To quantify the level of agglomeration, the parameter v is de-
fined as

Va

=2

V' @4.12)

where V is the volume of all particles forming the agglomerate and V}, is the volume of
all particles within the evaluated zone of the RVE. Packing modeling is not modified; but
the expansion process for setting the desired filler volume fraction is different. Instead of
expanding all particle positions equally with the RVE size, IV, particles are kept in contact
with each other in the center of the RVE. This means that in the outer area of the RVE, a
lower mean filler volume fraction is modeled, while maintaining the maximum packing
density in the center. The number of particles in the central agglomerate IV, is determined
in such a way that the desired degree of agglomeration v is achieved, according to Eq.
(4.12). The agglomerates generated in this way have no preferred shape or orientation and
represent the probable case that they arise purely randomly, not generated by macroscopi-
cally directed forces, such as shear forces.

Figure 4.25 shows cross-sections of RVEs modeled with different levels of agglomeration
at a filler volume fraction of ¢ = 0.4. The central agglomerate grows with increasing v
from left to right. No modification is made for 1) = 0 with all particles evenly distributed.
Aty = 0.4, 40 % of the particle volume is agglomerated. The thermal simulation is carried
out with these modified RVEs as described generally in chapter 4.1. A prerequisite for
error-free evaluation is ensuring that the central agglomerate does not extend into the
boundary areas cut off during the evaluation. This can be confirmed for up to ¥ ~ 0.4 with
the packing structure used for this investigation.

% =0.1 P =0.2

SR

Figure 4.25. Packing structures with increasing level of agglomeration.
Central cross-sections of meshed RVE. Filler: Equally sized spheres, D = 100 pm, ¢ = 0.4.
Packing structure: RMP (IV = 5,000).
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Figure 4.26 shows the simulation results with Ao = 0.25 W m~! K~ for the polymer
and A\p = 35 W m~! K~! for the filler. All simulations are based on the same microscale
packing model. This suppresses stochastic fluctuations caused by random packing struc-
tures, thus enabling the isolated analysis of the systematic agglomeration effects. For this
reason, error bars are not shown. The effective thermal conductivity continues to increase
superlinearly with the volume fraction, independent of the level of agglomeration. While
the results for ¢ =0 and ¢ = ¢
creases significantly with increasing agglomeration for medium filler volume fractions.

max are identical, the effective thermal conductivity in-
The results show a similar trend as in the previous section. Inhomogeneous distribution
and the extreme case of agglomeration lead to an increase in the effective thermal conduc-
tivity.

The particles in the agglomerates form thermally conductive paths locally, which increase
the overall thermal conductivity of the RVE although there is a lack of particles in other
areas. If areas with high thermal conductivity are made available parallel to the poorly
conductive zones, their effect predominates and the effective thermal conductivity in-
creases. The largest increases in effective thermal conductivity are observed within the
range 0.45 < ¢ < 0.55. An increase of 6 % compared to the non-agglomerated RMP con-
figuration is calculated for ) = 0.1, and for ¢» = 0.4 the increase is approx. 35 %.

4 T T T T T T
e RMP — ¢ — 04 — fume — 0.61
35| _@—RMP — ¢ = 0.3 — ¢hmax = 0.61 .
— @ RMP — ¢ = 02 — duue = 0.61
3r RMP — ¢ = 0.1 — ¢hmax = 0.61 1
o5 | | —®—RMP — 6, = 061 |

0 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
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Figure 4.26. Effective thermal conductivity of a filled polymer as a function of filler volume fraction,
considering different level of agglomeration.

Polymer: Ao, = 0.25 W m~! K~! (e.g., epoxy). Filler: Equally sized spheres, D = 100 pumn,
Ap =35 W m™ K™! (e.g., alumina). Packing structure: RMP (N = 5,000), equal for all
simulations.
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The newly developed simulation approach makes it possible to quantify the effect of ag-
glomeration in isolation for a model system. A calculation for any other initial packing
structure is possible. However, the question of the level of agglomeration in real materials
remains open. Although the definition according to Eq. (4.12) appears straightforward, it
is nevertheless difficult to determine the level of agglomeration in experimental samples.
Imaging analysis of cross-sections offers limited insight due to the loss of three-dimen-
sional structural information. Only advanced volumetric imaging methods such as micro-
CT would be suitable to quantify agglomeration levels in real materials.

4.3.3 SEDIMENTED FILLER PACKINGS

While agglomeration phenomena mainly occur with small filler particles, large and heavy
particles tend to sediment. Sedimentation also affects the global homogeneity of filler
packings and can cause a change in thermal conductivity. This effect is also discussed
based on a simulative study. To analyze both cases of heat flow along and perpendicular
to the direction of sedimentation, another extension to the microscale modeling procedure
is applied. After adjusting the filler volume fraction of the desired filler packing, all parti-
cles within the RVE are moved along the z or z axis. Sedimentation along the y axis, the
second spatial direction perpendicular to the heat flow, does not require separate investi-
gation, as the same results are expected as for the = axis. The state of complete sedimenta-
tion is modeled, as well as partially sedimented states. The sedimentation parameters

3 _ Ag,
sed,x — Ami,max ) 4.13)
and
3 Az
sed.z = AL % 4.14)
are defined, where Az; ... and Az; .. are the maximum distances a particle i can sedi-

ment along the x or z axis until it is in contact with another particle. Az; and Az, are the
actual sedimentation distances of particle . For 3,4 = 0 there is no sedimentation and for
Bseqa = 1 the state of complete sedimentation is modeled, see Figure 4.27. Part (a) of Fig-
ure 4.27 shows four section views through RVEs with different states of sedimentation
along the z axis, i.e., perpendicular to the heat flow direction. Part (b) shows the equivalent
section views for sedimentation along the z axis. All section views show filler packings
based on the same RMP configuration with ¢ = 0.4. The appearance that complete sedi-
mentation has not been achieved at 3,y = 1 in Figure 4.27 is due to the visualization
showing only a two-dimensional cross-section of a three-dimensional filler packing. Parti-
cles that still have space to move in this image plane already collide with particles in other
layers of the three-dimensional structure.
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Figure 4.27. Packing structures with different states of sedimentation.

Central cross-sections of meshed RVEs. Filler: Equally sized spheres, D = 100 pm,
¢ = 0.4. Packing structure: RMP (N = 5,000).

The simulation of heat conduction and determination of the temperature and heat flow field
is carried out in the same way as described in chapter 4.1. However, an alternative strategy
must be used for the evaluation. For the sedimented packings, the boundary zones cannot
be excluded as this would result in a filler volume fraction error. Instead of evaluating the
temperature gradient dT /dz in the middle of the RVE, an evaluation of the total tempera-
ture drop AT/ Az over the entire length of the RVE is carried out with

g_ T(Zmax) — T(Zmin)
Az 2 . ) (4.15)

max min

using the boundary conditions 7'(z =293 Kand T'(z =353 K.

min) max)
Figure 4.28 presents the simulation results for different states of sedimentation along the
x and z axis. Again, Ac=025Wm ' K! is set for the polymer and
Ap =35 W m~! K1 is set for the filler, representing an alumina filler in an epoxy ma-
trix. Thermal interfacial resistances between filler particles and polymer are neglected. Part
(a) of Figure 4.28 presents the results considering sedimentation in z direction. Part (b)

presents the results considering sedimentation in z direction.
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Figure 4.28. Effective thermal conductivity of a filled polymer as a function of filler volume fraction,

considering different states of sedimentation.

Results considering sedimentation in x direction are shown in (a). Results considering sedi-
mentation in z direction are shown in (b). Polymer: A\ = 0.25 W m~! K~ (e.g., epoxy).
Filler: Equally sized spheres, D = 100 pm, A\p, = 35 W m~! K~! (e.g., alumina). Packing
structure: RMP (N = 5,000), equal for all simulations.

All simulations are based on the same microscale packing model. This suppresses stochas-
tic variations caused by random packing structures, thus enabling the isolated analysis of
the systematic sedimentation effects. For this reason, error bars are not shown.

The curves for B,,q = 0.2 and 3,4 = 0.6 are almost analogous to the reference curve for
the initial, non-sedimented RMP configuration in both cases. The complete sedimentation
states Byeq,, = 1 and B4 , = 1 show significantly increased effective thermal conductiv-
ities over the entire range of filler volume fractions. While complete sedimentation along
the z axis enhances the effective thermal conductivity by up to 40 % at a filler volume
fraction of ¢ = 0.45, complete sedimentation along the z axis causes an increase of 100 %
at ¢ = 0.56. The large increase in thermal conductivity could appear nonintuitive for pack-
ings sedimented in the z direction, since poorly thermally conductive polymer layers are
formed which should significantly reduce thermal conductivity. But the complete sedimen-
tation with S

tacts and thermal paths, causing a strong increases in thermal conductivity, so that the later

ed,- = 1 leads to a densely packed bulk with continuous particle-particle con-

series connection of very good and poorly conducting layers still conducts better than the
homogeneous mixture. This analysis can be supported with a simplified analytical model.
Assuming an ideal series connection of thermal resistances for sediment and polymer layer,
the effective thermal conductivity of the RVE can be approximated as
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-1

Az
. — d,z -1
/\apx — A 1 sed, + A
eff sed,z C
AV Az

(4.16)

For the sediment layer, the thermal conductivity can be approximated by that of the ¢,
configuration, i.e., Aieq » = Aot (Prmax) = 3.4 W m™" K™! (see Figure 4.15, page 103).
Based on Figure 4.27 (b), the sediment occupies approximately 85 % of the RVE height
/Az, = 0.85 and

Azg/ Az, = 0.15 are set. For the pure polymer we use A = 0.25 W m~! K. Insert-

at an initial filler volume fraction of ¢ = 0.4. Therefore Az,

ing these values into Eq. (4.16) yields an effective thermal conductivity of

AR =118 Wm ' K!, even more than with the microscale simulations

(Aogr = 1.02 W m~* K1), For comparison: A non-sedimented RMP configuration would
result in A (¢ = 0.4) = 0.76 W m~! K1, see Figure 4.15, page 103.

It should be noted that the packing modeling described is an idealized and extreme case.
The artificial sedimentation of particles by uniaxial movement without re-sorting and com-
paction of the particles in the sediment, as it occurs in real processes, leads to a sediment
structure that is very dense in the direction of sedimentation, but very loose perpendicular
to it. This results in efficient heat-conducting paths along the direction of sedimentation,
while simultaneously forming the thickest possible sediment layer.

The results obtained with the simulations of sedimented filler packings are similar to those
obtained with the previously presented studies on local inhomogeneities and agglomera-
tion. Therefore, it can be concluded that if there are no forced particle-particle contacts, a
local and global inhomogeneity does not notably affect the effective thermal conductivity
of the composite. As soon as particle-particle contacts occur, there is a significant increase
in thermal conductivity, even if only locally efficient heat paths are formed. Continuous
percolation paths through the entire RVE are not required to achieve a significant increase
in thermal conductivity.

4.4 EFFECTS OF THE THERMAL FILLER AND POLYMER PROPERTIES

After numerous studies on the effects of geometric packing phenomena were presented in
the previous chapters, this chapter deals with the effects of the thermal conductivities of
filler and polymer as well as a discussion of the impact of thermal interfacial resistances.
Since these effects, as described in section 2.4.2, can be easily analyzed with effective
medium approaches, they are already comparatively well understood and are only dealt
with in this work for the sake of completeness. To isolate the effect of the filler’s thermal
conductivity, a purely simulative approach is employed. This allows for precise control of
all other parameters, ensuring that the observed effects can be attributed solely to changes
in the filler’s thermal conductivity. For the analysis of the polymer’s influence, both ex-
perimental and simulative results are discussed.
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4.4.1 FILLER THERMAL CONDUCTIVITY

To analyze and quantify the impact of a filler’s thermal conductivity on the effective ther-
mal conductivity of a filled polymer, a basic random medium dense packing (RMP) model
with equally sized spheres is chosen. The polymer’s thermal conductivity is kept constant
at A\q = 0.25 W m~ K1, representing e.g., epoxy and the filler’s thermal conductivity
is varied systematically. Figure 4.29 shows the simulation results for the complete range
of filler volume fraction and A between 1 W m~! K~! and 500 W m~! K~!. The sim-
ulation results are represented as a surface plot and iso-Ag-lines are added to enhance
interpretation. All simulations are based on the same microscale packing model. This sup-
presses stochastic fluctuations caused by random packing structures, thus enabling the iso-
lated analysis of the systematic effects of the filler’s thermal conductivity. For this reason,
error bars are not shown. With increasing filler thermal conductivity, the superlinear in-
crease in effective thermal conductivity with filler volume fraction becomes more pro-
nounced. However, a saturation effect can also be observed: After reaching a certain thresh-
old value in Ap, a further increase in the conductivity of the filler leads to progressively
smaller increases in A.g. This threshold varies depending on the filler volume fraction,
ranging from a few W m™! K™' at low volume fractions to approximately
100 W m~! K~! at higher volume fractions. As soon as the iso-)g-lines run parallel to
the A\p axis, the effective thermal conductivity remains almost unchanged, regardless of
any further increase in the filler conductivity.

0.6

10! :
Ap/Wm 1K! 10?

Figure 4.29. Effective thermal conductivity of a filled polymer as a function of the filler’s thermal con-
ductivity and filler volume fraction.
3D surface plot with iso-A g-lines. Polymer: A = 0.25 W m~! K~! (e.g., epoxy). Filler:
Equally sized spheres, D = 100 pm. Packing structure: RMP (N = 5,000), equal for all sim-
ulations.
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This aspect has already been investigated and discussed in section 2.4.2 using the Lewis
and Nielsen model. It is a fundamental characteristic of composites with a continuous and
disperse phase. In such materials, heat flows must always overcome the polymer, which is
a poorly conductive continuous phase between the particles. As the filler conductivity in-
creases, the polymer increasingly limits the overall conductivity of the composite. Above
a filler concentration-dependent threshold, the bottleneck effect of the polymer predomi-
nates. Based on this observation, it can be concluded that when using fillers with high
thermal conductivity from filler classes II and III (see section 2.4.2), no significant en-
hancement in effective thermal conductivity is to be expected only from the filler’s thermal
conductivity. Rather, the achievable effective thermal conductivity depends on the packing
structure and the geometric formation of highly thermally conductive paths in the material.
The studies in the previous chapters have shown that there is a much greater potential in
adjusting the packing structure.

4.4.2 POLYMER THERMAL CONDUCTIVITY

The results presented in the previous section have indicated the significance of the polymer
characteristics when using highly conductive fillers. The continuous polymeric phase is the
limiting component and as previously discussed, the potential of polymers is restricted.
Typical thermal conductivities of polymers are in the range of
Ag = (0.1...0.5) W m! K~! [1-4]. Additionally, the specific chemical, mechanical,
and rheological properties of the materials limit the materials in this range that are suitable
for each technical application. The simulative studies presented previously were based on
a standard thermal conductivity of A\ = 0.25 W m~! K~ for e.g., epoxy.

This chapter presents experimental and simulative results that quantify the impact of the
polymer’s thermal conductivity. For this purpose, three silicone rubbers are selected, that
cure at room temperature and have thermal conductivities between 0.22 W m~' K~! and
0.28 W m~! K. The fillers used are ATH-1-75, Alox-S-40, and Al-S-45, see Table 4.3.
The fillers were selected to provide a similar microscopic packing structure. However, it is
practically impossible to identify three fillers of different materials with otherwise identical
characteristics.

Table 4.3.  Filler selection for studying the effect of the polymer’s thermal conductivity.

Thermal conductivity

1D Class  Description Ap / WmK!
Al-S-45 I Spherical aluminum ~ 150
Alox-S-40 II Spherical alumina ~ 35
ATH-I-75 I Irregularly shaped aluminum hydroxide ~ 10
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Measurements were carried out using the steady-state cylinder method, according to
ASTM D5470-17 [184], see chapter 3.2. For the simulations, the particle shape of ATH-I-
75 was digitized as described in section 4.1.3, and Al-S-45 as well as Alox-S-40 were
modeled with ideally spherical particle shape. The measured size distributions and maxi-
mum packing densities were considered during packing modeling, as described in sections
4.1.2 and 4.1.3. Figure 4.30 (a) — (c) present the measured and simulated thermal conduc-
tivities of several cross combinations of the fillers and polymers selected as a function of
filler volume fraction. Part (d) shows the results at a fixed filler volume fraction of ¢ = 0.4,
plotted against the polymer thermal conductivity Ag. Overall good agreement is observed
between the experimental and simulative results. In Figure 4.30 (a) — (¢), the sets of curves
are sorted from left to right in ascending order of polymer thermal conductivity. It is im-
mediately apparent that the thermal conductivities achieved with ATH-I-75 are signifi-
cantly below the thermal conductivities achieved with Al-S-45 and Alox-S-40.

S01 — A\c = 0.22Wm 'K! S02 — Ac = 0.25Wm 'K! S03 — Ac = 0.28Wm 'K!

2

@  AI-S45:Exp.
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Figure 4.30. Effective thermal conductivity of a filled polymer as a function of filler volume fraction,

considering different polymer-filler combinations.

Effective thermal conductivity as a function of filler volume fraction for different polymers
in (a) - (¢). Effective thermal conductivity as a function of polymer thermal conductivity for
¢ =0.4 in (d). Large data points represent experimental results (steady-state cylinder
method) and solid lines with small data points represent microscale simulation results. Error
bars represent the sum of random and systematic uncertainties in experimental determination
of thermal conductivity, see section 3.2.6. Error bars of the simulations are omitted for clearer
visualization. The 1o margin of the simulations is + 1 %, estimated as described in section
4.1.2. For details on the fillers, see Table 4.3. Microstructure modeling parameters, see Table
4.4, page 131.
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No significant difference between the two higher thermally conductive fillers could be re-
solved experimentally. The simulation results predict only a slightly higher thermal con-
ductivity with Al-S-45 at very high filler volume fractions ¢ > 0.5.

An upward trend in the experimental and simulative results is observed with increasing
thermal conductivity of the polymer. This can be seen particularly well in the exemplary
representation for ¢ = 0.4 in part (d) of Figure 4.30. While the experimental results do not
allow a clear conclusion due to the large error intervals, simulations predict an almost linear
relationship between effective and polymer thermal conductivity. Across the dataset, sam-
ples with Al-S-45 and S02 have an 18 % higher thermal conductivity than those with SO1.
The thermal conductivities of the samples with Al-S-45 and S03 are 28 % higher than those
with SO1. On average, the experimental results also approximate the proportionality well.
However, this proportionality has limitations. Simulations have shown that it holds only
when the ratio of filler to polymer thermal conductivity remains constant. Experimentally
verifying this behavior is challenging due to the limited availability of suitable fillers. A
further discussion of the findings follows in the summary in chapter 4.6.

A more detailed analysis of the simulation results in Figure 4.30 reveals two effects that
are not intuitive at first glance. First, the calculated effective thermal conductivities with
Alox-S-40 at the lower filler volume fractions of ¢ < 0.45 are higher than the thermal
conductivities with Al-S-45, yet the ratio is inverted for ¢ > 0.45. It can also be seen that
the distance between the curve calculated with ATH-I-75 and the other two fillers de-
creases for higher filler volume fractions ¢ > 0.5. These effects are caused by the charac-
teristics of the microstructure of the selected materials. Even when specifically selected for
similar property profiles, there will be differences in particle morphology, maximum pack-
ing density, size distribution, and level of agglomeration. This once again confirms the
necessity of the previously presented purely simulative studies for isolated consideration
of the microstructural effects.

4.4.3 THERMAL INTERFACIAL RESISTANCES BETWEEN FILLER PARTICLES AND POLY-
MERS
As mentioned in section 2.4.2, there have already been numerous theoretical and experi-
mental studies on the effects of thermal interfacial resistances between filler particles and
polymers [2-4,56,57]. However, these have led to partly contradictory statements and no
clear result, see section 2.4.2. There are many possible explanations for this. First, the
problem with experimental studies is that the effect is superimposed by other influences
and is difficult to isolate. Secondly, a wide variety of composites in different ranges of
thermal conductivities, even beyond filled polymers, are compared. The qualitative effect
of thermal interfacial resistances was covered in section 2.4.2 using the theoretical model
of Jiajun and Xiao-Su [154]. They lead to a reduction in the effective thermal conductivity

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielféltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fiir den personlichen Gebrauch



128 Effective thermal conductivity of single-scale filled polymers

over the entire range of filler volume fractions. The effect increases when the particle size
decreases and thus the specific surface area increases.

The thermal interfacial resistances between polymer and nano or micro filler particles are
not directly experimentally accessible. Measurements on contacts with a larger surface area
are more conceivable and were e.g., carried out for the combination of alumina and epoxy
by Yang et al. [277] using the time-domain thermoreflectance method. Theoretical predic-
tions from first principles are very difficult [2]. Instead, simplified models can be used to
predict the order of magnitude to be expected, such as the acoustic mismatch model
(AMM) or the diffuse mismatch model (DMM), see chapter 2.2. Essentially this involves
analyzing the differences in the acoustic properties of the two contact partners and the
associated probability of phonons to be transmitted across the interface. The greatest dif-
ference in acoustic properties would be expected between polymer and the filler with the
highest density and stiffness. The relevant filler in this work is alumina. Therefore, an anal-
ysis of the thermal interfacial resistances between alumina and a polymer should suffice to
estimate the greatest possible impact. In [152,153,278,279] values of thermal interfacial
resistances are given for several material combinations calculated by the AMM.

For example: For a polyethylene-alumina interface, Devpura et al. [153] reported
r=66-10°m2K W 'lat5Kandr; =96 107" m?> K W' at 300 K. This is a
very broad range which includes the value r; = 1.25- 1077 m? K W~! measured by
Yang et al. [277] at a non-modified alumina-epoxy interface without temperature infor-
mation. For applications at ordinary temperatures (290 K ... 420 K), the expected range
might be limited to 107 m? K W~ to 107" m? K W™, For further discussion, the re-
sults of a simulative study using the newly developed microscale simulation approach are
used. Once again, the microstructure model of the random medium dense packing of
equally sized spheres is used as a reference. A\ = 0.25 W m~! K~ is set for the polymer
and Ap = 35 W m~! K~ is set for the filler, representing an alumina filler in an epoxy
matrix. Calculations are performed with particles of different sizes and thermal interfacial
resistances between 107 m? K W' and 10~ m? K W', This also covers the order of

magnitude predicted by Devpura et al. [153] at 5 K.

Figure 4.31 presents the results and illustrates the effect of thermal interfacial resistances.
All simulations are based on the same microscale packing model. This suppresses stochas-
tic variations caused by random packing structures, thus enabling the isolated analysis of
the systematic effects of the filler’s thermal conductivity. For this reason, error bars are not
shown. While the calculations with particles of D = 100 pm only predict a slight reduction
with 7, = 107° m? K W1, the effective thermal conductivity for particles with
D =1 pm already drops from 7y = 1077 m? K WL, For r; = 1075 m? K W1, a re-
duction in thermal conductivity can be expected compared to that of the polymer with
Ac =025 Wm! KL
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Figure 4.31. Effective thermal conductivity of a filled polymer as a function of filler volume fraction,

considering thermal interfacial resistances and different particles sizes.

Polymer: A\ = 0.25 W m~! K™! (e.g., epoxy). Filler: Equally sized spheres, D = 100 pm,

Ap =35 W m~! K~! (e.g., alumina). Packing structure: RMP (N = 5,000), equal for all

simulations.

The results presented are in good qualitative agreement with the results obtained with the
model of Jiajun and Xiao-Su in section 2.4.2, and the results published by Hasselman and
Johnson [155] and Every et al. [156]. However, for the expected range of thermal interfa-
cial resistances (r; = (107... 1077) m? K W1, at ordinary temperatures), no significant
effect is observed for particle sizes of D = 100 pm and D = 10 pm. Even for D = 1 pm,
only a slight reduction of 8 % at ¢ = 0.3 and 17 % at ¢ = 0.5 is predicted.

It should also be mentioned that no measurable dependence of effective thermal conduc-
tivity on particle size was observed for any of the fillers tested (see section 3.1.2). This
supports the conclusion that interfacial thermal resistances are negligible in typical filled
polymers at ordinary temperatures. This follows the assessment of Devpura et al. [153] and
Schmidt [152]. However, there might be certain applications and material combinations in
which thermal interfacial resistances lead to a noticeable reduction in the effective thermal
conductivity. This may be the case for very low temperatures or for very high matrix ther-
mal conductivities, as in e.g., [150,151,227].

4.5 EXPERIMENTAL VALIDATION OF MICROSCALE SIMULATIONS

In this section, broad experimental validations of the developed and applied simulation
method are presented. In addition, the phenomena shown in chapters 4.2 - 4.4 are discussed
based on experimental data. A reasonable comparison of measured and simulated data is
only possible if all significant filler properties are modeled in sufficient detail. The previous
sections have shown that precise knowledge of the filler thermal conductivity tends to be
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less important for fillers in class II and III. Rather, it is the geometric packing structure that
determines the increase in effective thermal conductivity with the filler volume fraction.

Figure 4.32 shows the parameters used in the simulation model to describe real fillers.
First, the particle size distribution of the fillers, measured with a laser particle sizer'®, is
imported and represented in the packing modeling. Second, the maximum packing densi-
ties experimentally obtained according to section 4.2.4 are used to set the level of compac-

tion for the initial packing models in the ¢ configurations. Furthermore, the particle

max
morphology is modeled as spherical or based on the digitized particle models of the re-
spective fillers. Then finally, the level of agglomeration is set, which is the only parameter
for which a purely experimental determination has not been sufficient. Only a rough esti-
mate of the level of agglomeration can be made based on a microscopic cross-section anal-
yses. A refined assessment of the level of agglomeration for the simulation was done using
measured thermal conductivities and a calibration of the model. Table 4.4 summarizes the
applied model parameters for the fillers already introduced in Table 3.2, page 41. Fillers
from all three classes were used. Most of them have an ideal or at least approximately

spherical shape, and ATH-I-75 and Al-I-88 were digitized.

Particle size
distribution

Maximum
packing density

Particle
morphology

Microstructure Modeling

& agglomeration

Figure 4.32. Microstructure modeling based on experimental input data.

Tllustration of experimental input data and exemplary images of modeled filler packings in
Drmax configuration: Alox-S-08, Alox-S-63, ATH-1-75, and Al-1-88.

!¢ Fritsch Analysette 22 NanoTec
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Table 4.4.  Overview of fillers and microstructure modeling parameters.

Sphericity Thermal Max. packing Level of
conductivity density agglomeration
D Morphology S/ — A/ Wmt K Omax | — v/ —
Alox-S-01  Ideally spherical 1 35 0.700 0.00
Alox-S-08  Ideally spherical 1 35 0.646 0.13
Alox-S-22  Ideally spherical 1 35 0.679 0.05
Alox-S-40  Ideally spherical 1 35 0.652 0.12
Alox-S-63  Ideally spherical 1 35 0.660 0.15
ATH-I-75  Irregular, dig. 0.96 10 0.644 0.20
Siox-S-03  Ideally spherical 1 1.4 0.712 0.15
Al-S-06 Ideally spherical 1 150 0.630 0.12
Al-S-22 Ideally spherical 1 150 0.640 0.15
Al-S-45 Ideally spherical 1 150 0.625 0.10
Al-1-88 Irregular, dig. 0.91 150 0.431 0.30
Al-1-103 Irregular, dig. 0.91 150 0.470 0.00

Due to the limited availability of specific data and suitable measurement methods, the ther-
mal conductivities of the fillers in the model are based on general literature values, see
max = 0.431 to
Dmax = 0.712, but Alox-S-01, Siox-S-03, and Al-I-88 stand out. With Alox-S-01 and
Siox-S-03, the particularly high maximum packing densities are caused by their broad size

Figure 2.5, page 22. The maximum packing densities range from ¢

distributions. In the case of Al-I-88, the low maximum packing density is mainly deter-
mined by the strongly aspherical morphology (S = 0.91). The level of agglomeration for
the selected fillers was between 1) = 0.00 and ) = 0.30. No thermal interfacial resistances
were considered in thermal modeling. For measurements made with the steady-state cylin-
der method, 4 — 6 samples per filler were prepared with different filler volume fractions
and using Epoxy EO1 as the polymer. Simulations with 8 — 10 individual filler volume
fractions were carried out in the same range. Spline interpolation was used to generate
intermediate results for visualization. Figure 4.33 presents a general validation of the mi-
croscale simulation method by comparing all simulated thermal conductivities with exper-
imental results. In addition to the data points, part (a) of Figure 4.33 also contains the
reference line for ideal agreement as well as the 410 % and 420 % deviation thresholds,
based on the measured values. There is very good agreement between simulation and
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measurement. Error bars are omitted for better visualization. As discussed in detail in sec-
tion 3.2.6, the measurement uncertainties with the steady-state cylinder method are sample-
related and in the range of (10...15) %. Part (b) of Figure 4.33 displays a histogram of
the deviations between simulated and measured values. 89 % of the simulations exhibit a
deviation < 10 %), i.e. are within the =10 % thresholds. 99 % of the simulations exhibit a
deviation < 20 %, i.e. are within the +20 % thresholds. The mean absolute deviation is
4.1 %. The standard deviation is 4.3 %. The individual analysis of the measurement and
simulation results, dependent upon the filler volume fraction, and of the fillers in compar-
ison, allows for further interpretation and validation of the previous simulation results. For
example, the effect of the morphology dependent maximum packing density can be re-
vealed by comparing the fillers Al-S-45 and Al-I-88, see Figure 4.34. Both fillers are
coarse-grained aluminum with high thermal conductivity and a similar size distribution,

but with completely different grain morphologies. While Al-S-45 contains almost ideal

spheres, the particles of Al-1-88 are strongly irregular, see Figure 3.1, page 44. This leads

to a considerably lower maximum packing density and the formation of good heat-con-

ducting paths already at lower filler volume fractions, see Table 4.4. Both, the measured

and simulated curves in Figure 4.34 show a significantly earlier increase in the effective

thermal conductivity with filler volume fraction for Al-I-88.

//’
— Ideal agreement e 4
= === +/- 10 % Thresholds R
2 k|- =~ - +/-20 % Thresholds e (% &
o 7’
g s s
7 @ RS T
i .
g .,
& g ’
\ SF .
a ’ ’
é Y 2
s’ /7.
ol e 4t |
& oS .
o s 7 L 7
< Al AP
,
g5 DAL ol
-2 7z 4 | 1 1 |
-—S 3L gy | 80 [ [
= o I 1 1 1 1
g ,’:’ ‘,',’ 220 o
7] 05k ‘® AR é 1 1 1 1 i
. > i 7 2 10 | 1 1 |
s ie 7 7 &} 1 1 1 1
’ A (| 1
/I ‘ Y oL 1 1
ey 5y -20 0 20
2 L () Deviation / %
0.3 1 1 n
0.3 0.5 1 2 3

Measured Aeg / Wm ™! K}

Figure 4.33. General validation of the microscale simulation approach for single-scale filled polymers.
Comparison of calculated thermal conductivities with measured thermal conductivities using
the steady-state cylinder method in (a). Histogram of deviations in (b). Polymer: Epoxy EO1.
Fillers: see Table 4.4, page 131,0.2 < ¢ < 0.6.
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Figure 4.34. Effective thermal conductivity as a function of filler volume fraction, comparing alumina
fillers with different particle morphologies.
Thermal conductivity measurements (large data points) and simulations (solid lines with
small data points) for filled polymer composites consisting of epoxy E01 and the fillers Al-
S-45 and Al-I-88. Error bars of the simulations are omitted for clearer visualization. The 1o
margin of the simulations is + 1 %, estimated as described in section 4.1.2.

For example, to reach A\ .z =2 W m~! K~!, ¢ ~ 0.58 is necessary for Al-S-45, while
¢ ~ 0.42 already is sufficient when using Al-I-88. A more detailed analysis of the contri-
butions of particle size distribution, particle morphology, and agglomeration is difficult
solely based on experimental data. Using simulations, these effects can be examined in
detail in chapters 4.2 - 4.4. Experimental evidence of thermal interfacial resistances, or
rather evidence of their negligible effects, is even more difficult to examine. A decreasing
effective thermal conductivity with decreasing particle sizes would be an indication for
thermal interfacial resistances. However, the effect overlaps considerably with other pack-
ing phenomena. Figure 4.35 compares the measured and simulated curves for the fillers
Alox-S-08, Alox-S-22 and Alox-S-40 as an example. All fillers are almost perfectly spher-
ical, see Figure 3.1, page 44, with similar size distributions. The volumetric mean particle
sizes differ, with Dy = 7.9 pm for Alox-S-08, Dyy = 22.2 pm for Alox-S-22, and
Dy = 63.4 pm for Alox-S-63. As shown in Figure 4.35, there is no clear dependence of
the effective thermal conductivity on the particle size. The achievable thermal conductivi-
ties with Alox-S-08 are systematically higher than those with Alox-S-22. The individual
curves differ significantly due to the packing effects such as maximum packing density,
particle size distribution, and agglomeration. Either there is no measurable effect of ther-
mal interfacial resistances, or they are lost in combination with other phenomena. The fact
that Figure 4.33 confirms the very good model agreement despite the simulations com-
pletely neglecting thermal interfacial resistances suggests that the former is the case, and
the effects are negligible.
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Figure 4.35. Effective thermal conductivity as a function of filler volume fraction, comparing alumina

fillers with different mean particle sizes.
Thermal conductivity measurements (large data points) and simulations (solid lines with
small data points) for filled polymer composites consisting of epoxy E01 and the fillers Alox-
S-08, Alox-S-22, and Alox-S-63. Error bars of the simulations are omitted for clearer visu-
alization. The 1o margin of the simulations is + 1 %, estimated as described in section 4.1.2.

In summary, the experimental results in this chapter show that the presented simulation
approach is very well suited to make quantitative predictions for real fillers with complex
property profiles. The precondition is the detailed modeling considering all relevant pa-
rameters. At the same time, the experiments confirm the existence of the phenomena ana-
lyzed by simulation in the previous chapters. The experimental studies alone do not permit
an isolated analysis and thus comprehensive study of different parameters due to the su-
perposition of effects.

4.6 CHAPTER SUMMARY AND CONCLUSION

In the first sections of this chapter, the effects of the microscopic packing structure were
discussed. Then, the microscopic particle distribution was dealt with. This was followed
by analysis of the effects of the thermal filler and polymer properties. Finally, all effects
are combined to formulate a comprehensive picture about the effective thermal conductiv-
ity of single-scale filled polymers. Across all experimental and simulative studies, there
was a superlinear increase in effective thermal conductivity with filler volume fraction. In
contrast to the electrical conductivity, no sudden jump was observed that would indicate
percolation, see e.g., [149]. This observation was also described by Burger et al. [29]. It
can be explained by the fact that the thermal conductivities of polymers and fillers are of a
similar order of magnitude, whereas there is a gap of several orders of magnitude in the
electrical conductivities.
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Even if the qualitative curve of the effective thermal conductivity versus filler volume frac-
tion was always similar for geometrically isotropic filler packings, numerous thermal and
especially microscopic geometric parameters could be identified that strongly affect the

curve quantitatively, see Figure 4.36.
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Figure 4.36. Summary of effects on effective thermal conductivity of single-scale filled polymers.

The curve starts at the thermal conductivity of the unfilled polymer A\, and the steep end
of the curve is defined by the maximum packing density ¢,,.. This must be determined
individually for each filler as it depends largely on the filler dispersion, the particle mor-
phology, the particle size distribution, and the compactability of the filler. The growth rate
and the curvature are determined by the filler’s thermal conductivity Ay and the particle
dispersion. In sections 4.3.2 and 4.3.3 it was shown that agglomeration and sedimentation
phenomena generally lead to an increase in the effective thermal conductivity.

The qualitative curve for effective thermal conductivity versus filler volume fraction is
always the same for geometrically isotropic filler packings, but scales or shifts with the
stated parameters. Therefore, it is appropriate to choose a dimensionless representation and
quantitatively summarize as many parameters as possible. For this purpose, three dimen-
sionless quantities are defined:

The thermal conductivity magnification A, as the ratio of the effective thermal con-
ductivity A to the initial thermal conductivity of the polymer (continuous phase)

Ac

A
A=, 417
" @17)

- the ratio of the raw material thermal conductivities (TC ratio) x with
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Ap
K= P @.18)

where Ay is the thermal conductivity of the filler particles (disperse phase), and
- the filler loading level @ as the ratio of the actual filler volume fraction ¢ to the
maximum packing density of the respective filler ¢,

¢

d=—". 4.19
O @19
With these three dimensionless parameters, the results can be presented very clearly, see
Figure 4.37.
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Figure 4.37. Thermal conductivity magnification as a function of TC ratio and filler loading level.

Filler: Equally sized spheres, D = 100 pm. Packing structure: RMP (N = 5,000). No ther-
mal interfacial resistances. Thin isolines represent the mean value of the adjacent thick iso-
lines.

The graph shows simulation results for A as a function of « and ® for a simple model
system with equally sized spherical particles in a medium dense packing arrangement. For
better clarity, the TC ratio & is plotted along the abscissa instead of filler concentration,
which is instead indicated by isolines. The saturation phenomenon discussed in sections
4.4.1 and 4.4.2 can be seen most clearly in this illustration. So far, this has only been dis-
cussed based on absolute thermal conductivities. It becomes apparent that x ~ 100 marks
the sensitivity threshold for most filler loading levels ®. With higher TC ratios, a notewor-
thy effect is only achieved for high filler loading levels of & > 0.8. For instance, increasing
k from 102 to 103, raises A by 6.7 % at & = 0.8 and by 12.4 % at ® = 0.95.

If class II or III fillers with medium to high thermal conductivity are used, then no great
improvement is expected in most cases by increasing the thermal conductivity of the fillers
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utilized. On the other hand, a further increase in the filler loading level always leads to an
increase in thermal conductivity magnification, with the precondition that the maximum
has not already been reached. Although the presented results were determined using only
a simple model system, they have a wide range of applicability due to the standardized
representation of input and output variables. Comparison with all the 173 calculation re-
sults obtained during the studies has shown that

- log-normal particle size distributions with a logarithmic standard deviation log(o)
ofup to 0.5,

- random loose to random dense particle arrangements with ¢, = 0.58 to 0.64,
based on the reference of equally sized spheres, and

- primitive particle shapes with sphericities between 0.7 and 1.0 (cubes, spherocylin-
ders, spheroids, truncated cones, cylinders, etc.)

are taken with an error of
< 5% for ® < 0.25,
< 10% for ® < 0.45,
< 15% for ® < 0.65,
< 20% for ® < 0.75, and
< 30% for ® < 0.95.

The representation in Figure 4.37 can verifiably depict many of the investigated parame-
ters for a good approximation. It does not replace microscale simulations for quantitative
predictions but is useful for quick estimations on the order of magnitude of the achievable
effective thermal conductivity. What the dimensionless representation does not cover are
the particle dispersion phenomena, discussed in chapter 4.3 and the effects of a particle
alignment, discussed in section 4.2.3.

Another important finding, when looking at Figure 4.37, is that even with very high filler
loading levels ® > 0.95, achievable thermal conductivity magnifications are limited to
only A < 8 with this simple model system. For an epoxy with Ao = 0.25 W m~! K1,
this corresponds to an effective thermal conductivity of 2 W m™ K. The highest ther-
mal conductivity of a single-scale filled polymer measured in this work was
2.1 W m~! K71, see Figure 4.33, page 132. This aligns reasonably well with the limit of
A = 8, especially when considering the increasing uncertainty associated with the general-
ized representation in Figure 4.37. By definition it is impossible to produce a composite
with @ = 1, as this corresponds to the random extreme case in which every particle in the
packing touches its neighbors. It may be conceivable to set 0.95 < ® < 1, however the
experimental studies in this work have shown that it is difficult to achieve this range. It is
always associated with significant losses in the mechanical and rheological properties of
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the materials. This means that an initial performance limit for single-scale filled polymers
can be derived at this point. Based on the simulations, it can be concluded that the effective
thermal conductivity is a maximum of around eight times the thermal conductivity of the
polymer. The statement was confirmed experimentally for the silicone and epoxy polymers
used. No validation was performed for other polymers and polymer-filler combinations.

To complete the conclusion, it should be mentioned based on Figure 4.16, page 105, that
an increasing width of the particle size distribution not only leads to higher maximum
packing densities but also to higher effective thermal conductivities at filler volume frac-
tions close to the maximum packing density. Therefore, there may be fillers for which the
maximum achievable thermal conductivity magnification is > 8, i.e., fillers that have a
very high maximum packing density and at the same time a very high thermal conductivity.
However, the selection of fillers analyzed in this work does not contain such a filler. An-
other option would be to use filler packings with aligned particles, see section 4.2.3, but
this requires specialized manufacturing processes.
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S EFFECTIVE THERMAL CONDUCTIVITY OF MULTI-
SCALE FILLED POLYMERS

The summary in chapter 4.6 has shown that the achievable effective thermal conductivity
with single-scale filler packings is strictly limited. To achieve higher thermal conductivi-
ties, alternative solutions must be found other than simply increasing the filler volume
fraction or the filler’s thermal conductivity. For many applications requiring highly ther-
mally conductive polymer composites, possible solutions are multi-scale or hybrid filler
packings, see chapter 2.5. Particularly high filler volume fractions are only achievable by
combining different size classes in a filler blend. While the previous chapter provides in-
formation on the important factors influencing the effective thermal conductivity of single-
scale filled polymers, this chapter focuses on combining individual fillers in multi-scale
filler packings.

5.1 PREDICTING THE EFFECTIVE THERMAL CONDUCTIVITY USING A
MULTI-STEP APPROACH

In chapter 4, microscale simulation models provided valuable insights into the heat
transport processes in single-scale filled polymers. They were successfully used to analyze
and quantify the impact of individual microstructure parameters in isolation, gaining in-
sights that would have been inaccessible in experimental studies. Multi-scale filled poly-
mers will also be investigated using both experimental and numerical studies. Reliable cal-
culation approaches can remain useful outside of this work in the explicit development of
products. When developing materials and adjusting material proportions in multi-scale
filler blends, there are numerous degrees of freedom that make purely experimental ap-
proaches very time-consuming and costly. Simulations and simplified model studies can
help to narrow the experimental search field.

5.1.1 NECESSITY FOR A MULTI-STEP APPROACH

The microscale simulation method developed in this work (see chapter 4.1) cannot be di-
rectly applied to multi-scale filled polymers due to the characteristics of commonly used
filler blends, as discussed in the following section. The objective of using multi-scale filler
packings is to achieve higher absolute filler volume fractions without a significant increase
in viscosity. The processability often limits the permissible filler concentrations and thus
the achievable effective thermal conductivity.

If a polymer is modified with a single-scale filler, both the effective thermal conductivity
and the effective viscosity increase superlinearly with filler volume fraction. The viscosity
diverges when the maximum packing density ¢,,,, of the filler is reached. For equally-
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sized spheres, this limit is ¢,,,, ~ 0.64 [243,249,255-259], as already discussed in section
4.2.1. Fillers used in practical applications always have a size distribution of the individual
particles, and the wider the size distribution, the higher the maximum packing density
[241,268,280,281], see section 4.2.2. A theoretical limit is formed by the Apollonian
sphere packing with ¢, = 1 [282]. A combination of two differently sized fillers to form
a binary mixture with a bimodal particle size distribution has a higher achievable maximum
packing density than with the individual components. The finer filler particles can fill the
gaps between the larger particles, and increasing the disparity between the combined par-
ticle sizes increases the maximum packing density of the blend [283-285]. If the particle
sizes remain within a feasible range for the application, additional smaller or larger filler
fractions can always be added, resulting in even higher maximum packing densities. The
limit depends on the application, as very small particles lead to a significant increase in the
composite’s viscosity, while very large particles limit the minimum achievable layer thick-
ness.

Recent decades have shown an increase in the number of studies into the packing of gran-
ular matter using theoretical and experimental methods, as well as with numerical simula-
tion methods. The aim was to obtain detailed knowledge about the maximum packing den-
sity of individual materials and material combinations. Most frequently studied were bi-
nary mixtures of ideally spherical materials [244,262,283,284]. However, additional stud-
ies have included other particle shapes [286] or ternary mixtures [287-290]. Further details
on the rheology of filled polymers, packing effects, and the influence of maximum packing
density can be found for example in the comprehensive review published in 2017 by Rueda
etal. [291].

Figure 5.1 shows an exemplary ternary filler blend, consisting of three spherical alumina
fillers of different particle sizes. The filler blend consists of Alox-S-63, Alox-S-08, and
Alox-S-01 in a volumetric ratio of 40: 20: 10. Laser microscope images are shown at dif-
ferent magnification levels in parts (a) - (c). Part (d) presents the measured differential
particle size distribution of the individual fillers, as well as combined in the blend. Materi-
als and proportions were carefully selected for fillers with clear size differences so that the
effect of the increased maximum packing density is expected to be maximized. Alox-S-63
was selected as the coarsest filler, with the largest particles being up to 200 pm in size.
Alox-S-01 was used as the smallest filler with fine-grained particles down to 100 nm. Even
finer fillers would lead to an excessive increase in viscosity, while even coarser particles
would limit the minimum gap width when used as a thermal interface material. The pro-
portions were adjusted in such a way that the filler loading levels ® of all individual fillers
are as low as possible. Thus, each filler is still as far away as possible from its individual
maximum packing density.
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Figure 5.1. Laser microscope images and differential particle size distribution of an exemplary ternary
filler blend.
Spherical alumina fillers Alox-S-63, Alox-S-08, and Alox-S-01 in a volumetric ratio of
40: 20: 10. Laser microscopic images of the filler blend in parts (a)-(c), taken with a Keyence
3D laser scanning microscope VK-X100K with different levels of magnification. Differential
particle size distributions in (d), measured using the laser particle sizer Fritsch Analysette 22
NanoTec (laser diffraction).

The result is a mixture in which the largest particles appear to float in a bed of small parti-
cles. Direct contact between the particles of the largest fraction is unlikely. The presented
blend and its filler proportions are in line with the results of the material developments in
[177,178,182,292]. The filler mixture shown in Figure 5.1 has particles with sizes that
extend over four orders of magnitude. Therefore, it cannot be represented in a single de-
tailed microstructure model without incurring excessive memory usage and computation
time. The size of the required RVE would be based on the average particle size of the
coarsest fraction, as described in section 4.1.2. The smallest particles would then be sig-
nificantly smaller than the realizable local resolution of the RVE. A complex material
structure with such different length scales exceeds the limits of the proposed microscale
simulation method. Instead, a multi-step homogenization approach is introduced in the fol-
lowing chapter, with which the individual fillers are locally resolved step by step and con-
sidered hierarchically. The term homogenization refers to the process of determining
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effective macroscopic material properties (in this case thermal conductivity) for a micro-
scopically inhomogeneous material. Multi-step homogenization approaches for predicting
the effective thermal conductivity of filled polymers have already been used in the past.
They have proven to be particularly suitable for describing multi-component blends, which
do not necessarily have to be multi-scale. Ngo and Truong [293], for example, studied
composition effects on the effective thermal conductivity of a composite with a binary filler
system. They analyzed fundamental effects, such as the impact of the fillers’ thermal con-
ductivities or the volumetric ratio of the fillers, by applying both full-field simulations and
multi-step homogenizations. In their multi-step homogenization approach, different theo-
retical and semi-empirical models, such as the Lewis and Nielsen model [145-148], were
embedded to describe the different filler fractions individually before combining their con-
tributions. Lu [294] also presented a multi-step application of the Lewis-Nielsen model
[145-148] in 2016. The effective thermal conductivity of polymer composites with hybrid
filler packings (boron nitride and multiwalled carbon nanotubes) of up to ¢ = 0.31 was
calculated. Zhu et al. [295] performed two-step calculations to predict the effective thermal
conductivity of fiber-particle hybrid composites.

5.1.2 THE GENERAL HOMOGENIZATION SCHEME

Figure 5.2 schematically shows a ternary mixture of three arbitrary granular fillers, in
which the individual proportions are adjusted in such a way that each fraction 7 is present

in a filler volume fraction ¢, < ¢ To estimate the effective thermal conductivity of

max,i*
such a mixture, the originally complex filler structure is decomposed into a hierarchy of
nested single-scale filler packings. This allows each fraction’s contribution to be isolated
and evaluated individually, while still accounting for filler-specific properties and interac-

tions across length scales. First, a very small local RVE of the microstructure, containing

only the smallest filler fraction, is extracted, see red square in Figure 5.2, part (a).
(@ (b) ()

Figure 5.2. Illustration of general multi-step homogenization scheme.
Starting from a ternary filler blend in (a) and carrying out a first homogenization step H1
with the fine-grained fraction, a binary blend (b) is obtained. A second homogenization step
H2, which is carried out with the medium-grained fraction, results in a single-scale filler
packing (c).
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The required size of this RVE is determined by the average particle size of the smallest
fraction, see section 4.1.2. The effective thermal conductivity of this microscopically re-
solved RVE is calculated, and the result is substituted in during the first homogenization
step (H1) to represent the first domain of the total system consisting of polymer matrix and
the smallest filler fraction (b). The resulting microstructure in (b) is already significantly
simplified, but still includes filler particles of different scales and domains. Again, a sub-
RVE (red square) is extracted, that contains the homogenized phase (from H1) and the
medium-sized filler fraction. The thermal conductivity, calculated using microscale simu-
lations, is again used to homogenize (H2) the domain so that only a single-scale filler pack-
ing remains in (c). This process is repeated iteratively until all filler fractions have been
incorporated. In the last step, the effective thermal conductivity of the entire RVE can be
calculated. This multi-step homogenization approach is based on the assumption that each
filler fraction occupies its own nested domain in the microstructure and behaves locally
like a single-scale system. Each domain contributes hierarchically and multiplicatively to
the overall improvement in thermal conductivity. Therefore, the cumulative effect of all
filler fractions can be expressed by the following product formula:

Aett = Ac H A, 5.1)
=1

Here, A, represents the thermal conductivity magnification of filler fraction i. The n filler
fractions of the blend are indexed in descending order of particle size. The individual ther-
mal conductivity magnifications can be calculated with the microscale simulations de-
scribed in chapter 4.1 and depend, among other filler-specific microstructural effects, on
the TC ratio ~, and the relative filler loading @

Ay(ky, @500 (5.2)
The TC ratio r; relates the thermal conductivity of the filler particles Ap ; to the thermal
conductivity of the surrounding continuous phase:

. Ap i

R = E . (5.3)

For i = n, the smallest fraction with the finest particles, this is the thermal conductivity of
the polymer A¢ ,, = Ac. For all fractions i < n, this is the effective thermal conductivity

of the previous homogenization step (i + 1)

)\C,i = )‘eff,(v',+1) : (5.4)
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The relative filler loading ®; is calculated based on the relative filler volume fraction ¢j.
It describes the volume concentration of a filler fraction in the domain assigned to it. It
excludes the volume fraction ¢, ; occupied by the larger fractions with

;= 1 _gbl = ¢ff1 : (5.5)
¢1»i 1- Zk:l (bk:

In principle, thermal interfacial resistance between the individual filler particles and the
polymer can also be considered when calculating A;. However, as the studies in section
4.4.3 have shown that their effect is negligible for the material combinations investigated
in this work, they are disregarded in the following analyses.

The flowchart in Figure 5.3 illustrates the implementation of the described calculation
approach, including the preparatory calculation of the relative filler volume fractions ac-
cording to Eq. (5.5), and the subsequent calculation loop with microscale simulations for

each fraction.

\( .
Eq. (5.5) o fE)::-) Ti ulem n Preparation
Initialize Starting with the
i=n finest fraction
Input
¢ma_x,i1 ’\D,iy
and filler data
Compute Microscale
Set Aett i Simulation
)\C,z B )‘eﬁ,(i+l)
Step
i=1—1
Next coarser fraction

Figure 5.3.  Flowchart of the general multi-step homogenization scheme.
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While the product notation in Eq. (5.1) provides a compact representation, it is important
to note that the overall effective thermal conductivity cannot be determined in a single step.
Instead, it must be evaluated sequentially, starting from the smallest filler scale and pro-
gressing upwards.

The statistical reliability of the multi-step homogenization approach depends on the preci-
sion and repeatability of the underlying microscale simulations. As explained in section
4.1.2, these simulations yield a standard deviation of approximately 1 % in repeated runs.
Within the multi-step homogenization, several single-scale simulations are combined to
model the effective thermal conductivity of multi-scale filled polymers. Each individual
simulation introduces its own uncertainty, and when these simulations are multiplicatively
combined, the total uncertainty propagates according to

A)‘cff) En: (AAz) ?

(— = ; (5.6)
)\eff multi i=1 Al single

where (AA;/A;)gingle are the independent and uncorrelated uncertainties of the individual

microscale simulations of approximately 1 %, and (AMg/Aosr) is the resulting 1o

multi
uncertainty of the multi-scale simulation. In extreme cases, this would be 1.7 % for a ter-
nary filler blend (n = 3) and 2.0 % for a quaternary filler blend (n = 4). They are therefore
significantly smaller than the uncertainties of the measurements with the steady-state cyl-
inder method which are in the range of (10...15) %. To eliminate the uncertainties of
multi-scale simulations in systematic studies as presented in chapters 5.3 and 5.4, a static
geometric packing model can be used for all single-scale calculations. This procedure en-
sures that variations due to random packing configurations are eliminated, allowing to fo-
cus on the systematic effects of different filler properties in the respective fractions.

Chapter 5.2 presents a general experimental validation of the multi-step homogenization
approach. For this purpose, several polymer composites were prepared with arbitrary bi-
nary, ternary, and quaternary mixtures of granular fillers, and their effective thermal con-
ductivities were measured. The simple superposition of the single-scale simulations ac-
cording to Eq. (5.1) already shows a good model agreement. However, this approach tends
to overestimate the effective thermal conductivity of the composite at medium to high total
filler volume fractions. This overestimation is presumably due to the lack of consideration
for microstructural packing effects, which do not occur in single-scale filled polymers and
only appear when several size fractions are mixed. A model extension which takes these
multi-scale packing effects into account is described in the next section 5.1.3. Further de-
tails and the results of the experimental model validation are shown in chapter 5.2.
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5.1.3 CONSIDERING INTERFACIAL TRANSITION ZONES (ITZ)

In the field of granular matter and packing theories, wedging, loosening, and wall effects
are well-known in packings with a multimodal particle size distribution [284,296-299].
These are all geometric effects that influence the packing structure, primarily determined
by the material composition and, most importantly, the volumetric proportions. A loosen-
ing effect occurs when the particles of the smaller fraction are too large for the gaps be-
tween the particles of the coarser-grained fraction and push them apart. Wedging occurs
when the particles of the larger fractions are so close together that only individual particles
of the smaller fraction have space between them, and no packing of the smaller fraction
can form.

The wall effect is the disturbance of the packing structure of a fine-grained filler domain
at the boundary to the particles of coarse-grained fractions. In the filled polymers consid-
ered in this work, none of the individual fractions are close to their individual maximum
packing density. As a result, neither wedging nor loosening effects are expected. There is
always sufficient space between particles of the large fraction for the formation of fine-
grained particle packings in between. However, wall effects are always present in multi-
scale systems due to the size disparity between filler particles. The domain boundary layers
where these geometric disturbances occur, are referred to as interfacial transition zones
(ITZ), especially in concrete research and development [300,301]. This expression is been
adapted for the further descriptions. In concrete research, it is more about the mechanical
properties and the achievable packing densities, but the fundamental effect behind this is
purely geometric, causing a lower local filler volume fraction near the wall, or in multi-
scale filled polymers near the next largest particle, see Figure 5.4. There are always larger
gaps between particles directly at the wall, which can’t be filled any further as additional
particles would collide with the wall or the particles of the coarser-grained fractions.

There are numerous studies in which the wall effect has been investigated experimentally,
theoretically, or by means of numerical packing simulation, reviewed in [296,297,299].
The focus in these studies has been on calculating the porosity or the reduced volume frac-
tion in the ITZ, while heat conduction through such layers has not yet been systematically
investigated. A closely related phenomenon, the locally reduced filler volume fraction at a
filled polymer to substrate transition (FPS transition), has already been introduced in Fig-
ure 2.3, page 18, and will be discussed in more detail in chapter 6. In this work, it is hy-
pothesized that a lower filler concentration in the ITZ, combined with a higher concentra-
tion in the undisturbed bulk region, leads to a spatially inhomogeneous thermal conductiv-
ity within each filler domain. It is assumed that the reduced thermal conductivity in the ITZ
dominates and the overall effective thermal conductivity of the multi-scale system de-
creases.
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Packing of
fraction (¢ + 1)

Particle of
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Interfacial transition zone ITZ
between domains ¢ and (i + 1)

Figure 5.4. Interfacial transition zone (ITZ) between filler domains.

Binary filler blend, consisting of a coarse-grained and a fine-grained spherical filler (a). De-
tailed illustration of the domain boundary and the interfacial transition zone (ITZ) between
the filler domains ¢ and (¢ + 1) in part (b).

In order to include ITZ effects in the multi-step homogenization approach without relying
on computationally expensive microscale simulations for each individual case, a simpli-
fied, generalizable model is proposed. The aim is to approximate the thermal effects of
ITZs using input parameters derived from a limited number of targeted simulations.

The geometric similarity between FPS transitions and ITZs allows simulation results from
chapter 6.1 to be adapted to the analyses of ITZ behavior. The approach is intended to link
the microscale origin of ITZ effects and their impact on the effective thermal conductivity
of multi-scale filled polymers. It does not create a universally valid model. However, the
semi-empirical correction introduced in this section creates an efficient calculation ap-
proach that is valid for a wide range of materials and combinations, see chapter 5.2.

Several simplified microstructural configurations are simulated to capture the essential pa-
rameters of ITZ behavior. The aim is to extract three key parameters that are necessary to
approximate the ITZ effects on the effective thermal conductivity of a multi-scale filled
polymer:

- The thickness Arypy, of the ITZ,

- the reduced filler volume fraction ¢y, in the ITZ, and

- the reduced thermal conductivity A;1 in the ITZ.
The implementation of the calculations is described in chapter 6.1. The resulting data is

processed to extract dimensionless parameters that can be generally applied in an extended
homogenization model. The simulations were carried out with ideally smooth substrate
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surfaces and spherical particles. Particle size distribution and filler loading level were var-
ied, with a random particle-substrate distance (PSD) selected for the particles close to the
substrate, see section 6.4.2, Figure 6.19, page 196.

Figure 5.5 summarizes the simulation results. Shown in part (a) is the dimensionless ITZ
thickness A1, defined in Eq. (5.7). Part (b) shows the ratio of the filler volume fractions in
1TZ and undisturbed bulk A2, defined in Eq. (5.8), while part (c) shows the ratio of thermal
conductivities in ITZ and undisturbed bulk A3, defined in Eq. (5.9).

¥  Spheres — Dj = 10 pm — log(o) = 0.1 4 Spheres — D5y = 10 pm — log(o) =
A Spheres — D5y = 10 pm — log(o) = 0.2 »  Spheres — Dy = 10 pm — log(o) =
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Figure 5.5. Summarized results of microscale simulations on ITZ effects.

Dimensionless representation of the three central effects in an ITZ. The dimensionless ITZ
thickness A1, depending on the filler loading level and width of the particle size distribution
is shown in (a). The filler concentration ratio of ITZ to bulk A2 is shown in (b). The thermal
conductivity ratio of ITZ to bulk A3 is shown in (c). All simulations were carried out using
K (e.g.,
epoxy). Filler: Spheres with log-normal size distribution with log(c) =0.1...0.4,
Dy =10 pm, ¢, = 0.55, A\p =35 W m! K (e.g., alumina). Substrate: Ideally flat,
Ag = 130 W m™! K! (e.g., aluminum alloy). Full surface wetting.

the simulation approach presented in chapter 6.1. Polymer: A\ = 0.25 W m™!

To enable an integration into the multi-step homogenization approach, the extracted di-

mensionless parameters are approximated by exponential fits. These fits make the results

easily transferable and applicable in subsequent modeling steps. The choice of exponential
fits is based on the geometric nature of the ITZ effects. Over the relevant range of filler
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loading level, the parameter trends are almost linear but exhibit a slight curvature. This
behavior reflects the underlying geometric constraints, such as the saturation of the dimen-
sionless ITZ thickness A1 and the ratio of thermal conductivities in ITZ and undisturbed
bulk A3 at high filler loading levels, as well as the nonlinear increase in the ratio of filler
volume fractions A2. Exponential functions were chosen as they capture the asymptotic
behavior of the observed geometric effects.

While the dimensionless ITZ thickness A1 is independent of the particle size distribution,
both the filler volume fraction ratio A2 and the thermal conductivity ratio A3 show a pro-
nounced dependence on it. This influence is considered during normalization by introduc-
ing empirically derived terms (1 + 3 exp(Dgq/D;q)) for A2 and (1 + exp(Dgy/D;,)) for
A3. These expressions scale the fitted relationships with respect to the width of the particle
size distribution, expressed by the ratio of Dy, to D, and ensure that the effects of in-
creasing width of the particle size distribution are accounted for. A1 decreases slightly with
the filler loading level. It can be approximated with

_ Arpry

Al = 0.4189 exp(—0.2513 @) . .7)

50

The ITZ thickness Ar;py, is on average around 0.4 - Dy,. The filler volume fraction ratio
A2 depends significantly on the filler loading level ® and shifts with increasing width of
the particle size distribution. It can be approximated with

A = Pz (1 + 3exp (ﬂ» = 0.4413 exp(0.5640 @) . (5.8)
Pbulk Dy

The ratio of the thermal conductivities A3 falls with increasing filler loading level ® and
can be approximated with

A D,

A3 =112 (1 + exp (ﬁ» =0.9050 exp(—0.7050 @) . (5.9)
Abulk Dy,

To take the wall effect as described by A1, A2, and A3 into account when calculating the

effective thermal conductivity with the multi-step homogenization approach, a model ex-

tension is applied. This is based on the correction of the filler volume fractions in ITZ and

bulk.

Figure 5.6 schematically illustrates this model extension considering the ITZs between
filler domains. The index i refers to the coarser filler fraction around which an ITZ forms,
while (i + 1) denotes the finer filler fraction with a disturbed packing. However, this in-
dexing is purely descriptive and becomes irrelevant during calculations, as each fraction in
amulti-scale filled blend - except the largest - can form an ITZ, while each fraction - except
the smallest - can define the boundaries for the next smaller fraction.
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Figure 5.6. Schematic illustration of the model extension to consider the ITZ between filler domains.

Detailed representation of the interfacial transition zone (ITZ) between the filler domains ¢
and (7 + 1) with labeling of the local filler volume fractions in part (a). Representation after
homogenization of the ITZ and the filler packing (¢ + 1) with indication of the respective
thermal conductivities in part (b). Illustration of the particle shrinkage process to represent
the additional thermal resistance of the ITZ in part (c).

To represent the phenomena at the domain interfaces without having to resolve the struc-
ture microscopically, the filler volume fractions are modified of both the coarser-grained
fraction ¢ and the finer-grained fraction (i + 1). Part (a) of Figure 5.6 illustrates the differ-
ent filler volume fractions in the ITZ and bulk area of fraction (¢ + 1). From the materials

composition, the only known property is the total relative filler volume fraction ¢f . For

i+1)
the subsequent homogenizations, the relative filler volume fraction must be corrected, so

that it corresponds to the actual bulk filler volume fraction ¢, (j41)-

ITZ and the remaining filler domain (7 4+ 1) are homogenized in the further process, see
part (b) of Figure 5.6. In order to reflect the effect of the lower thermal conductivity
Arrz,(i+1) in the ITZ with the layer thickness Arr; (; 14, a particle shrinkage is then per-

formed in the coarser-grained fraction 7, see part (c) of Figure 5.6. The particle shrinkage
Tp.i — T, is intended to replicate the additional thermal resistance that the ITZ in the

adjacent finer fraction (¢ + 1) would introduce. In subsequent calculations, the shrunken
particles are represented by an adjusted, reduced volume fraction for the coarser filler frac-
tion. The flowchart in Figure 5.7 illustrates the extended multi-step homogenization ap-
proach incorporating ITZ corrections. New or modified calculation steps compared to Fig-
ure 5.3, page 144, are highlighted in gray. These consist of two further preparation steps
and one modification step, which are explained below.
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Figure 5.7. Flowchart of extended multi-step homogenization scheme with ITZ consideration.

Preparation Step I: Determination of an equivalent particle radius r,, ; for all fractions i

Specifically for the ITZ extension, all particles within each fraction are treated as equally
sized spheres, including irregularly shaped particles with arbitrary size distribution. In a
first step, the equivalent radius 7, ; is determined as a representative particle size for each
filler fractioni = 1... (n — 1) to be shrunk.
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Since the phenomenon to be described is an interfacial effect, it is important to take the
exact particle surface area into account despite geometric simplification. For this purpose,
the equivalent radius is determined based on the specific surface area of the filler. The
specific surface area Sy ; of the granular fillers ¢ can be easily calculated from the experi-
mentally determined particle size distribution and represents the ratio of particle surface
area Ap, ; to particle volume V7, ;

AD,i

Sy = v (5.10)

For equally sized spheres (simplified assumption), the equivalent radius is
Tpi = - 5.11
p SV,i (5.11)
Preparation Step 1I: Calculation of the relative filler volume fractions for all fractions i

This preparation step does not differ from the general multi-step homogenization scheme.

The relative filler volume fractions ¢} of all size fractions are calculated using

=1 b $.12)
- ¢1ﬂ- 1- Ek:l ¢k:

They describe the volume concentration of a filler fraction in the domain assigned to it and
exclude the volume fraction ¢, ; occupied by all larger fractions.

Preparation Step II1: First correction of the filler volume fraction

As illustrated in part (a) of Figure 5.6, page 150, the ITZ towards coarser-grained fractions
leads to an increase in the filler volume fraction in the bulk area of all fractions ¢ = 2. .. n.
The relative filler volume fraction ¢; must be corrected to ¢; — (5; so that it represents the

actual bulk filler volume fraction qu = @pulk ;- This correction is derived geometrically, as

detailed in appendix C.3. The corrected filler volume fraction in the bulk q@i can be ex-

Qgi = Ppuik,i = % [1 + (%)Z ((%)Z - 1)}1 ) (5.13)

where (drrz/ Poui)i = A2; is the filler volume fraction ratio according to Eq. (5.8), page

pressed as

149, and (Virz/Vit); is the proportion of the volume of all ITZs towards particles of larger

fractions in the total volume in which fraction i is dispersed. It is obtained with
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i—1 Aryry ’

o (1 8m)

(@) :Z’“’l * ok (5.14)
Vi /, D DHOS

tot

where Ay ; is the ITZ thickness according to Eq. (5.7), page 149, 7,  are the equivalent
particle radii of the coarser fractions according to Eq. (5.11), and ¢;, are the volume frac-
tions of those coarser fractions.

Modlification Step. Second correction of the filler volume fraction during homogenization

After the preparation steps I-III are completed, the further homogenization process is es-
sentially the same as in the general homogenization scheme, see Figure 5.2, page 142.
However, a modification step is introduced for all fractions i = 1... (n — 1), see Figure

5.7, page 151. A correction of the particle radius r, ; — 7, ; and thus of the filler volume

fraction qZ;; — 5; is made in order to account for the ITZs caused by the next smaller frac-
tions (i + 1), see part (c) of Figure 5.6, page 150.

Since the multi-step homogenization approach treats the fractions in descending order of
size, the next smaller fraction is already homogenized when this modification is applied.
The continuous phase to be considered has the thermal conductivity Ac ; = A, (;41)- The

particles of fraction 7 are assumed to be spherical and uniformly surrounded by a thermally
resistive spherical shell (ITZ) of thickness Aryz ;. 1), as illustrated in part (b) of Figure
5.6, page 150. In order to reflect the effect of the lower thermal conductivity Arrz ;41 in
the ITZ with the layer thickness Arrz ;. 1), a particle shrinkage is then performed in the
coarser-grained fraction 4. The particle shrinkage r,, ; — 7, ; is intended to replicate the

additional thermal resistance that the ITZ in the adjacent finer fraction (¢ + 1) would in-
troduce. The derivation of this particle shrinkage is described in appendix C.4. The result
is

2 () |
Az i+1)  Aci/) \Tpi 7’p,1‘,+ATITZ,(z‘+1) " 1

Po= — 5.15
o T . (5.15)
Aci  Ap

where Arry (;41) represents the reduced effective thermal conductivity of the ITZ, which
can be derived from Eq. (5.9), page 149, and A, ; denotes the thermal conductivity of the

filler particles in fraction . The resulting reduction in particle volume causes a reduction
of the filler volume fraction in fraction i to
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~ 3
~ T i
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Tpi

»

~

The original relative filler volume fraction qZ;; is already a modified value from preparation
step 111, if the fraction ¢ under consideration is not the coarsest fraction. If it is the coarsest,

@ corresponds to the original relative filler volume fraction ¢; according to Eq. (5.12).

With the reduced filler volume fraction ¢;§, the homogenization step can be carried out, see
Figure 5.7, page 151.

With this model extension and substitute representation of the ITZs, the multi-step
homogenization approach can account for the wall effect in particle packing without re-
quiring microscopic resolution. Importantly, the prerequisite and limit of the model is that
the filler volume fraction of the fraction to be modified is sufficiently small, such that two
1TZs and an undisturbed bulk area can always form between two particles. This condition
was met by all composites investigated in this work. The effect of the model extension on
the accuracy of the simulation results is discussed in the following chapter.

5.2 EXPERIMENTAL VALIDATION AND FORMULATION STUDIES

Analogous to the procedure in chapter 4.5, this chapter provides an experimental validation
of the presented calculation approach. Furthermore, the experimental results are used to
discuss the first findings and identify parameters which influence the effective thermal
conductivity of multi-scale filled polymers. 252 filled polymer composites with arbitrary
binary, ternary, and quaternary mixtures of granular fillers were prepared for this purpose.
The effective thermal conductivities were measured using the steady-state cylinder method
according to ASTM D5470-17 [184], see chapter 3.2.
The utilized fillers were presented in section 3.1.2. They cover a wide range of character-
istics and are

- of aluminum (Al), alumina (Al,03), aluminum hydroxide (Al(OH)3), and silica

(Si0y),

- with spherical and irregular shapes,

- with median volumetric particle sizes between 0.8 pm and 150 pm, and

- used in total filler volume fractions from ¢ = 0.40 to ¢ = 0.77.
Epoxy E01'7 was used as the polymeric matrix. When defining the volume proportions of

the fillers, the packing balance was carefully tuned according to [177,178,182,292], see
section 5.1.1. This ensures good processability of the composites. The filler volume

17 SikaBiresin® TD150 — TD165, details see Table 3.1.
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fractions containing coarser-grained fractions are equal or higher than those of the finer-
grained fractions. Individual filler loading levels of 0.08 ... 0.80 were set with the average
filler loading level of the fractions among all samples at 0.30. Only 7 % off the individual
components within all filled polymer composites are used with a filler loading level
> 0.65. All others are still far from their maximum packing density. The calculation ap-
proach presented in the previous chapter can therefore be used for all composites.

Figure 5.8 provides a comprehensive validation of the multi-step homogenization method
by comparing all measured thermal conductivities with simulation results. Table 5.1 sup-
plements with a statistical analysis of model deviations. Part (a) and (c) of Figure 5.8 show
the results gained using the general homogenization scheme from section 5.1.2, while parts
(b) and (d) correspond to the extended model considering domain interfaces, i.e., ITZs, as
introduced in section 5.1.3. Parts (a) and (b) compare simulated and measured thermal
conductivities. Error bars are not shown for the sake of better visualization. Parts (c) and
(d) represent histograms of the deviations between simulated and measured values. The
measurement uncertainties for the steady-state cylinder method depend on the sample qual-
ity and are in the range of (10 ... 15) %. A good model agreement can already be achieved
using the simple, general multi-step homogenization scheme.

(a) ®)
10 — 10 -
e o
Ideal agreement DAk Ideal agreement PA7 7k
= ===+ +/- 10 % Thresholds L, ) SR = ===+ +/- 10 % Thresholds AL/
T = === +/- 20 % Thresholds w7, T = === +/- 20 % Thresholds IR ehs oid
< 0 i G
- 4 Al 7 4 oA
E £ . E /;' I’I b
g /424 . g ;;:I’I 2
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s ‘ 5 P g
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g 2l g ’;;’,” af] o
5 . L 80 = % AN o
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Figure 5.8. Validation of the multi-step homogenization approach for multi-scale filled polymers.

Comparison of calculated thermal conductivities with measured thermal conductivities using
the steady-state cylinder method in (a) and (b). Histogram of deviations in (¢) and (d). Cal-
culations were performed with the general homogenization scheme (section 5.1.2) in (a) and
(c). Calculations were carried out with additional application of the model extension for ITZs
(section 5.1.3) in (b) and (d). Polymer: Epoxy EO1. Fillers: see Table 4.4, in binary, ternary
and quaternary blends. Total filler volume fraction 0.40 < ¢ < 0.77.
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Table 5.1.  Statistical analysis of model validation, corresponding to Figure 5.8.

General Incl. model extension
homogenization scheme for ITZs
(section 5.1.2) (section 5.1.3)

Percentage of simulations 58 9% 8 %
within +£10 % thresholds o8 7 °
Percentage of simulations

ereentage o 85 % 98 %
within +20 % thresholds
Mean absolute deviation 10.3 % 6.4 %
Standard deviation 8.7 % 5.1 %

However, there is a systematic deviation between simulation and measurement for
Aogr > 2 W m~! K1, The presented calculation approach tends to overestimate the effec-
tive thermal conductivity of the filled polymer. This deviation can be attributed to the pack-
ing effects at the domain interfaces, as described in section 5.1.3. If the additional model
extension developed for this purpose is used, the model quality increases and there is better
agreement between calculation and measurement, see part (b) of Figure 5.8. Noticeable
deviations persist here too, both downwards and upwards. In addition to the measurement
uncertainties contained therein, these can be attributed to the strong simplifications in the
chosen extension approach. These include the treatment of all fillers as equally sized
spheres and using modified filler volume fractions without microscopic resolution in the
calculation. Nevertheless, the easy-to-use approach leads to significantly improved overall
model quality.

With the general homogenization scheme, the maximum deviation between measurement
and simulation is 41 %. Using the model extension for ITZs, the maximum deviation falls
to 29 %. With the general homogenization scheme, 85 % of the simulations exhibit a de-
viation < 20 %, while with the model extension, 98 % of the simulations exhibit a devia-
tion < 20 %. The mean absolute deviation is 10.3 % with the general homogenization
scheme and 6.4 % with the model extension for domain interfaces, see Table 5.1 and Fig-
ure 5.8.

As already discussed in the previous chapter, all fillers used have complex and individual
property profiles. For this reason, the effects of the respective filler properties on the effec-
tive thermal conductivity of the multi-scale filled polymer can only be derived to a limited
extent from purely experimental studies. Nevertheless, initial trends can already be ex-
tracted, which are then analyzed in detail in the following sections using the presented and
validated calculation approach.
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Figure 5.9 shows the results of a composition series with a ternary blend of spherical alu-
mina. Epoxy EO1 was combined with Alox-S-63, Alox-S-08, and Alox-S-01 in different
proportions in twelve composites. The horizontal bars in the left part of Figure 5.9 repre-
sent the filler volume fractions in each composite and the right side shows the measured
and calculated effective thermal conductivities. Presented are both the results gained with
the general homogenization scheme (black line) and the results gained with the additional
usage of the model extension for ITZs (red line).

Since the same filler material with approximately the same thermal conductivity is used in
all fractions, an increase in the effective thermal conductivity with the total filler concen-
tration can be observed in all composites, regardless of the blend proportions. Depending
on the proportions, different maximum filler volume fractions can be reached. The most
highly filled samples are the composites C1.6 and C1.9, with the total filler volume frac-
tions at ¢ = 0.72.

i=1 — i =2 — =3

Gl
ClL2
Cl3
Cl4
Cl15
Cl.6
ClL.7
C1.8
C1.9
Cl.10
G111
Cl.12

Composite number

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 08 0 1 2 3 4 5
o/ - e / Wm™ Kt

|-A10x-S-63 [ Alox-S-08 [ Alox-S-01 # Measurement
General Model
—— ITZ Extension

Figure 5.9. Results of composition series C1.
Filler content, measured, and calculated effective thermal conductivity of twelve composites.
Polymer: Epoxy EOI. Fillers: Alox-S-63, Alox-S-08, and Alox-S-01 in different proportions.
Since the experimental uncertainties are significantly higher, error bars of the simulations are
omitted for clearer visualization. The 1o margin of the simulations is 4+ 1.7 %, estimated as
described in section 5.1.2.
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Measurements on composite C1.6 gave A4 = 3.47 W m~! K~! and for composite C1.9,
Aot = 3.25 W m™! K~ was measured. The effects of filler-specific properties such as
particle size distribution and maximum packing density can’t be derived from these results.
For this purpose, a simulative study with systematic variation of the maximum packing
densities in the individual fractions is presented in chapter 5.3.

In a second and third composition series, different filler materials are combined in a ternary
blend. Figure 5.10 shows the results of those composition series. Epoxy EO1 was used as
the polymeric matrix. ATH-I-75 forms the coarsest fraction in both blends. The medium
and fine-grained fractions consist of alumina and aluminum, and vice versa.

i=1 - i=2 = =3

C2.1
2
2 C2.2
223
Z 3.1
g
532
Q

C3.3
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¢/ - Acﬂ'/wm_l K_l

[ ATH-I-75 [ Alox-S-22 [ Alox-S-08 = Measurement
[ Al-S-22 [ Al-S-06 General Model
—— ITZ Extension

Figure 5.10. Results of composition series C2 and C3.

Filler content, measured, and calculated effective thermal conductivity of six composites.
Polymer: Epoxy EO1. Filler blend 2: ATH-I1-75, Alox-S-22, and Al-S-06. Filler blend 3:
ATH-I-75, Al-S-22, and Alox-S-08. Since the experimental uncertainties are significantly
higher, error bars of the simulations are omitted for clearer visualization. The 1o margin of
the simulations is + 1.7 %, estimated as described in section 5.1.2.

The fillers Alox-S-22, Alox-S-08, Al-S-22, and Al-S-06 are selected so that the medium
and fine-grained fractions in both compositions have a similar property profile but consist
of materials with significantly different thermal conductivities. To compensate the effect
of different blend proportions, the individual filler volume fractions of each composite are
chosen identically. Such a blend differs significantly from the optimal packing structures
presented in [177,178,182,292] and is only used here to analyze the effect of composition.
The simulation results with the general model and using the ITZ extension provide similar
results, both within the error intervals of the experiments.

Both experimental and simulation results show that the filler mixture with the higher ther-
mally conductive aluminum (class III filler with Ap ~ 150 W m~! K1) in the middle
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fraction (C3), yields a higher effective thermal conductivity than the filler mixture with
alumina (class II filler with Ay ~ 35 W m~! K~!) in the middle fraction (C2). This effect
is less pronounced with a low total filler volume fraction of ¢ = 0.45 (composites C2.1
and C3.1), but is well recognizable with composites C2.2, C2.3, C3.2, and C3.3 with
¢ = 0.6 and ¢ = 0.72. For composite C2.3, A = 2.93 W m~! K1, and for composite
C3.3, A\ = 3.77 W m~ K~! was measured.

This is an interesting result when compared to the analysis on single-scale filled polymers
in chapter 4, and especially the study in Figure 4.30, page 126. For single-scale filled pol-
ymers, it has been shown that the effective thermal conductivity is saturated even at mod-
erate material thermal conductivities, and that the use of aluminum in comparison to alu-
mina doesn’t cause any significant increase in the effective thermal conductivity. However,
the use of fillers with different thermal conductivities in the different fractions is much
more important in multi-scale filled polymers. It appears that the aluminum filler can ex-
ploit its thermal performance significantly better when used in the medium fraction than in
the fine-grained fraction. Since the selected fillers are similar but not identical (particle size
distribution, agglomeration, maximum packing density, ...), the phenomenon can’t be fully
attributed to the difference in thermal conductivity of the fillers. It is possible that the effect
is superimposed with other influences that can’t be eliminated in an experimental study.
For this reason, a simulative study is presented in chapter 5.4, in which fillers with different
thermal conductivities, but otherwise identical, are combined in ternary blends.

5.3 EFFECT OF THE FILLERS’ MAXIMUM PACKING DENSITIES

After the experimental studies in chapter 5.2, this and the following chapter focus on sim-
ulative studies. The effects of individual filler parameters are considered in isolation and
studied systematically. In chapter 4.6 it has been shown that the characteristics of the en-
hancement in thermal conductivity with single-scale filled polymers can be attributed
mainly to two central parameters:

- the filler loading level ®, and
- the TC ratio of filler and continuous phase k.

The filler loading level depends on the absolute filler volume fraction and the maximum

packing density ¢,,,. of the fillers. The latter depends on particle morphology, particle size
distribution, and the degree of compaction of the filler packing. Effects such as agglomer-
ation and sedimentation are not considered. In this chapter, the results of composition series
C4, C5, and C6 are presented and discussed. These studies investigate the effect of the
maximum packing density of the fillers used in the individual fractions. The next chapter
will follow with composition series C7 and C8, in which the impact of the fillers’ thermal
conductivities is isolated. Figure 5.11 shows the results of composition series C4, C5, and

Ce.
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Figure 5.11. Results of simulative composition series C4, C5, and C6.
Filler content and calculated effective thermal conductivity of 18 composites. Polymer:
Ac =025 Wm™! K1 (e.g., epoxy). Fillers: D; =100 pm, Dy = 10 pm, Dy =1 pm,
Ap =35 W m! K! (e.g., alumina). Varying maximum packing density of the individual
fractions. Error bars represent the 30 margin, corresponding to the 99.7 % confidence inter-
val, estimated as described in section 5.1.2.

A polymer with A\ = 0.25 W m~* K~ is studied with different ternary filler blends,
with a constant total filler volume fraction of ¢ = 0.75. For all filler fractions,
Ap =35 Wm™ K is defined. Maximum packing densities of ¢, o = 0.55,
®max,g = 0.60, and ¢, « = 0.65 are defined in the individual fractions and varied sys-
tematically. The modeled differences in maximum packing density may be influenced by
the particle morphology, the particle size distribution, or simply the compactability of the
fillers. Modeling and calculations are carried out using simple filler packings of equally
sized spheres with D; = 100 um, Dy = 10 pm, and D3 = 1 pm. The calculation results
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were normalized and converted to the desired maximum packing density for the respective
calculations. In composition series C4, the filler blend consists of equal parts of the coarse-
grained, medium-grained, and fine-grained fractions. In composition series C5, the parts
of the largest fractions are increased and those of the smallest fractions reduced.

The blend thus tends towards packing structures according to [177,178,182,292]. The com-
posites in composition series C6 are adjusted so that all fillers in their respective fractions
have the same filler loading level ®. While the calculated effective thermal conductivities
are all identical in this case (A4 = 4.73 W m~t K1), the results of composition series
C4 and C5 show distinct differences. In composition series C4, the lowest effective thermal
conductivity is Ay = 4.38 W m™! K~ for composite C4.1, while the highest effective
thermal conductivity is Mg = 5.29 W m~1 K~ for composite C4.6. This corresponds to
an increase of approximately 21 %. The results of composition series C5 show similar
relationships, but less pronounced. Here, the minimum effective thermal conductivity of
composite C5.1 with Az = 4.57 W m~! K~! and the maximum effective thermal con-

ductivity of composite C5.6 with Az = 5.00 W m~1 K~! are more similar.

The effect can be explained by the significantly different filler loading levels in the indi-
vidual fractions. With identical filler volume fractions in all fractions, the relative filler
volume fraction ¢" and thus the filler loading level, are generally highest in the finest frac-
tion. A low maximum packing density in this fraction intensifies the effect and causes a
significant increase in the thermal conductivity of this fine-grained fraction. Shifting the
filler proportions to composition series C5 dampens the effect, and the further shift to study
C6 completely compensates for it. Therefore, the mixture proportions are a crucial element
when composing a multi-scale filler blend. The rheological effects of a filler blend must
be accounted for as well when dealing with explicit product development. General guide-
lines are provided in [291,292]. But from a purely thermal point of view, we can conclude:

If the respective filler loading levels are the same in all fractions, the choice of fillers for
the respective fractions is irrelevant (C6). If, in the other limiting case, all fractions contain
identical absolute filler volume fractions (C4), the highest effective thermal conductivities
can be achieved if fillers with higher maximum packing densities are used in the coarse-
grained fractions and fillers with lower maximum packing densities are used in the finer
fractions. This behavior can be easily interpreted using the multi-step homogenization ap-
proach described in chapter 5.1, as well as the main findings about single-scale filled pol-
ymers, summarized in chapter 4.6. Each fraction contributes multiplicatively to the overall
increase in effective thermal conductivity. The higher the filler loading level of a given
fraction, the more efficient it can form heat-conducting paths, and thus the greater its con-
tribution. Filler loading level increases with higher relative volume fractions or lower max-
imum packing densities. Except for series C6, finer fractions typically have higher relative
filler content due to the space occupied by coarser fillers. If a filler with a low maximum
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packing density is used in these fine fractions, this amplifies the effect, leading to a stronger
increase in filler loading and a higher contribution to thermal conductivity. As a result, the
overall effective thermal conductivity of the composite is significantly improved.

5.4 EFFECT OF THE FILLERS’ THERMAL CONDUCTIVITIES

The investigation of single-scale filled polymers in chapter 4.4 has shown that the thermal
filler properties are only of minor importance in the cases considered within this work.
Even with moderate TC ratios of x &~ 100, there is a saturation occurring and beyond that,
the thermal conductivity of the filler no longer has a noticeable effect. However, the ex-
perimental composition series C2 and C3, shown in Figure 5.10, page 158, indicate that
this finding cannot be directly transferred to multi-scale filled polymers. The replacement
of the fillers in the medium and fine-grained fractions causes a significant change in the
effective thermal conductivity, although the utilized fillers are both already above the sat-
uration limit.

In the practical application of thermally conductive filled polymers, there are many reasons
for using and combining different fillers. From a purely thermal point of view, the first
choice is always clearly the filler with the highest thermal conductivity. Reasons for addi-
tion of thermally non-optimal fillers could be price, individual effects on viscosity, electri-
cal insulation effects, density for lightweight construction applications, chemical
compatibility with the polymer base, sedimentation-inhibiting effects, or a demand for
flame-retardant effects.

For the case where fillers varying in thermal conductivity must be combined, it is crucial
to know the appropriate fractions for the filler materials to achieve the highest possible
effective thermal conductivity. In a simulative study in this chapter, the effect of the fillers’
thermal conductivities on the effective thermal conductivity of a multi-scale filled polymer
is investigated in isolation. The aim is to understand how different fillers interact in multi-
scale blends and whether there is potential for optimization from a thermal point of view.
Composition series C7 and C8 consider different ternary mixtures consisting of fillers with
different thermal conductivities and different sizes, but otherwise identical. The fictitious
polymer under consideration has A, = 0.25 W m~! K~! and a total filler volume fraction
of ¢ = 0.75 is set. Each of the three size fractions consists of equally sized spherical par-
ticles, arranged in a random medium dense packing, with a maximum packing density of
Dmax,1 = Pmax,2 = Pmax,3 = 0.61. The particle sizes are defined as D; = 100 pm,
Dy =10 pm, and D3 = 1 pm.
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For the three different filler fractions, the thermal conductivities specified are
- Apa =10 W m " K foraclass I filler such as aluminum hydroxide Al(OH)3,
- App=3W m~ K~! for a class II filler such as alumina Al,O3, and

- Apc =150 W m~! K~ for a class III filler such as an aluminum alloy or alumi-
num nitride AIN.

The TC ratios, based on Ao = 0.25 W m™! K=t are x5 = 40, kg = 140, and x¢ = 600.
While x4 is still well below the saturation limit of x &~ 100, xg is slightly above, and x¢
is well above. In the composition series C7 and C8, each of the filler thermal conductivities
is assigned to a size fraction and possible combinations are tested sequentially.

In composition series C7, equal filler volume fractions ¢y = ¢y = ¢5 = ¢/3 = 0.25 and
thus equal proportions are set in all fractions. Identical relative filler volume fractions

1 = ¢5 = ¢5 and thus equal filler loading levels ®] = ®}, = ®% are set in composition
series C8. For a total filler volume fraction of ¢ = 0.75, this results in ¢; = 0.370,
¢5 = 0.233, and ¢ = 0.147. Figure 5.12 shows the results of composition series C7 and
C8. The calculated thermal conductivities range from 3.52 W m~! K~! for composite
C8.11t04.84 W m~! K~ for composite C8.6. This corresponds to an increase of approx-

imately 38 %.

The results of both composition series are qualitatively the same, but the differences be-
tween the composites are more pronounced within series C8. If the more conductive fillers
are used in the coarser fractions and the less conductive ones in the finer fractions, higher
effective thermal conductivities are achieved than the other way round. In the composites
with the lowest effective thermal conductivities C7.1 and C8.1, the fillers are used in frac-
tions ¢ = 1 to ¢ = 3 with increasing thermal conductivity. The most conductive filler is
present in the fine-grained fraction. The exact opposite is true for the most thermally con-
ductive composites C7.6 and C8.6, where the highest thermally conductive individual filler
is processed in the coarse-grained fraction and the lowest thermally conductive individual
filler in the fine-grained fraction. This effect is much more pronounced with C8, which is
due to a shift in the mixing ratio towards a higher proportion of the most conductive filler,
which increases its impact.

The interpretation is most effectively framed using the multi-step homogenization ap-
proach introduced in chapter 5.1, which remains valid regardless of the number of fractions
considered. This method starts with the finest fraction, which is always dispersed in the
pure polymer matrix, exhibiting the behavior outlined in chapter 4.6, and limited by a sat-
uration threshold of x &~ 100.
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Figure 5.12. Results of simulative composition series C7 and C8.
Filler content and calculated effective thermal conductivity of twelve composites. Polymer:
Ac =025 Wm™ K™! (e.g., epoxy). Fillers: Equally sized spheres with D; = 100 pm,
D, =10 pm, Dy = 1 pm, Ap = 35 W m~! K! (e.g., alumina). Packing structure in all
fractions: RMP (IV = 5,000), ¢,,.. = 0.61. Varying thermal conductivity of the filler frac-
tions. Error bars represent the 3o margin, corresponding to the 99.7 % confidence interval,
estimated as described in section 5.1.2.

Each subsequent coarser fraction is then dispersed into an increasingly homogenized and
thermally enhanced phase, which is influenced by the preceding finer fractions. With each
step, the thermal conductivity of the continuous phase increases, which in turn lowers the
TC ratio « for the next filler. This cascade effect makes the system increasingly responsive
to higher filler conductivities. The thermal conductivity magnification A increases mono-
tonically with the TC ratio x but with continuously diminishing slope, see Figure 4.37,
page 136. This explanation therefore applies regardless of the original TC ratio « or the
number of fractions n in the mixture. This is a very important finding that could not be
fully substantiated by purely experimental studies. The experimental composition series
C2 and C3 indicated such an effect, but the simulative composition series C7 and C8 along
with the general interpretation were able to isolate and fully confirm it. This study results
in valuable basic knowledge that provides a basis for the more targeted selection of fillers
for multi-scale blends.
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5.5 CHAPTER SUMMARY AND CONCLUSION

Chapter 5 began with the presentation of a new multi-scale homogenization approach for
the calculation of the effective thermal conductivity of multi-scale filled polymers. It is
based on the microscale simulation models from chapter 4.1 and the superposition of the
thermal conductivity magnifications of all filler fractions in multi-scale filler blends. Com-
prehensive experimental validation has shown that the calculation approach is suitable for
accelerating explicit product development as well as for fundamental studies on individual
filler properties. Furthermore, experimental and simulative studies on filler blend compo-
sitions were presented and there was a detailed discussion of the resulting findings about
the interactions of different fillers in multi-scale filler blends.

The various microstructural effects caused by particle morphology, particle size distribu-
tion, and packing compaction, initially discussed in chapter 4, were summarized in the
maximum packing density of the individual fractions and investigated together. If the filler
proportions are adjusted so that all fractions have the same filler loading level, then the
filler composition is irrelevant. In all other cases, it has been shown that it is advantageous
to use fillers with a lower maximum packing density in the finest fraction and a higher
maximum packing density in the coarser-grained fractions. After it was established in
chapter 4.4 that the filler’s thermal conductivity often has no major effect on the effective
thermal conductivity of single-scale filled polymers, the studies in chapter 5.4 have shown
that there are indeed relevant effects in multi-scale filled polymers. Fillers with a TC ratio
of £ > 100 that are already above their individual saturation limit can exploit their thermal
performance in multi-scale filled polymers if they are used in the coarse-grained fraction.

As a basic rule, it can be deduced that fillers with higher thermal conductivity should al-
ways be used in the coarser-grained fractions if the aim is to increase the effective thermal
conductivity. The finer-grained fractions increase the thermal conductivity of the continu-
ous phase, which is present for the coarse-grained fractions, thus shifting the saturation
limit towards higher TC ratios.

The proposed homogenization approach has proven to be widely applicable as it has been
successfully tested on a variety of material combinations. However, it cannot be considered
universally valid as it is based on numerous modeling assumptions that lack a general the-
oretical justification and may not be transferable to all systems. Consequently, the findings
from this study apply primarily to the specific material combinations investigated. Never-
theless, these findings are logically derived from the calculation strategy itself, and for any
material system where the assumptions of the model are valid, the observed effects are also
to be expected.
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6 THERMAL TRANSFER FROM FILLED POLYMERS
TO SOLID SUBSTRATES

This chapter shifts the focus from the bulk thermal conductivity of particle-filled polymers
to the study of filled polymer to substrate transitions (FPS transitions). The quantity of
interest is the thermal contact resistance, as shown in Figure 2.3, page 18. Although ther-
mal contact resistance plays a critical role in applications with thermal interface materials
(TIM) and insulated metal substrates (IMS) [5,8-10,159-161], only a few studies (e.g.,
[159,161,213]) have so far investigated these resistances experimentally. Generally, mac-
roscopic approximations have been used, as described in sections 3.2.7, 3.3.1, and 3.3.6. A
detailed understanding of the heat transfer mechanisms governed by the microscopic ma-
terial and packing structure at FPS transitions is still missing.

The experimental (chapter 3.3) and simulation methods (chapter 4.1) developed within this
work allow a detailed analysis of heat conduction through filled polymers at the microscale.
This chapter presents a first step in applying these new methods to FPS transitions and
analyzing the microscopic origins of thermal contact resistance.

Chapter 6.1 presents the extension of the microscale simulation approach to FPS transi-
tions. The concept of equivalent thermal height and the definition of geometric and thermal
boundary layers are introduced in chapters 6.2 and 6.3. In chapter 6.4, these concepts are
used to study the effects of the microscale packing and substrate structure for selected
examples and model systems. In this work, only a limited parameter space can be system-
atically explored. However, the studies reveal systematic trends and allow to identify key
parameters. Chapter 6.5 deals with the effects of the components’ thermal conductivities.
Specific aspects of very thin material layers, such as those used in IMS, are considered in
chapter 6.6. Finally, the results are summarized in chapter 6.7.

6.1 ASSESSING THE PHENOMENON WITH MICROSCALE SIMULATIONS

In chapter 4 it has been shown that heat conduction in filled polymers can be modeled very
well in microstructure simulations and that reliable quantitative predictions of the effective
thermal conductivity are possible. The following sections describe how the simulation
technique developed for this purpose is adapted for the investigation of FPS transitions.
The discussions address only changes and special considerations. All other steps are iden-
tical to those outlined in chapter 4.1.

6.1.1 MICROSTRUCTURE MODELING

To simulate thermal transfer between a filled polymer and a substrate surface, a representa-
tive volume element (RVE) must be modeled containing a section of a substrate surface
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and the adjacent filler packing. The approach should allow both the representation of real
materials and structures, as well as the generation of artificial models for fundamental par-
ametric studies. In the first step, the height profile z(z, y) is required for the substrate sur-
face to be represented. This can be derived from one of the laser-microscopically digitized
surface data sets of the physically present substrates described in section 3.1.3. Alterna-
tively, artificial surface structures are generated using the MATLAB® code provided by
Kanafi [302]. Figure 6.1 shows an artificially generated surface with a root mean square
roughness S; = 1.0 pm, and the corresponding surface roughness power spectrum C(qy, ),

with ¢, being the wave vector (magnitude). The surface roughness power spectrum C'(q,, )
quantifies the contributions of different spatial frequencies to the overall roughness char-
acteristics. A comprehensive discussion of the definition and the calculation formalism can
be found in [196]. A roll-off wavevector g, . = 6 - 105 m~! was set for modeling, below

which C(q,,) remains approximately constant. The generated surface shown in part (a) has
a size of 300 x 300 pm?. Tt has periodic boundaries and can be repeated as often as re-
quired to enlarge it. The autocorrelation length is 5.43 pm, and the skewness is zero. This
surface structure is used in most of the following simulative studies. It qualitatively repre-
sents a typical roughness spectrum found in many technical surfaces [196]. By reusing the
same randomly generated surface structure, stochastic variations that would arise from
generating a new surface each time are minimized. This enables a focus on systematic
changes during the analyses of the simulations, where the absolute roughness level is set
by scaling the data set in the z direction, and the autocorrelation length is modified by
scaling the data set along the x and y directions. The following modeling process is the
same, whether using measured surface data or artificially generated datasets.

@ ¢/ um ()
10-25 |
< 10-30 |
/ 107 4 6 3
x / pm
y / pm 150 -150 = 10 10 10

¢ /m™!
Figure 6.1.  Artificial random rough surfaces and corresponding roughness power spectrum.

3D illustration of random rough surface, generated with the MATLAB® code provided by
Kanafi [302] in (a). S, = 1.0 pm. Surface roughness power spectrum in (b).
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168 Thermal transfer from filled polymers to solid substrates

Figure 6.2 visualizes the modeling process of the microstructure in RVEs, based on an
arbitrary substrate surface. For the sake of simplicity, only two-dimensional sections are
shown; however, the actual process is three-dimensional. MATLAB® is also used for im-
plementation here. Cube-shaped RVEs with a case-dependent size Ax = Ay = Az are
The

+ 0.25 Az = 0, using the arithmetic mean

modeled, see part (a) of Figure 6.2. The heat flow is modeled from z, . to z

min-*
substrate surface is placed in between, at z

min

value

Z, = l// z(z,y) dzdy . 6.1)
AJlx

of the height values z(x,y) as reference for z = 0. If only the thermal transfer from an
unfilled polymer to a substrate is to be simulated, the modeling process is complete at this
point. To describe an FPS transition, the modeling of the adjacent filler packing follows,
see parts (b) - (e) of Figure 6.2. In this example, particles are shown as equally sized
spheres to simplify the explanation of the process.

(@) ®
8
|
>
025Az | e Particle-Particle Distance (PPD) |<—"Az
Az ——  Particle-Substrate Distance (PSD)
Zmin Zmax

Figure 6.2. Schematic illustration of microstructure modeling process.

Simplified 2D illustration of the modeling process, carried out in three dimensions. Position-
ing of the substrate surface in (a). Modeling of the adjacent filler packing in (b) — (e).

The spherical growth procedure from section 4.1.2 is adapted and modified for this appli-
cation. The seed point of the packing modeling is located centrally below the substrate

surface at z = z see part (c) of Figure 6.2. The filler packing is generated from this

min?
point, i.e., growing from the substrate surface in z direction. If the filler packing grows
towards the surface, it is difficult to control the remaining gaps and particle-substrate dis-
tances (PSDs). In contrast to the spherical growth procedure in section 4.1.2, the particles
are not positioned in direct contact, but with a pre-defined minimum particle-particle dis-
tance (PPD) and a pre-defined minimum PSD, see part (b) of Figure 6.2. An expansion of
the filler packing to adjust the filler volume fraction is not feasible, as it would alter the
relative positioning between particles and the substrate surface. The packings must be mod-

eled directly with the desired filler volume fraction, and this is set using the PPD. Apart
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from this, the packing modeling process is similar to the spherical growth procedure from
section 4.1.2. For each particle, N possible positions are explored in random spatial direc-
tions and the position closest to the seed point is selected, see parts (c) and (d). The process
is repeated until no more particles can be positioned within the RVE. Particles at the RVE
boundaries are modeled with overlap and are cut off during the meshing process, see part
(d). The algorithm must be slightly modified for modeling close-to-surface particle pack-
ings. Instead of starting the search for new positions at the seed point and moving the par-
ticles outwards step by step, as in Figure 4.1, page 83, the search for new possible particle
positions is started outside the already generated filler packing and the particles are moved
step by step towards the seed point. Therefore, they approach the particle packing from the
outside, see part (c). The new possible particle position is the last possible position before
the minimum distance to the substrate or other particles is exceeded. When modeling filler
packings with equally sized spheres, this reversal of the procedure has no advantage. How-
ever, if fillers with a size distribution are modeled, this procedure avoids the excessive
accumulation of fine-grained particles directly on the substrate surface in the gaps that
remain between the larger particles. The resulting packing would otherwise have a locally
variable particle size distribution. By reversing the procedure as described, it is possible to
produce filler packings with a homogeneous size distribution. It can be assumed that the
method avoids undesired microstructural ordering, as particles are placed in sequential
batches of 20, each randomly selected to match the intended size distribution. With a total
of more than 1,000 particles positioned, statistical uniformity is further ensured.

The observations in chapter 4 have shown that modeling homogeneous packings with con-
stant particle-particle distances leads to reliable results. Therefore, FPS transitions are also
modeled with a constant particle-particle distance (PPD). However, particle-substrate dis-
tances (PSDs) naturally have a significant influence on the thermal resistance of the bound-
ary layer. When all boundary particles are in direct contact with the substrate, efficient
local heat conducting paths are formed, resulting in reduced thermal contact resistance. If
thin polymer layers remain between the particles and the substrate, the thermal resistance
increases. The effect of the particle arrangement close to the surface is discussed in chapter
6.4. All other models are based on the simplified assumption that the PSDs correspond to
the PPDs. This leads to a very homogeneous particle distribution and assumes an equilib-
rium state in which all polymer layers have the same thickness. This reflects a case in which
all interaction forces between substrate, polymer and particles are of equal magnitude and
no external forces act, for example, to push the first particle layers towards the substrate

surface. Ina ¢ configuration within the bulk region, all particles are in contact not only

max
with their neighbors but also with the substrate. For all filler volume fractions ¢ < ¢,
however, there is no longer any particle-substrate contact.

Unlike the simulations of effective thermal conductivity, the studies in this chapter focus

on a local phenomenon directly at the substrate surface. To capture sufficient randomness,
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170 Thermal transfer from filled polymers to solid substrates

the RVE must be modeled significantly larger for this purpose. An RVE size of 9 x D5,
has been found to be a good compromise between the smallest possible RVE for high local
resolution and a sufficiently large RVE for reproducible modeling of the stochastic contact
phenomenon directly at the substrate surface. The stochastic variation is already partially
limited by the constant surface structure. Nevertheless, repeated modeling of the adjacent
particle packing leads to variations and locally random structures. Consequently, variations
of up to 10 % can occur between identically configured simulations. Further details on
simulation reproducibility are provided in section 6.3, and local variations are discussed in
section 6.4.4.

The given RVE size refers to the ¢
particle distances, the modeled RVE size increases accordingly. Figure 6.3 shows exem-

max configuration. For smaller ¢, and thus increasing
plary cross-sections through modeled RVEs with a transition zone between filled polymers
with different filler volume fractions, and solid substrates. Central cross-sections of the
RVE are shown. Unlike in chapter 4.1, this is not a single packing configuration that is
modified by expansion to different filler volume fractions. Instead, each RVE is modeled
separately with an individual PPD and PSD configuration. The ¢
eled in an RVE with Az, = Ay, = Az, =90 pm. ¢
reached with N = 500.

The other RVEs are based on a gradual increase of PPD and PSD up to 0.7 x D. At the
same time, there are adjustments in the size of the RVEs. With a PPD of 0.7 x D, the RVE
is Az = Ay = Az = 153 pm in size. The filler volume fraction is ¢ = 0.24. The investi-

configuration is mod-

max

= 0.55 in the bulk region is

max

gations in this work are limited to composites with spherical particles.
Azy =90 pm Az =108 pm Az =126 pm Az =153 pm

¢ =0.42 6 =033

¢ B ¢max _
¢ = 0.55

¢ =024

Figure 6.3. Modeled FPS transitions with varying filler volume fractions.
Cross-sections of RVEs with different filler volume fractions starting at the maximum pack-
ing density of ¢ = ¢, = 0.55, ending at ¢ = 0.24. RLP of spherical particles with log-
normal size distribution with log (o) = 0.2 and Dy, = 10 pm. Substrate surface: Artificial
random rough surface from Figure 6.1.
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Figure 6.4 summarizes the input parameters of the modeling process and shows examples
of modeled RVEs with FPS transitions. Parts (a) and (b) show modeled filler packings with
equally sized, spherical particles in a packing close to an ideally flat substrate surface. Part
(a) shows a packing in ¢, . configuration with ¢, = 0.55 in the bulk region. In (b), the
filler volume fraction in the bulk region is ¢ = 0.24. Part (c) shows a modeled filler pack-
ing of spheres with a log-normal size distribution and log(c) = 0.2. It is also a ¢, con-
figuration with ¢, ... = 0.55, close to an ideally flat substrate surface. The model in (d)
differs only in the surface characteristics, as an artificial rough surface is modeled.

The microstructure modeling process is based on particle size distribution and surface data
input. They can be defined artificially or based on experimental input to represent real
materials, see chapter 6.4.
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Figure 6.4. Microstructure modeling input data and results.
Exemplary images of modeled RVEs with FPS transitions. Random loose packing (RLP) of
equally sized spheres with ¢ .. = 0.55 and ideally flat substrate surface in (a). RLP of
equally sized spheres with ¢ = 0.24 and ideally flat substrate surface in (b). RLP of spherical
particles (log(o) = 0.2) with ¢, = 0.55 and ideally flat substrate surface in (c). RLP of
spherical particles (log(c) = 0.2) with ¢, = 0.55 and a substrate with artificial random
rough surface in (d).

6.1.2 COMPUTATION OF MICROSCALE HEAT CONDUCTION

After modeling the microstructure in the RVEs has been completed, the actual calculation
of heat conduction is carried out, analogous to the procedure in section 4.1.4. The RVEs
are meshed and boundary conditions for steady-state, one-dimensional heat conduction are
defined. Once again, a structured mesh with equally sized cube-shaped mesh cells is used.

All RVEs are meshed with n = n, =n, = n_, = 300. This limits both the resolution of
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172 Thermal transfer from filled polymers to solid substrates

the packing and surface structure, as well as the maximum size of the RVEs. An initial test
has shown that n = n, = n, = n_, = 300 is sufficient to adequately resolve RVEs with

up to 9 x Ds,. Compared to the simulations of the effective thermal conductivity in chap-
ter 4.1, slightly larger systematic errors are tolerated here. This is justified by the different
objective of the current analysis, which focuses on qualitative investigations of the micro-
structural impacts on the thermal contact resistance at FPS junctions and not on precise
quantitative predictions. Due to the coarser mesh resolution and the lack of a dynamic
meshing scheme as in section 4.1.5, it must be assumed that mesh-related artifacts can
occur at high filler concentrations, such as the artificial fusing of neighboring particles,
leading to a local overestimation of the effective thermal conductivity. The exact extent
cannot be quantified generally but is considered tolerable in the context of the study’s ob-
jectives.
The particle packing is meshed in the same way as described in section 4.1.4. For the solid
substrate volume, an addition is implemented in the meshing algorithm that checks all mesh
cells for whether they lie below the specified substrate surface and, if so, defines the sub-
strate thermal conductivity Ag. The consideration of thermal interfacial resistances is omit-
ted, as section 4.4.3 has shown that these resistances have a minimal impact for particles
larger than 1 pm. Again, a heat flow is modeled from z,,. to z,,;,. For this purpose, a
steady-state temperature difference with

- T(zmm) =293 K, and

- T(zpax) = 353 K

min
max

is applied to the RVE, see Figure 4.9, page 94. All other outer surfaces of the RVE are
modeled adiabatically. The finite volume method (FVM) algorithm is applied, as described
in section 4.1.4. A new convergence criterion must be defined for the simulations to inves-
tigate heat conduction through FPS transitions. In the simulations described in chapter 4.1,
the residual of the effective thermal conductivity was used for this purpose. Since the ef-
fective thermal conductivity is determined as a global average, it compensates for inhomo-
geneities and local residual errors. For the simulations of FPS transitions, it is essential to
fully converge the high temperature gradients near the substrate to obtain reliable results.
When a temperature difference is applied, the result is a heat flow. This must be the same
in all mesh layers along the heat flow direction to maintain the energy balance. The coef-
ficient of variation of the heat flux according to

6.2)

has shown to provide a robust measure for assessing convergence. g, ; is the z direction

heat flux in the mesh layer 4, calculated across all mesh cells of the layer, and g, is the
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average of all z direction heat fluxes. A threshold of v, < 0.001 is set, which was deter-
mined as part of a convergence study. The higher temperature gradients in these simula-
tions require systematically more iterations, between 2 and 4 million in total.

6.1.3 EVALUATIONS

Spatial information about the RVE and converged temperature fields are used to evaluate
heat conduction across the FPS transitions and to calculate thermal contact resistances.
Figure 6.5 shows an exemplary evaluation of a calculated RVE with an ideally smooth
substrate surface and a filled polymer with a log-normal size distribution of spherical filler
particles. Part (a) shows a central cross-section through the microstructure of the RVE with
the substrate surface located at z = 0. Part (b) presents the steady-state heat flux field in
the same cross-section, indicating the formation of good heat-conducting paths and the
concentration of heat flows at the points of particle-particle and particle-substrate
proximity. As a result, a clearly inhomogeneous heat flux field is observed in the first sub-
strate layers directly below z = 0, which only becomes homogenized after a certain depth
into the substrate due to its spreading effect. Part (c) shows the respective steady-state
temperature field. The substrate volume is almost uniform in temperature and the volume
of the filled polymer has a highly inhomogeneous temperature field. Part (d) shows the
mean temperature curve along the z axis. A visualization of the data points or discrete
representation is omitted for reasons of clarity.

As described in section 4.1.4, a Dirichlet boundary condition for a sectional plane through
a filled polymer is not physically correct. The upper boundary region of the RVE at z,,
must therefore be excluded for further evaluations. The boundary level is marked by a
vertical dashed line in part (d) of Figure 6.5. Furthermore, part (d) clearly shows that the
majority of the temperature drop across the RVE occurs within the filled polymer. Due to
the substrate’s comparatively high thermal conductivity of Aq = 130 W m™! K., it has no
significant contribution to the thermal resistance and thus temperature drop of the compo-
site. At a sufficient distance from the substrate surface, there is an almost linear increase
in temperature with the z coordinate, apart from stochastic variations. This indicates an
almost constant thermal conductivity in the bulk material, see also Figure 4.10, page 97,
Figure 4.11, page 98, or Figure 4.12, page 99. In the FPS transitions however, there is a
clear deviation from this curve. This area is of particular interest in this chapter because
thermal contact resistances act here. For further evaluation, the specific cumulative re-
sistance curve along the z axis is determined from the calculated temperature curve T'(z).
Every small temperature difference dT" along a small distance dz is caused by a specific
thermal resistance contribution dr of the investigated layer.
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Results of microscale heat conduction simulation 4.

Central cross-sections of geometry (a), steady-state heat flux field (b), steady-state tempera-
ture field (c), and average temperature curve along heat flow direction (d). Polymer:
Ac = 0.25 W m! K (e.g., epoxy). Filler: Spheres with log-normal size distribution with
log(c) = 0.2, Dyy = 10 pm, ¢, = 0.55, ¢ = 0.48, \p = 35 W m! K'! (e.g., alumina).
Substrate: Ideally flat, \q = 130 W m™ K! (e.g., aluminum alloy). Full surface wetting.
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The specific local thermal resistance contribution can be formulated using the average heat
flux g, as

dr 14T
— = 6.3
dz ¢,dz ©3)
As with the micro thermography experiments in section 3.3.6, differential notation is used
here for simplicity, even if only discrete temperature values are available in the resolution

of the calculation mesh. With r(z = z = 0 and g, = const., the cumulative resistance

min )

curve can be expressed as
1 -
r(z) == (T(2) = T(zmin)) - (6.4)

The result of the example in Figure 6.5 is shown in Figure 6.6. Part (a) shows the complete
cumulative specific resistance curve over the entire height of the RVE, and part (b) presents
a magnified view of the actual FPS transition. Since the resistance contributions of the
individual mesh layers are proportional to the temperature drop, the curve shown in (a) is
qualitatively the same as the curve in part (d) of Figure 6.5. The total specific thermal
resistance of the overall RVE with Az = 99 pm is approx. 75 mm? K W~!. The RVE
can be divided into three sections along the z axis: Substrate, bulk, and a transition zone,
which is called the boundary layer in the following.
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Figure 6.6. Cumulative thermal resistance curve across an FPS transition.
Illustration for the total simulated RVE in (a). Magnified view of the FPS transition in (b).
Polymer: Ac = 0.25 W m™ K! (e.g., epoxy). Filler: Spheres with log-normal size distribu-
tion with log(c) = 0.2, Dy, = 10 pm, ¢y, = 0.55, ¢ = 0.48, A\, =35 W m™ K! (e.g,,
alumina). Substrate: Ideally flat, Ay = 130 W m! K (e.g., aluminum alloy). Full surface
wetting. Ay = 1.01 W m™ K.
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It is shaded in gray in Figure 6.6. At a sufficient distance of roughly 7 pm from the sub-
strate surface, there is an approximately linear increase in specific thermal resistance with
the z coordinate. This can be approximated by linear regression, and converted into the
effective thermal conductivity of the filled polymer using

dr\ !
Actt = (5) . (65)

In the example shown, this results in Ay = 1.01 W m™ K%, The focus now shifts to the
resistance contribution of the boundary layer, commonly referred to as thermal contact
resistance on the macroscopic scale. In the example shown, it is approximately
10 mm? K W~ and thus of significant relevance. It is important to note that the contact
resistance observed in this simulation is not caused by thermal interfacial resistances from
an acoustic mismatch between materials or a resistance due to insufficient surface contact.
Rather, it is just the disturbance of the microscopic filler packing by the substrate surface,
leading to an increase in thermal resistance. This is a purely geometric, microstructural
phenomenon, known as the wall effect in granular matter research [296,297,299].

For further evaluation, it is essential to clearly define and systematically evaluate the
boundary layers and their thicknesses. A clear definition is crucial for isolating and quan-
tifying the boundary layers’ specific contribution to resistance. Chapter 6.3 deals with the
question of defining this boundary layer and possible evaluation strategies for both micro
thermography experiments and simulations. As a foundation, chapter 6.2 first considers the
simpler case of heat transfer between unfilled polymers and substrate surfaces.

Furthermore, appendix D.2 provides a representative comparison between a simulated (z)
curve across an FPS transition and one measured with micro thermography. Since the local
microstructure of the sample is neither experimentally accessible nor theoretically predict-
able, the modeling is based on several assumptions and empirical adjustments to bring the
simulation in line with the measurement. Nevertheless, simulation and experiment can be
brought into good agreement, which confirms the fundamental suitability of both methods.

6.2 INTRODUCTORY INVESTIGATIONS WITH UNFILLED POLYMERS

Before returning to the topic of heat conduction across FPS transitions in the next chapter,
this section presents basic considerations about heat transfer between unfilled polymers
and substrate surfaces. The results provide an important foundation for the evaluation
methods described in chapter 6.3. The transition from an ideally smooth substrate to a mi-
croscopically homogeneous unfilled polymer is thermally neutral, provided that thermal
interfacial resistances can be neglected. There is a sharp transition in the temperature field
between a substrate with high thermal conductivity and a polymer with lower thermal con-
ductivity. However, if the substrate has a rough surface, then the expectation is a transition
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area of finite layer thickness. Figure 6.7 shows the result of an exemplary simulation of
heat conduction across an interface between a rough surface and a homogeneous polymer.
A substrate with A\g = 130 W m™! K! (e.g., aluminum alloy) and with the artificially gen-
erated surface from Figure 6.1, scaled to S, = 2.0 um is modeled. For the polymer,

Ao = 0.25 W m! K'! (e.g., epoxy) is set. The polymer completely wets the substrate sur-
face in the model. Part (a) shows a central cross-section through the modeled RVE, where
the substrate surface is located at z = 0, and aligned with its arithmetic mean height z,.
Part (b) shows the steady-state heat flux field in the same cross-section. While there is a
homogeneous heat flux field at a sufficient distance from the interface, there is a strong
concentration of heat flows on the asperities of the rough substrate. Even in the polymer
layers just above the surface, a heat flow constriction and localization around these asper-
ities can be detected.
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Figure 6.7. Evaluation of thermal transfer between an unfilled polymer and a rough substrate surface.
Central cross-sections of geometry (a), steady-state heat flux field (b), and steady-state tem-
perature field (c). Cumulative specific thermal resistance curves across the FPS transition at
different magnification levels in parts (d) and (e). Polymer: A\q = 0.25 W m™ K! (e.g.,
epoxy). Substrate: Artificial random rough surface with S, = 2.0 um, see Figure 6.1,
Ag =130 Wm™' K (eg., aluminum alloy). Full surface wetting. Results:
re =—7.24 mm? K W1, z) = 1.81 pm.
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178 Thermal transfer from filled polymers to solid substrates

The substrate receives the main part of the heat flow via these paths of least resistance and
then spreads it out again over the entire cross-sectional area just below the surface. The
dark-colored polymer areas above the roughness valleys in the substrate play a minor role
in heat conduction, as the parallel surface asperities protrude deep into the polymer layers
providing paths of lower resistance. Part (c) shows the respective steady-state temperature
field. Parts (d) and (e) present the evaluated cumulative thermal resistance curves across
the interface at different levels of magnification. For orientation, the surface profile in the
sectional plane shown in parts (a) - (c) is additionally illustrated in parts (d) and (e) in true
z scale. Part (d) provides the complete cumulative thermal resistance curve over the entire
height of the RVE, while part (¢) shows a magnification on the layers of interest. The total
specific thermal resistance of the overall RVE with Az =120 pm is approx.
350 mm? K WL, The substrate with high thermal conductivity does not contribute
significantly to the thermal resistance. In both regions, sufficiently far away from the in-
terface, the cumulative thermal resistance curve is linear, as both material layers are mod-
eled homogeneously. The evaluation of the thermal contact resistance is shown in simpli-
fied form in Figure 6.8. Part (a) shows the expected course of the cumulated specific ther-
mal resistance r(z) across an interface with an ideally smooth substrate and a sharp transi-
tion between the two materials, resulting in ¢ = 0. Part (b) shows the course of the cu-
mulative thermal resistance r(z) across an interface with rough substrate surface and thus
a similar curve as in the example shown in Figure 6.7. From a macroscopic point of view,
it is reasonable to extrapolate the linear r(z) curve from the polymer region to the virtual
surface level z = 0. However, this results in a negative contact resistance . In the exam-
ple shown in Figure 6.7, 7 would be —7.24 mm? K WL,

A @ A ®

"| Substrate]  Polymer r Substrate : Polymer

v

»
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z

Figure 6.8. [Illustration of cumulated specific thermal resistance across an unfilled polymer to substrate
transition.

Interfaces with smooth substrate surface in (a) and with rough surface in (b). Ag > Ac.
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The substrate-polymer interface with a rough surface exhibits a lower overall thermal re-
sistance than an ideally smooth interface, as thermally effective surface asperities extend
deep into the polymer. This effect persists as long as the substrate has a higher thermal
conductivity than the polymer and the effect is not compensated by a strongly positive
surface skewness Sg,. The height of the thermal contact resistance evaluated in this way
depends largely on the definition of the 2 = 0 level. For a relevant evaluation, the micro-
scopic surface level should be known. Unfortunately, this macroscopic surface level cannot
be directly measured or evaluated for a microscopically rough surface, nor is it explicitly
defined in surface characterization standards, e.g., DIN EN ISO 25178-2:2023-09 [195]. It
likely falls between the arithmetic mean value of the surface profile and the maximum peak
height but cannot be precisely determined. This challenge and the associated difficulties
were already addressed in section 3.2.7, where the measurement of thermal contact re-
sistance using the steady-state cylinder method was discussed, as well as in section 3.3.6,
concerning the evaluation of micro thermography. Both experimental techniques require
the determination of the z = 0 level. When the z = 0 level is measured on real samples, it
depends on the contact pressure of the measuring tool, as surface asperities are deformed
during the process. An optical measurement faces the same problem, as seen by the evalu-
ation of simulated rough surface structures. This leads to the question of what a representa-
tive zero level is.

To address this, the concept of equivalent thermal height is proposed, which is intended to
define the thermal zero level of a rough surface, based on its thermal effect. The equivalent
thermal height z,;, of a substrate-polymer interface is defined as the z coordinate at which
the two linear thermal resistance curves, one from the substrate and one from the polymer
layer, intersect, see part (b) of Figure 6.8 and part (¢) of Figure 6.7. Physically, z,,, repre-
sents the position at which a theoretical, ideally smooth interface would need to be located
in order to produce the same overall thermal resistance as the actual, rough interface under
investigation. In this sense, z,;, serves as a characteristic value that reflects the combined
geometric and thermal behavior of the real interface. The interface studied in Figure 6.7
provides an overall thermal resistance equal to that of an ideally smooth interface at
zy, = 1.81 pum. Positive values of 2}, represent an interface with lower thermal resistance
than an ideally smooth one and negative values of z,;, represent an interface with higher
thermal resistance. The relationship between equivalent thermal height and specific ther-
mal contact resistance is given by

—Tc —1 ~1

=)Ao —Ag .
PN (6.6)
For the subsequent analyses of FPS transitions, the equivalent thermal heights provide a
helpful starting point as they cover the effects of the pure substrate-polymer interface and
thus allow a separation from the filler packing contributions.
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180 Thermal transfer from filled polymers to solid substrates

Appendix D.1 provides supplementary simulation results on the effect of the surface struc-
ture on the expected thermal resistances and the equivalent thermal heights at interfaces
between unfilled polymers and solid substrates. Also included are studies on the effect of
incomplete surface wetting of the polymer on the substrate surface. However, as the mi-
crographs of the samples prepared within the scope of this work showed no detectable air
inclusions in the valleys of the substrate surfaces, complete surface wetting is continued to
be assumed in all further studies.

6.3 DEFINITION OF THERMAL AND GEOMETRICAL BOUNDARY LAYER

After the previous chapter dealt with heat conduction across interfaces between unfilled
polymers and substrate surfaces, this chapter introduces a novel concept for the evaluation
of boundary layers at FPS transitions. As the exemplary simulation results in section 6.1.3
have already shown, it must be expected that the addition of a filler packing extends the
thermal transition zone between the materials to a layer of significantly increased thick-
ness. This increase results from the disturbance of the filler packing near the interface,
which locally reduces the thermal conductivity of the filled polymer. Starting with the sim-
plified case of an ideally smooth substrate surface, the simulation results already shown in
Figure 6.5, page 174, are reassessed.

Figure 6.9 shows two different strategies for defining and analyzing the boundary layers.
A spherical filler was modeled with log-normal size distribution and log(c) = 0.2. The
volumetric median particle diameter is Dy, = 10 pm. In parts (a) to (c), the central cross-
sections of the geometry, the steady-state heat flux field, and the steady-state temperature
field are shown analogous to Figure 6.5, page 174. In addition, parts (d) and (e) show the
local filler volume fraction, and the cumulative specific thermal resistance for the range
—5 pm < z < +15 pm. Part (e) is a magnified section of the results previously shown in
Figure 6.6, page 175. It takes almost 5 pm, about half the mean particle diameter, for the
volume fraction of the filler to reach its plateau at the bulk level. This wall effect, which is
a well-known geometric phenomenon commonly addressed in the analysis of granular ma-
terials and concrete mixtures [296,297,299], has already been described in section 5.1.3. It
is the main reason for the steep initial increase in specific thermal resistance observed di-
rectly above the substrate at z = 0, before the curve changes to an almost linear trend in
the undisturbed bulk region of the filled polymer. The boundary layers can now be defined
and extracted based on either the geometric cause or the thermal effect. For the further use
of the results and thermal design of FPS transitions, a purely thermal evaluation is more
appropriate. For a systematic investigation of cause and effect, a geometric evaluation of
the boundary layers seems more suitable. The following definitions apply in principle to
both, micro thermography experiments and microscale simulations of FPS transitions.
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Figure 6.9. Evaluation of the boundary layer at an FPS transition with ideally flat substrate surface.
Exemplary calculation results. Central cross-sections of geometry (a), steady-state heat flux
field (b), steady-state temperature field (c), average filler volume fraction curve (d), and cu-
mulative specific thermal resistance curve across the FPS transition (e). Polymer:
A¢ = 0.25 W m! K (e.g., epoxy). Filler: Spheres with log-normal size distribution with
log(c) = 0.2, Dy = 10 pm, ¢y, = 0.55, ¢ = 0.48, \p = 35 W m! K'! (e.g., alumina).
Substrate: Ay = 130 W m™ K! (e.g., aluminum alloy). Spatial resolution of the simulation:
0.3 pm. Results, see Table 6.1.

max

However, they are explained here using simulation results, as these offer higher spatial
resolution and are unaffected by experimental artifacts. Nevertheless, it is important to note
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182 Thermal transfer from filled polymers to solid substrates

that it is not possible to evaluate the local filler volume fraction from the micro thermog-
raphy results as they do not contain any information about the sample’s microstructure.

In the case of an ideally smooth substrate surface, z = 0 is defined as the lower limit of
both boundary layers, see part (d) and (e) of Figure 6.9. The apparent increase in the ther-
mal resistance curve in the substrate area shortly before the interface is due to the limited
resolution of the simulation. The upper limit of the boundary layers is numerically deter-
mined based on the shown ¢(z) and r(z) curves by identifying the transition from the
interface-affected region to the undisturbed bulk. However, clearly defining this transition
point is challenging. Due to the stochastic nature of particle packing, the filler volume
fraction remains locally variable even in the bulk, and the thermal resistance curve shows
a nonlinear increase. The following procedure has proven useful for identifying the transi-
tion:

For the geometric boundary layer, the mean filler volume fraction in the undisturbed bulk
area is determined with the standard deviation ¢ of all data points in relation to this mean
value. A 20 band is then constructed around this mean, and approximately 95% of all data
points in the bulk range are expected to be in this band, see dashed orange lines in part (d)
of Figure 6.9. The z coordinate at which the ¢(z) curve enters this band for the first time
is then identified and defined as the upper boundary of the geometric boundary layer, see
orange marking in part (d) or Figure 6.9. The boundary layer thickness determined in this
manner is referred to as Az 4, and in the example provided is 3.98 pm. A standard de-

viation of 6 % was observed across ten repeated simulations with randomly generated filler
packings.

The procedure for evaluating the thermal boundary layer is similar. Here, a regression line
is determined for the 7(z) curve in the bulk region and the standard deviation band of all
data points around this line is calculated. The evaluation is carried out with a 20 band, as
well. The upper limit of the thermal boundary layer is the z coordinate at which the calcu-
lated r(2) curve initially enters this band. The boundary layer thickness found in this man-
ner is referred to as Az ¢, and is 1.33 pm in the example shown. Repeated simulations
result in a standard deviation of 13 %. The selection of the 2¢ bands has proven to be
suitable as it leads to lower variability of the results than the 1o band, especially in the
thermal evaluation. More stable results were not achieved with a 30 band. At the same
time, however, a thicker band systematically causes a thinner boundary layer. The bound-
ary layer thickness must always be calculated iteratively, as the mean value of the volume
fraction or the linear increase in resistance in the bulk area can only be correctly calculated
if the end of the boundary layer, and thus the beginning of the bulk area, is known. Once
the boundary layers have been identified, the resistance contributions of these boundary
layers can be evaluated as 7'¢; g0, = 9.12 mm? K W' and 7§y, = 5.21 mm?® K W'
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for this example, see Figure 6.9. The standard deviation across repeated simulations is 5 %
and 9 %, respectively. The specific thermal contact resistance, evaluated by extrapolation
to z = 0is 7 = 4.37 mm? K WL, and the corresponding equivalent thermal height is
Zp = —4.45 pm. Repeated simulations yield a standard deviation of 6 % for both values.
The negative thermal height indicates an FPS transition with higher thermal resistance than
a transition between two ideally homogeneous materials (unfilled polymer and substrate).
Table 6.1 summarizes all evaluation results derived from the analysis shown in Figure
6.9. The variance across multiple simulations on this representative setup, expressed by the
given standard deviations, is used to estimate the 1o margin for all subsequent simulations
involving a smooth substrate surface in sections 6.4.1 and 6.4.2.

The situation becomes somewhat more complex when a rough substrate surface is consid-
ered. In this situation, the effects of the thermal transition between substrate and polymer
are superimposed with the impact of the particle packing with wall effect. Figure 6.10
exemplarily shows calculation results and a boundary layer evaluation for an FPS transition
with an artificial random rough surface with S = 2.0 pm. Except for the substrate surface,
all model parameters are identical to those in Figure 6.9, with a spherical filler with
log(o) = 0.2 and D5, = 10 pm. Parts (a) to (c) show central cross-sections of the geom-
etry, the steady-state heat flux field, and the steady-state temperature field. Parts (d) and
(e) show the ¢(2) and r(z) curves for —5 pm < z < +15 um. For better comprehension
of the geometric relationships, the surface profile along a central sectional plane is addi-
tionally indicated in parts (d) and (e). In the example shown, both the ¢(z) and r(z) curves

start to increase considerably below z = 0.

The boundary layers are no longer confined to the filled polymer but extend over larger
distances of the roughness profile into the substrate. Henceforth, the boundary layers are
divided into two sections. One section is located below the z = 0 reference level, and the
other is above. The upper limit of the geometric and thermal boundary is defined in the
same way as in the previous example with an ideally smooth substrate surface. The defini-
tion of the lower limits needs to be modified.

Table 6.1.  Results of microscale simulations, corresponding to Figure 6.9.

Bulk Projection Geometric boundary layer Thermal boundary layer
Netr / re / 2 / AZC.goo / Tf:,geo / AZc,th / TZ:,Lh /
Wm! K' mm? K W-! pm pm mm? K W™! pm mm? K W~!
1.01 4.37 —4.45 3.98 9.12 1.33 5.21
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Figure 6.10. Evaluation of the boundary layer at an FPS transition with rough substrate surface.

Exemplary calculation results. Central cross-sections of geometry (a), steady-state heat flux
field (b), steady-state temperature field (c), average filler volume fraction curve (d), and cu-
mulative specific thermal resistance curve across the FPS transition (e). Polymer:
Ac =0.25 W m! K (e.g., epoxy). Filler: Spheres with log-normal size distribution with
log(o) = 0.2, Dgy = 10 pm, ¢y, = 0.55, ¢ = 0.48, Ay = 35 W m! K! (e.g., alumina).
Substrate: Artificial random rough surface with S, = 2.0 pm, see Figure 6.1,

Ag =130 W m™! K! (e.g., aluminum alloy). Full surface wetting. Results, see Table 6.2.

The thickness of the boundary layers below the reference level is referred to as Az(, and
above as Az{, see parts (d) and (e) of Figure 6.10. The lower limits are also evaluated

geometrically and thermally, based on the modeled ¢(z) curve and the calculated r(z)
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curve. The lower limit of the geometric boundary layer is identified using the threshold
@(z) > 0. For the lower limit of the thermal boundary layer, there is a threshold applied
of 5% deviation from the expected linear resistance increase in the substrate. This threshold
was defined to correspond to twice the residual error in the substrate layers, enabling a
reliable and reproducible evaluation. Table 6.2 summarizes the results evaluated in this
manner for the example provided in Figure 6.10.

From the simulations, Az o, = 3.98 pm + 13 % and Azg ., = 5.31 pm £ 5 %, as
well as Azg g, = 3.31 pm £5 % and Azg gy, = 3.99 pm £ 6 % are determined as the
boundary layer thicknesses. The specified error intervals represent 1o uncertainties, de-
rived from ten repeated simulations with randomly generated filler packings. The corre-
sponding thermal contact resistances are 7 .., = 8.71 mm? KW' +£5% and
6. = 6.99 mm® K W' 4+ 10 %. They are of similar magnitude as those determined
with an ideally flat substrate. However, the boundary layers are considerably thicker in
case of a rough surface. A projection onto z = 0 leads to 7 = 3.82 mm2 K W1 + 8 %
which is 13 % less compared to a smooth surface. The corresponding equivalent thermal
height of the simulated FPS transition is z,;, = —3.93 pm =+ 8 %. The equivalent thermal
height of a substrate to unfilled polymer interface, where the polymer has the same thermal
conductivity as the filled polymer A = 1.02 W m™ K™, is 2, op = 1.58 pm. This
characterizes the exclusive effect of the rough substrate surface. As discussed in chapter
6.2, the pure effect of surface roughness is positive for heat conduction across the interface.
The thermal contact resistances are negative, and the equivalent thermal heights are posi-
tive. The comparison of the calculated equivalent thermal height of the FPS transition 2,
with the reference value 2y, 1,o,,, Tesults in the pure impact of the heterogeneous particle
packing with wall effect. The joint specification of the two equivalent thermal heights al-
lows for separate analysis of the contributions of the rough substrate surface and the parti-
cle packing based on simulations. As before, the variance observed across multiple simu-
lations of this representative setup is used to estimate the 1o margin for subsequent simu-
lations (rough substrate surfaces in section 6.4.3).

Table 6.2.  Results of microscale simulations, corresponding to Figure 6.10.

Bulk Projection Geometric boundary layer = Thermal boundary layer
Zth,hom ‘Azé.geo ‘Azé,th /
)\fo / Tc / Zth Azg,gm Té,geo / Azég,th Tzl‘,th /
Wm! K' mm? KW! pm pm mm? K W—! pm mm? K W—!
1.58 3.98 3.31
1.02 3.82 393 5.31 8.71 3.99 6.99
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186 Thermal transfer from filled polymers to solid substrates

6.4 EFFECTS OF THE MICROSCALE PACKING AND SUBSTRATE STRUC-
TURE

Following the introductory sections of this chapter, the subsequent sections focus on in-
vestigating the microstructural effects on the boundary layers and thermal contact re-
sistances at FPS transitions. The geometric microstructure of FPS transitions is influenced
by a variety of material parameters and manufacturing conditions, making it complex and
difficult to predict. The actual 3D microstructure at the FPS transitions, in particular the
local particle arrangements and the particle-substrate-distances (PSD), was not experimen-
tally accessible within the scope of this work. Only rough insights into the particle packing
close to the substrate could be derived from cross-sectional images.

Therefore, it is not the aim of the following studies to quantitatively predict the thermal
contact resistance for real material combinations. Instead, the focus is on gaining a quali-
tative understanding of the key relationships using simplified microstructural assumptions
and model systems. This approach enables a systematic exploration of the underlying
mechanisms, considering the limitations of experimental accessibility and modeling capa-
bility. As already in the chapters 4 and 5, stochastic variations in the simulations are min-
imized by systematically varying only one parameter at a time.

In all simulation studies, the same parameter combination for the thermal conductivities of
the polymer A\ = 0.25 W m™* K! (e.g., epoxy), the substrate \g = 130 W m! K! (e.g.,
aluminum alloy), and the filler A\p = 35 W m™! K! (e.g., alumina) is used. While this
limits the transferability of the results, it allows for a focused investigation of microstruc-
tural effects. The influence of the thermal conductivities of the components is examined
separately in chapter 6.5.

Sections 6.4.1 and 6.4.2 focus on filler packing effects in combination with an ideally
smooth substrate. This is followed in section 6.4.3 by investigations with rough substrate
surfaces. Finally, local variations are considered in section 6.4.4.

6.4.1 PARTICLE SIZE, PARTICLE SIZE DISTRIBUTION, AND FILLER VOLUME FRACTION

Even if ideally smooth substrates have no practical relevance, they are a suitable reference
for the systematic exploration of packing effects in the filled polymer. Neglecting rough
surfaces, the FPS microscale simulations are arbitrarily scalable. Boundary layer thickness
and thermal contact resistances scale directly with the particle size, see Figure 6.11. Shown
here are cross-sections through the microstructure of an FPS transition with increasing par-
ticle size from (a) to (c). Also illustrated schematically is the local cumulative thermal
resistance curve 7(z) across the FPS transition. As particle size increases, the characteristic
length scale of the microstructure increases, leading to a thicker geometric boundary layer.
This directly affects the formation of the thermal boundary layer.
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Figure 6.11. Schematic representation of the phenomena at an FPS transition with increasing particle
size.

Gray marked zone: Substrate. Red line: Extrapolation of the thermal resistance curve in the
bulk area to z = 0.

Since thermal resistances are also directly proportional to the respective layer thickness,
both the boundary layer thickness and the specific thermal contact resistance 7 increase
linearly with particle size. This purely theoretical consideration can also be verified exper-
imentally to a good approximation using micro thermography. Figure 6.12 shows the pro-
jected thermal contact resistances evaluated in a micro thermography study with three dif-
ferent spherical alumina fillers with significantly different volumetric median diameters.
In addition to the actual micro thermography results, the thermographed sections through
the multi-layered samples and a laser microscope image of the individual fillers are shown.
The substrate with the lowest roughness height SUB-RO is selected. The fillers used are
Alox-S-08 with D5y = 7.9 pm, Alox-S-22 with Dy, = 22.2 pm, and Alox-S-63 with
D5y = 63.4 pm. Epoxy EO1 is used as the polymeric matrix. The study shows a clear de-
pendence of thermal contact resistance on particle size. Although the limited number of
data points and experimental uncertainties do not allow a definitive assessment or confir-
mation of linearity, the results nevertheless support the underlying analytical hypothesis.

In the experiments, all fillers exhibit similar, but not identical particle size distributions
(see Table 3.2, page 41), and the selected substrate deviates from ideal smoothness (see
Table 3.3, page 48). In addition, stochastic variations during sample preparation and meas-
urement lead to further uncertainties. These factors have a combined effect on the analyses
and may contribute to deviations from the expected ideal linear trend.

Besides the absolute size of the filler particles, additionally of interest is their size distri-
bution. In section 4.2.2, the impact of particle size distribution on the effective thermal
conductivity of a filled polymer was investigated and shown to have a significant impact.
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Figure 6.12. Specific thermal contact resistance as a function of the volumetric mean particle diameter.

Presentation of the micro thermography results, micrographs of the samples at ¢ = 0.4 taken
with a digital light microscope VHX with a dual-light high-magnification zoom lens VH-
Z250R from Keyence, and laser microscope images of the fillers, extracted from Figure 3.1.
Polymer: Epoxy EO1. Fillers: Alox-S-08, Alox-S-22, Alox-S-63, ¢ = 0.4 and ¢ = 0.5. Sub-
strate: SUB-RO. Error bars show the systematic uncertainties of the measurement. Connect-
ing lines are only shown for better visualization and interpretation. Based on [0].

An experimental study is not feasible, since no fillers with a systematically variable width
of'the particle size distribution are available that have otherwise identical property profiles.
To isolate and analyze the effect of particle size distribution under controlled and simpli-
fied conditions, a numerical simulation study is performed.

To suppress the impact of particle-substrate distances (PSDs), ¢,,.. configurations are
modeled and calculated. All particles are in contact with each other and with the substrate.
This is an unrealistic configuration for practical applications but enables a controlled, qual-
itative investigation without the interference of random packing variations or irregular
PSDs, which would otherwise complicate the analyses. Figure 6.13 shows the results of
this simulative study where an ideally smooth substrate is modeled in contact with a filled
polymer with ideally spherical particles in a log-normal size distribution, considering a
variable width of the particle size distribution.
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Figure 6.13. Filler volume fraction and cumulative specific thermal resistance curve across an FPS tran-
sition with different widths of the particle size distributions.

Curve of filler volume fraction along the z axis of the modeled filler packing in (a) and (b).
Calculated cumulative specific thermal resistance in (c) and (d). Overall representations in
(a) and (c). Magnified view of boundary layer in (b) and (d). Polymer: A = 0.25 W m™* K!
(e.g., epoxy). Filler: Spheres with log-normal size distribution, Dj, = 10 pm,
&= Pmax ~ 0.55, A\p =35 W m! K (e.g., alumina). Substrate: Ag = 130 W m™ K!
(e.g., aluminum alloy). Full surface wetting. Results, see appendix D.3, Table D.1.

The thermal conductivities of the materials are kept constant at Ac = 0.25 W m™! K
(e.g., epoxy), Ap = 35 W m™ K'! (e.g., alumina), and \g = 130 W m™ K! (e.g., alumi-
num alloy). All packings are modeled with a similar density (RLP), so that the filler volume
fractions and effective thermal conductivities in the bulk region are similar despite differ-
ent particle size distributions. Parts (a) and (c) show ¢(z) and r(z) curves in the entire
RVE, and parts (b) and (d) show magnifications of the FPS transition. The formation of
the geometric boundary layers and thermal contact resistances can be seen better in these
magnified views. In addition to the ¢(z) and r(z) curves, parts (b) and (d) show the upper
ends of the geometric boundary layers (colored vertical lines) and the regression lines of
the bulk area (dashed colored lines). Figure 6.14 supports the analysis by comparing the
evaluated projected specific contact resistances r as well as the thicknesses Az ., and
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190 Thermal transfer from filled polymers to solid substrates

specific thermal resistances r{, ., of the geometric boundary layers. All quantitative results

of the study are provided in appendix D.3, Table D.1.

Part (a) of Figure 6.13 shows a characteristically different course of the ¢(z) curves near
the substrate surface. While at o = 0, thus with equally sized spheres, an oscillation in the
filler volume fraction occurs, which only disappears after approx. 5 x Dy, see annotation
arrow (1), the curves at log(o) = 0.2 and log(c) = 0.4 only show stochastic variations.
The packing at 0 = 0 tends to form layers and thus a micro-order near the surface, while
the size distribution with log(c) > 0 leads to better intermixing and randomness. The rate
at which the present oscillations decay past the surface is a measure of the distance after
which the particle packing can form a pattern undisturbed by the surface.

Part (c) of Figure 6.13 shows that the effective thermal conductivity in the bulk of the
filled polymer is very similar in all three configurations. The slopes of the 7(z) curves are
almost identical. The thermal resistance decreases systematically with increasing width of
the particle size distribution, suggesting lower thermal contact resistances, see annotation
arrow (2) and part (a) of Figure 6.14. When the width of the particle size distribution in-
creases, the filler volume fraction directly at the substrate surface can increase, as the
smaller particles can fill the gaps on the surface more effectively, see annotation arrow (3).
However, a fully developed, undisturbed filler packing can only form at a certain distance
from the substrate, as larger particles within the distribution only integrate into the packing
structure at greater depths, see annotation arrow (4). As a result, the thickness of the geo-
metric boundary layer increases with increasing width of the particle size distribution, see

part (b) of Figure 6.14.
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Figure 6.14. Specific thermal contact resistance of an FPS transition and geometric boundary layer
thickness with different widths of the particle size distributions.

Results of the study shown in Figure 6.13. Projected thermal contact resistance r¢ in (a).
Thickness Az 4, and specific thermal resistance ¢, ., of geometric boundary layer in (b)

and (c). Error bars represent the 1o margin, estimated from repeated simulations, as described
in chapter 6.3.
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Effects of the microscale packing and substrate structure 191

The earlier rise in filler volume fraction leads to a more gradual increase in thermal re-
sistance within the boundary layer, see annotation arrow (5) in Figure 6.13 and part (c) of
Figure 6.14. What the study in Figure 6.13 shows, is a purely geometric packing effect.
When using spheres of the same size, a layer formation directly at the substrate surface is
likely. The introduction of a size distribution provides smaller particles that can effectively
fill the gaps between the first particle layer and the wall. The smaller the available particles,
the faster the filler volume fraction can increase directly at the surface. However, the sim-
ultaneously occurring larger particles can only appear with increasing distance from the
surface and shift the end of the geometric boundary layer further into the bulk region.

This effect is expected to be even more pronounced in multi-scale filled polymers, where
the particle size distribution is significantly broader. Due to the scale-related limitations
discussed in chapter 5.1.1, a detailed microscale simulation is not feasible. Instead, the
influence of the broader size distribution can be estimated using a simplified analytical
model. The model assumes that any continuous particle size distribution can be decom-
posed into infinitesimally small size classes dD, with the particles in each class packing
like equally sized particles. By integrating the packing effects over all size classes, the
overall filler volume fraction curve ¢(z) can be approximated. Let ¢, (D, z) denote the
numerically calculated curve of filler volume fraction along the z axis for equally sized
spheres of diameter D, and let dQ5(D)/dD represent the differential particle size distri-
bution of any filler. Then the total volume fraction curve is given by

> d
#(2) :/ %'%(D, z)dD . 6.7
0

This expression approximates the filler volume fraction curve ¢(z) for an arbitrary particle
size distribution under a constant PPD configuration. In the further discussion, simplified
O ax configurations are examined. Figure 6.15 shows the ®(z) = ¢(z) /¢, curves ap-
proximated by Eq. (6.7) for individual fillers and a multi-scale filler blend with different
particle size distributions. In part (a) the differential distributions of the fillers and the filler
blend are provided in scaled representation for improved visualization. Part (b) shows the
®(2) curves calculated by superimposing the packing fractions of each included individual
size fraction using Eq. (6.7).

The results are shown for three ideally log-normal size distributed single-scale fillers with
log(o) = 0.2, log(o) = 0.4, and log(o) = 0.6. Additionally included is the ternary blend
previously shown in Figure 5.1, page 141, consisting of Alox-S-63, Alox-S-08, and Alox-
S-01 in a volumetric ratio of 40: 20: 10.

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielféltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fiir den personlichen Gebrauch



192 Thermal transfer from filled polymers to solid substrates

(@)
TT
z
~g,
Q
o
=
=)
b
<
10~ 0 10" ETE 10%
(b) D/ pm
1.5 T T T T T T T T
Py(z) for D = 10 pm i
®(z) for Dyy = 10 pm, log(o) = 0.2 il
®(z) for Dsg = 10 pm, log(o) = 0.4 /—\ ;:_\
1H ®(z) for D5y = 10 pm, log(o) = 0.6 —
| ®(z) for the ternary blend, Figure 5.1 i
~ i
& i
0.5 o
0 I I
-7.5 -5 -2.5 0 2.5 5 7.5 10 12,5 25

z /[ um
Figure 6.15. Analytically approximated ®(z) curves for differently size distributed fillers.
Differential particle size distributions of three single-scale fillers and one ternary filler blend
in (a). Approximated ®(z) curves using Eq. (6.7) in (b). Ternary filler blend consisting of
spherical alumina fillers Alox-S-63, Alox-S-08, and Alox-S-01 in a volumetric ratio of
40:20: 10, see Figure 5.1, page 141.

The results for the single-scale fillers nicely reflect the results of the numerical simulation
in Figure 6.13, confirming the validity of the analytical model. The wider the size distri-
bution, the earlier the increase in filler concentration begins past the substrate surface,
while the bulk level is reached later. Thus, the thickness of the geometric boundary layer
increases. Using a typical ternary filler blend with the largest proportion of coarse-grained
filler and the smallest proportion of the finest filler amplifies this effect significantly. Di-
rectly on the surface, the smallest particles can rapidly increase filler concentration. Con-
siderably greater distances from the surface are required for the largest particles to also
appear in the packing pattern. In the example shown, the bulk filler concentration is not
reached until approximately 25 pm from the substrate surface. The analysis assumes that
the filler blend is homogeneously distributed and there is no local shift in the particle size
distribution. Under this assumption, the common filler blends described in section 5.1.1
are disadvantageous, as they lead to extremely thick boundary layers. A further discussion
of the problems that arise with very thick boundary layers is presented in chapter 6.6.
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The previous analyses have been limited to ¢ configurations; however, the thermal

max

contact resistances at arbitrary filler volume fractions ¢ < ¢ are also of interest. The

effect of filler volume fraction must be discussed together with the effect of the particle-
substrate distance, which makes the analysis considerably more difficult. A simulative
study can isolate the effects of the filler volume fraction, see Figure 6.16, when the sim-
plifying assumptions are added that the particles are distributed ideally homogeneously in
the available volume and the particle-particle distances (PPD) and particle-substrate dis-
tances (PSD) are identical and proportional to the particle size. FPS transitions are modeled
and calculated for an ideally smooth substrate with Ay = 130 W m™ K%, a polymer with
Ag = 0.25 W m! K, and an ideally spherical filler with A\, = 35 W m™ K! and a log-

normal size distribution with log(c) = 0.2.
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Figure 6.16. Filler volume fraction and cumulative specific thermal resistance curve across an FPS tran-
sition with different filler concentrations.
Curve of filler volume fraction along the z axis of the modeled filler packing in (a) and (b).
Calculated cumulative specific thermal resistance in (c¢) and (d). Overall representations in
(a) and (c). Magnified view of the boundary layer in (b) and (d). Polymer:
Ac =0.25 W m! K (e.g., epoxy). Filler: Spheres with log-normal size distribution with
log(o) = 0.2, Dy = 10 pm, ¢, = 0.55, \p = 35 W m! K'! (e.g., alumina). Substrate:
Ag = 130 W m™ K (e.g., aluminum alloy). Full surface wetting. Results, see appendix
D.3, Table D.2.

max
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An RLP with ¢ max
and (c) show ¢(z) and r(z) curves in the entire RVE, and parts (b) and (d) show a close-
up of the FPS transition. The quantitative results of the study are provided in appendix D.3,

= (.55 and seven configurations with ¢ < ¢, .. are modeled. Parts (a)

max

Table D.2. In part (a) of Figure 6.16, the increasing filler volume fraction of the individual
configurations is recognizable, see annotation arrow (1). Part (b) shows the lower slope of
the r(z) curve, and thus the resulting higher thermal conductivity with increasing filler
volume fraction, see annotation arrow (2). The described modeling strategy which has in-
creasing PSDs when the PPDs increase, leads to a later increase of the filler concentration
past the substrate surface with lower filler volume fractions, see annotation arrow (3). This
results in thicker geometric boundary layers (colored vertical lines). As a result, the thermal
contact resistances increase systematically with decreasing filler volume fraction, see an-
notation arrow (4). This applies to both the projected contact resistances and the resistances
of the contact layers.

Figure 6.17 supports the analysis by comparing the evaluated projected specific contact
resistances 7 and equivalent thermal heights z;,, as well as the thicknesses Az ., and
specific thermal resistances 1, ,,, of the geometric boundary layers. Part (a) shows that the
projected (positive) thermal contact resistances decrease systematically and significantly
with increasing filler volume fraction. Part (b) presents the corresponding negative equiv-
alent thermal heights, which, contrary to intuitive expectations, increase in magnitude as
rq decreases. This is due to the concentration-dependent effective thermal conductivity of
the filled polymer in the bulk region, which affects the slope of the extrapolation, see Eq.
(6.6), page 179. The extrapolated thermal contact resistances, as used in other works (e.g.,
[159,161,213]), depend not only on the FPS transition but also on the thermal conductivity
of the bulk material. Consequently, they can only describe the increase in thermal re-
sistance relative to a homogeneous material layer exhibiting bulk behavior.

10 0 10 30
(€)] ® © - (d)i
L° {E s iR 2
6 }ii g 4 igi% \§6 i CZQO i%
B = g g
EX i! z -6 E 4 Eg% Zu 5,
I = 8 2 & =
= °
0 -10 0 0
0 02 04 06 0 02 04 06 0 02 04 06 0 02 04 06
¢/ - /- /- /-

Figure 6.17. Specific thermal contact resistance, equivalent thermal height, and geometric boundary
layer thickness with different filler concentrations.

Results of the study shown in Figure 6.16. Projected thermal contact resistance 7 in (a).
Equivalent thermal height 2, in (b). Thickness Az .., and specific thermal resistance
TG geo OF geometric boundary layer in (c) and (d). Error bars represent the 20 margin, esti-

mated from repeated simulations, as described in chapter 6.3.
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The isolated boundary layer effects are characterized by their thickness Azg ., (see part
(c) of Figure 6.17) and thermal resistance ¢, ., (see part (d)), both of which systematically
decrease with increasing filler volume fraction for the selected PSD configuration. This
simple analysis highlights the limitations of using extrapolated contact resistances and sup-
ports the approach developed in chapter 6.3, which proposes a separate evaluation of thick-
ness and resistance of the boundary layers.

6.4.2 BOUNDARY LAYER PACKING STRUCTURE

The previous considerations naturally lead to a discussion of the geometric conditions in
the boundary layer. The effect of the first particle layer above the substrate surface appears

to play a critical role at ¢ < ¢ Figure 6.18 shows micrographs of four micro thermog-

max-*
raphy samples with SUB-RO0 and the filler Alox-S-63 with ascending filler volume fraction
from (a) to (d). In (d) at ¢ = 0.6, i.e., close to the maximum packing density, the first
particles are very close to the substrate surface. The thin polymer layer between particles
and substrate is difficult to detect. In the limiting case of maximum packing density, as-
suming direct particle-substrate contact is justified for the samples studied. At lower filler
volume fractions in (a) and (c), no particle-substrate contacts can be seen in the captured
section. The distances increase with decreasing volume fraction. However, two-dimen-
sional analysis does not allow a systematic quantification of the distances. Accurate char-
acterization would require non-destructive 3D methods such as micro-CT. The particle
packing close to the substrate can be influenced by external processing conditions and in-
ternal interaction forces. External factors include the method of sample preparation, such
as injection or compression between substrates, which can influence particle orientation

and local particle density.
¢=03

Figure 6.18. Micrographs of FPS transition in multi-layered samples.
Substrate: SUB-RO. Filler: Alox-S-63. Polymer: Epoxy E01. Images taken with a digital light
microscope VHX with a dual-light high-magnification zoom lens VH-Z250R from Keyence.
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196 Thermal transfer from filled polymers to solid substrates

Internal influences include forces between the particles, interactions between particles and
substrate, as well as hydrodynamic effects in the liquid polymer phase. Due to the large
number of influencing variables, a general experimental investigation is challenging. In-
stead, several representative PSD configurations are analyzed numerically to capture gen-
eral trends qualitatively. Figure 6.19 shows the investigated PSD configurations, all mod-
eled relative to the particle diameter. The PPD increases with decreasing filler volume
fraction, and two smaller particles are always positioned closer to each other in absolute
terms than two larger ones. Five PSD configurations are considered:

(a) Equilibrium state: PSD = PPD, used in all previous models;
(b) Direct contact: PSD = 0;

(¢) Random: 0 < PSD < PPD, individually for each particle;
(d) Constant: PSD = «;

(e) Offset: PSD = PPD + z.

The parameter x represents a diameter fraction for modeling of the substrate distance. As
Figure 6.18 shows, this diameter fraction tends to be 0 < z < 1 in the physical samples
but can also be > 1 at very low filler volume fractions, see part (a) of Figure 6.18.
Figure 6.20 shows the results of a simulative study considering the different PSD config-
urations, maintaining the previously used combination of A\g =130 W m! K,
Ap =35 Wm! K!and A\ =0.25 W m™ K. The filler has ideally spherical particles
with D5y = 10 pm and log(c) = 0.2. Different filler loading levels 0.3 < & < 1 are set
by varying the PPD, with a maximum packing density of ¢, = 0.55 in the bulk region.
Part (a) shows the specific thermal contact resistances of the individual configurations pro-
jected onto z = 0. Shown in (b) and (c) are the specific thermal resistances of the geomet-
rically evaluated boundary layers and the corresponding boundary layer thicknesses.
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Figure 6.19. Schematic representation of different PSD configurations.
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Specific thermal contact resistance and boundary layer thickness as a function of filler load-
ing level, considering different PSD configurations.

Figure 6.20.

Connecting lines are only shown for a better allocation of the data points. Polymer:
Ac =0.25 W m K (e.g., epoxy). Filler: Spheres with log-normal size distribution with
log(c) = 0.2, D5y = 10 pm, ¢y, = 0.55, Ap = 35 W m! K™ (e.g., alumina). Substrate:
Ag = 130 W m™! K'! (e.g., aluminum alloy). Full surface wetting. Error bars are omitted for
clearer visualization. The 1o margin of the simulations is + 6 % for ¢, £ 5 % for 7 40
and £ 6 % for Azg ,.,, estimated as described in chapter 6.3.

The value of x = 0.2 set in configuration (d) and (e) is chosen arbitrarily, serving only as
an example. The results show that thermal contact resistances and boundary layer thick-
nesses are highly sensitive to the modeled PSD configuration, especially at low filler vol-
ume fractions.

The lower limiting case with the lowest possible contact resistances and thinnest possible
boundary layers is achieved with PSD = 0. The highest contact resistances and thickest
boundary layers are determined with PSD = PPD + z.

With the standard configuration PSD = PPD, r¢, 7¢ 400, a1d Az 4, all drop simultane-
ously with increasing ®. For PSD = 0 and PSD = 0.2 however, there is a strong increase

in the projected thermal contact resistances 7. The boundary layer thicknesses Azc 4,
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198 Thermal transfer from filled polymers to solid substrates

increase slightly and the specific thermal resistances of the boundary layer r¢ ., drop
approx. —56 % from ® = 0.3 to ® = 1 for the PSD = 0 configuration.

For many practical applications, the extreme configuration with PSD = 0 can be excluded
for @ < 1. The combination of the standard particle size in the micrometer range with the
polymer’s viscosity of a few hundred mPas (see Table 3.1) opposes this configuration
with an ideal deposition of particles on the substrate surface. A noticeable additional
polymer layer, as seen with the PSD = PPD + z configuration, could only occur in spe-
cial cases due to the processing. All other configurations are conceivable and thus cause
considerable uncertainty in the prediction of thermal contact resistances at FPS transitions.

This can also be confirmed by an experimental study. Figure 6.21 shows the thermal con-
tact resistances determined with micro thermography on multi-layered samples with SUB-
RO and the three spherical alumina fillers already presented in Figure 6.12, page 188.
These three fillers show completely different trends with increasing filler volume fraction.

While the finest filler (Alox-S-08) shows increasing contact resistances with filler volume
fraction, the coarsest (Alox-S-63) shows a decrease, and the medium filler (Alox-S-22)
yields inconsistent results. For all filler volume fractions except ¢ = 0.6, the expected
trend is shown with the highest thermal contact resistances for the coarsest filler and the
lowest for the finest particles. The thermal contact resistances at ¢ = 0.6 and thus just
below the maximum packing density are very similar, confirming the simulative results
from Figure 6.20.
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Figure 6.21. Specific thermal contact resistance as a function of filler volume fraction.
Measured using the micro thermography method, described in chapter 3.3. Connecting lines
are only shown for better visualization and interpretation. Polymer: Epoxy EO1. Fillers: Alox-
S-08, Alox-S-22, Alox-S-63, Substrate: SUB-RO. Error bars show the systematic uncertain-
ties of the measurement. Based on [0].
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The decreasing contact resistance with Alox-S-63 indicates a uniform particle distribution
(PSD = PPD or PSD = PPD + ), whereas local particle-substrate contacts are likely
with Alox-S-08 and -22. An analysis of micrographs of the thermographed samples can
partially confirm this assumption. Figure 6.22 shows sections of the micrographs at
¢ = 0.40 with SUB-R0. Representative local sections were selected. With the coarsest
filler Alox-S-63, see part (c), remaining polymer can be seen between the substrate surface
and the first particle layer. In contrast, sample (b) with Alox-S-22 displays clear direct
particle-substrate contact, helping explain the lower measured resistance at ¢ = 0.40, see
Figure 6.21. For the sample with Alox-S-08 (a), the packing structure in the boundary
layer is no longer resolvable and recognizable. However, the irregular structure directly on
the substrate surface in the micrograph also suggests that there are particles directly on the
substrate surface.

Overall, the study shows that the dependence of thermal contact resistance on the filler
concentration varies greatly between the fillers investigated. This is at least partly due to
the different particle arrangements close to the substrate. However, due to limitations in
controlling or fully characterizing the PSD configuration in 3D, no general conclusions can
be drawn. Therefore, the preceding simulation study is particularly valuable as it examines
PSD configurations in the limiting case, compares trends and provides important insights
into the potential effects of particle arrangement in the boundary layers. The analysis of
Dmax configurations continues to be a suitable procedure to suppress the effect of the PSD
configuration in further studies.

(a) Alox-S-08

() Alox-S-63

Figure 6.22. Micrographs of FPS transition in multi-layered samples.
Substrate: SUB-RO. Fillers: Alox-S-08, Alox-S-22, Alox-S-63, ¢ = 0.40. Polymer: Epoxy
EO1. Images were taken with a digital light microscope VHX with a dual-light high-magni-
fication zoom lens VH-Z250R from Keyence.
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6.4.3 ROUGHNESS CHARACTERISTICS OF THE SUBSTRATE

After numerous investigations into FPS transitions with ideally smooth substrate surfaces,
the effects of a rough substrate surface and the roughness characteristics will be discussed
in this section. As already described in section 6.1.1, all simulations are carried out with
the same surface structure to suppress stochastic variations within simulations. By spatially
scaling the surface shown in Figure 6.1, page 167, both the roughness depth and lateral
fineness can be systematically varied. The first central parameter investigated is the root
mean square roughness, which is varied in the range 0.0 pm < .5, < 5.0 pm in a simula-

tive study to evaluate its influence on the thermal resistances at the FPS transition.

The established combination of an aluminum substrate with A = 130 W m™ K! and an
ideally spherical alumina filler with Ay =35 W m™ K!, D;, =10 pm, and
log(o) = 0.2 is used. A\ = 0.25 W m™ K is set for the polymer.

Figure 6.23 shows the central cross-sections through the modeled RVEs with increasing
root mean square roughness. It can be seen with the selected geometrical parameters, that
the particles can get into the surface valleys between the asperities. There is no pronounced
polymer accumulation in the valleys. This only works as long as the lateral structure of the
surface is coarse enough for the particles to find sufficient space between the asperities, in
this case with S,; = 5.43 pm. The detailed effects of the lateral structure are investigated
in the further course of this section. Figure 6.24 presents the calculated ¢(z) and 7(z)
curves based on the RVEs shown in Figure 6.23. Parts (a) and (c) of Figure 6.24 show the
entire RVE, and parts (b) and (d) show a magnified view of the FPS transition. Figure 6.25
supports the analysis by comparing the projected specific contact resistances rq as well as

the thicknesses Az ., = Azé,geo + Azé‘gw and specific thermal resistances 7, ., of the ge-

ometric boundary layers. All quantitative results of the study are provided in appendix D.3,
Table D.3.

Sq =0.0 pm Sq = 1.0 pm Sq = 3.0 pm Sq = 5.0 pm

Figure 6.23. Modeled FPS transitions with varying roughness depth of substrate surfaces.
Central cross-sections of RVEs. Random loose packing of spherical particles with log-normal
size distribution with log(o) = 0.2 and D;, = 10 pm. Substrate: Artificial random rough
surface from Figure 6.1, scaled.
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Figure 6.24. Filler volume fraction and cumulative specific thermal resistance curve across an FPS tran-
sition with varying surface root mean square roughness.

Curve of filler volume fraction along the z axis of the modeled filler packing in (a) and (b).
Calculated cumulative specific thermal resistance in (c) and (d). Overall representations in
(a) and (c). Magnified view of the boundary layer in (b) and (d). Polymer:
A¢ =0.25 W m! K (e.g., epoxy). Filler: Spheres with log-normal size distribution with
log(c) = 0.2, Dyy = 10 pm, ¢ = ¢, ~ 0.55, \p = 35 W m! K (e.g., alumina). Sub-
strate: Artificial random rough surface, see Figure 6.1, scaled, Aq = 130 W m! K™ (e.g.,
aluminum alloy). Full surface wetting. Results, see appendix D.3, Table D.3.

As seen in part (a) of Figure 6.24, an increasing root mean square roughness has a similar
effect on the local filler volume fraction as an increasing width of the particle size distri-
bution. The deeper the valleys of the surface roughness, the lower the first particles can
arrange themselves, see annotation arrow (1). Therefore, the local filler volume fraction
increases earlier. At the same time, longer surface asperities ensure that complete packing
formation is only possible at a greater distance from z = 0, see annotation arrow (2). This
also results in a thicker geometric boundary layer, as indicated by annotation arrow (3) in
part (b). The effective thermal conductivity, and thus the slope of the r(z) curve in the bulk
region is the same for all investigated configurations, see part (c) of Figure 6.24. However,
the absolute height of the thermal resistance curve decreases with increasing root mean
square roughness, see annotation arrow (3).
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Figure 6.25. Specific thermal contact resistance of an FPS transition and geometric boundary layer
thickness with varying surface root mean square roughness.

Results of the study shown in Figure 6.24. Projected thermal contact resistance r in (a).

. _ ’ 7’ B : & :
Thickness Azq o = Az goo + A2ZE 4o, and specific thermal resistance r(, ., of geometric

boundary layer in (b) and (c). Error bars represent the 1o margin, estimated from repeated
simulations, as described in chapter 6.3.

In contrast to the thicknesses, the resistances of the boundary layers are only insignificantly
dependent on the root mean square roughness of the substrate. The thermal contact re-
sistances projected onto z = 0 drop, see annotation arrow (5) in of Figure 6.24 and part
(a) of Figure 6.25. The transition from substrate to filled polymer is wider but has a lower
thermal resistance as there is spatial overlap between the substrate and particle zones with
high thermal conductivity. It is particularly interesting to consider the geometric boundary
layer. This layer grows significantly with increasing roughness depth, but its thermal re-
sistance is less affected, see parts (b) and (c) of Figure 6.25. The impact on applications
with thin filled polymer layers is discussed in chapter 6.6.

The simplified, simulative study has shown that the roughness depth can have a noticeable
effect on the particle arrangement close to the substrate and thus on the geometric boundary
layer. This in turn affects the thermal boundary layer and the resulting thermal contact
resistances. It can be assumed that the described thermal effects at an FPS transition shift
for other ratios of particle size to surface roughness or when a surface skewness is intro-
duced but remain qualitatively the same.

A further experimental study on the influence of surface roughness can confirm the results
obtained by simulation. The aluminum substrates introduced in section 3.1.3 were used for
this purpose, with a root mean square roughness in the range 1.8 pm < S; < 4.5 pm. The
samples were prepared with Epoxy E01, mixed with the two spherical alumina fillers Alox-
S-22 and Alox-S-63 at ¢ = 0.4. Figure 6.26 shows the values measured for the specific
thermal contact resistances (a) and the thicknesses of the thermal boundary layers (b) as a
function of the root mean square roughness.
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Figure 6.26. Specific thermal contact resistance and thermal boundary layer thickness as a function of
the substrate’s root mean square roughness.

Measured using the micro thermography method, described in chapter 3.3. Connecting lines
are only shown for better visualization and interpretation. Polymer: Epoxy EO1. Fillers: Alox-
S-22, Alox-S-63, Substrates: SUB-R0, SUB-R1, SUB-R3, SUB-R4. Error bars show the sys-
tematic uncertainties of the measurement.

The black data points and lines indicate the results with Alox-S-63 and the orange data
points and lines show the results with Alox-S-22. Solid lines show thermal contact re-
sistances projected onto z = (0. Dashed lines refer to the evaluated thermal boundary layers.

Despite the uncertainty associated with the image blurriness in micro thermography when
identifying boundary layers, the results are in good qualitative agreement with the simula-
tive findings. A clear increase in the boundary layer thickness and its thermal resistance
can be seen with Alox-S-22. The projected thermal contact resistances decrease slightly
and even reach a negative level. Considering part (d) of Figure 6.24, evidently negative
thermal contact resistances are quite likely with sufficient roughness depth. However, this
is dependent on the ratio of particle size to surface roughness, as well as the filler volume
fraction and the PSD configuration, so it cannot be generalized. With Alox-S-63, signifi-
cantly higher thermal contact resistances and thicker boundary layers are observed due to
the particles that are approximately three times larger. The difference between the thermal
resistance of the boundary layer and the projected value is not as clear as with Alox-S-22,
which is due to the significant increase in the ratio of particle size to roughness depth.

With the ratios of particle size to surface roughness shown in Figure 6.23, the particles can
get into the surface valleys between the asperities. However, as the lateral surface structure
becomes finer, it is likely that beyond a certain threshold, particles can no longer penetrate
these valleys, which leads to other geometric effects within the boundary layers. These
effects are investigated in a further simplified simulation study. The root mean square
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roughness is fixed at S, = 2.0 um and the lateral structure is modified by scaling the sur-

face in the = and y directions. The resulting autocorrelation length of the surface is evalu-
ated, while retaining all other model parameters identical to those in the previous study.

Figure 6.27 shows central cross-sections through the modeled RVEs with decreasing au-
tocorrelation length S, of the substrate surfaces. The largest autocorrelation length con-
sidered is S, = 12.27 pm, which is slightly above the median particle size of
Dy, = 10 pm. Even the larger particles can enter the surface valleys. This ability decreases
with decreasing autocorrelation length. The smallest autocorrelation length considered is
S,

a

1 = 1.93 um, well below the median particle size of D5q = 10 pm. The threshold at
which the majority of the particles can no longer enter the surface valleys is between
S, = 5.43 pm and S,; = 2.60 pm. Figure 6.28 presents the ¢(z) and r(z) curves calcu-
lated based on the RVEs illustrated in Figure 6.27. Parts (a) and (c) again show the entire
RVE and parts (b) and (d) show a close-up of the FPS transition. Figure 6.29 supports the
analysis by comparing the evaluated projected specific contact resistances rc as well as
the thicknesses Az
ometric boundary layers. All quantitative results of the study are provided in appendix D.3,
Table D.4.

= Az, + Az, and specific thermal resistances ¢, ., of the ge-

geo geo

The previously qualitatively predicted effect, that the particles are unable to enter deeply
into the surface valleys as the lateral structure becomes finer, is evident in parts (a) and (b)
of Figure 6.28. The increase in the filler volume fraction shifts further and further away
from z = 0 with decreasing autocorrelation length, see annotation arrow (1). This leads to
thicker geometric boundary layers, see annotation arrow (2) in Figure 6.28 and part (b) of
Figure 6.29. An interesting observation that can be made with the r(z) curves in part (c)
of Figure 6.28 is the almost perfect alignment of the curves for S,; = 12.27 pm and
S = 5.43 um, except for stochastic variations. For the smaller autocorrelation lengths,
the thermal resistance curve shifts upwards, see annotation arrow (3).

S, = 12.27 pm S, = 5.43 pm S, = 2.60 pm S, = 1.93 pm

Figure 6.27. Modeled FPS transitions with varying lateral surface structure.
Central cross-sections of RVEs. Random loose packing of spherical particles with log-normal
size distribution with log(o) = 0.2 and D, = 10 pm. Substrate: Artificial random rough
surface from Figure 6.1, scaled to S = 2.0 pm.
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Figure 6.28. Filler volume fraction and cumulative specific thermal resistance curve across an FPS tran-
sition with varying surface autocorrelation length.
Curve of filler volume fraction along the z axis of the modeled filler packing in (a) and (b).
Calculated cumulative specific thermal resistance in (c) and (d). Overall representations in
(a) and (c). Magnified view of the boundary layer in (b) and (d). Polymer:
A¢ =0.25 W m! K (e.g., epoxy). Filler: Spheres with log-normal size distribution with
log(c) = 0.2, Dy = 10 pm, ¢ = ¢, ~ 0.55, \p = 35 W m™! K'! (e.g., alumina). Sub-
strate:  Artificial random rough surface, see Figure 6.1, scaled to S, = 2.0 pm,

Ag =130 W m™! K! (e.g., aluminum alloy). Results, see appendix D.3, Table D.4.

max

The projected thermal contact resistances increase, see part (a) of Figure 6.29. This effect
is caused by the geometric and thermal effects in the boundary layer, see part (d) of Figure
6.28. A decreasing autocorrelation length of the surface leads to better heat conduction in
the substrate layers and thus to the right shift of the r(z) curve in the boundary layer, see
annotation arrow (4). However, the later the filler packing forms, the steeper the increase
in resistance and thus the higher the thermal contact resistance, see annotation arrow (5) in
Figure 6.28 and parts (a) and (c) of Figure 6.29. The threshold which was found purely
geometrically in Figure 6.27 is identifiable from a thermal point of view. Due to the lateral
fineness of the surface, there is a significant increase in thermal contact resistance as the
particles can no longer enter the valleys. Before that, the effects in the boundary layer shift,
while the macroscopically perceptible thermal resistances remain the same, see part (a) of
Figure 6.29.
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Figure 6.29. Specific thermal contact resistance of an FPS transition and geometric boundary layer
thickness with varying surface autocorrelation length.

Results of the study shown in Figure 6.28. Projected thermal contact resistance r in (a).

. _ ’ 7’ B : & :
Thickness Azq o = Az goo + A2ZE 4o, and specific thermal resistance r(, ., of geometric

boundary layer in (b) and (c). Error bars represent the 1o margin, estimated from repeated
simulations, as described in chapter 6.3.

This study also simplifies the geometric conditions at an FPS transition, so the results are
not completely generalizable. The observation that oversized particles, which cannot pen-
etrate surface valleys, result in thicker boundary layers is applicable to a wide range of
material systems. However, the specific thermal effects must be assessed individually.
Another qualitative simulation study can examine the superimposed effect of substrate
roughness depth and particle size distribution. While otherwise similar to the study already
presented in Figure 6.13, page 189, this study uses the artificial random rough surface from
Figure 6.1, page 167, instead of an ideally flat substrate. Figure 6.30 shows the ¢(z) and
r(z) curves calculated for FPS transitions with a rough substrate surface and filler packings
with varying width of the particle size distribution. The surface is scaled to .S, = 2.0 pm,
with an autocorrelation length of S,; = 5.43 um. All other model parameters are identical
with the previous study. Steady-state heat conduction is calculated with
Ag =130 Wm! K, A\c =0.25 Wm! K, and A\, =35 Wm™ K. The average
particle size is D5y = 10 pm. Log-normal size distributions of the ideally spherical parti-
cles are considered with o = 0, log(c) = 0.2, and log(c) = 0.4. Again, parts (a) and (c)
show the entire RVE and parts (b) and (d) show a magnified view of the FPS transition.
Figure 6.31 supports the analysis by comparing the evaluated projected specific contact
resistances r as well as the thicknesses Azg o, = AzG oo + A2¢ 4, and specific thermal
resistances 7, ., of the geometric boundary layers. All quantitative results of the study are

provided in appendix D.3, Table D.5.
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Figure 6.30. Filler volume fraction and cumulative specific thermal resistance curve across an FPS tran-
sition with different widths of the particle size distributions.

Curve of filler volume fraction along the z axis of the modeled filler packing in (a) and (b).
Calculated cumulative specific thermal resistance in (c) and (d). Overall representations in
(a) and (c). Magnified view of the boundary layer in (b) and (d). Polymer:
Ac =0.25 W m! K (e.g., epoxy). Filler: Spheres with log-normal size distribution,
Dyg =10 pm, ¢ = ¢y, ~ 0.55, \p = 35 W m™! K'! (e.g., alumina). Substrate: Artificial
random rough surface with S, = 2.0 pm, see Figure 6.1, Ag = 130 W m™ K (e.g, alu-
minum alloy). Full surface wetting. Results, see appendix D.3, Table D.5.

Seen in part (a) of Figure 6.30 is an earlier increase in the volume fraction with increasing
width of the particle size distribution, see annotation arrow (1), as already observed in
Figure 6.13, page 189. At the same time, the end of the geometric boundary layer shifts to
the right, see annotation arrow (2) in part (b) of Figure 6.30 and part (b) of Figure 6.31.
In comparison with Figure 6.13, page 189, it is visible that the rough surface leads to better
intermixing of the near-surface particle layers and thus to a less pronounced oscillation of
the volume fraction, especially for o = 0. With increasing width of the particle size distri-
bution, the thermal contact resistances at the FPS transitions decrease, see part (c) of Fig-
ure 6.30 and part (a) of Figure 6.31. The slope of the r(z) curve in the bulk region is
approximately constant. The difference in the position of the curves, see annotation arrow
(3), is caused solely by the thermal contact resistance.
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Figure 6.31. Specific thermal contact resistance of an FPS transition and geometric boundary layer
thickness with different widths of the particle size distributions.

Results of the study shown in Figure 6.30. Projected thermal contact resistance r¢ in (a).

Thickness A2 yoo = AZG goo T A2( 4o and specific thermal resistance 7¢, ., of geometric

boundary layer in (b) and (c). Error bars represent the 1o margin, estimated from repeated
simulations, as described in chapter 6.3.

The resistance contributions of the boundary layers are shown in detail in part (d) of Figure
6.30. There is a smaller increase in the resistance curve for wider particle size distribution
and consequently lower thermal contact resistances, see annotation arrow (4) in part (d) of
Figure 6.30 and part (c) of Figure 6.31. Therefore, the results are similar to those of the
previous study with an ideally smooth surface in Figure 6.13, page 189, but much more
pronounced. The rough surface supports intermixing of the particle packing, reduces the
layer formation, and the roughness peaks which protrude far into the filled polymer serve
as efficient parallel heat paths. In addition to the surface asperities, the lower increase in
resistance of the boundary layer is due to the higher average volume fraction of the filler
particles in the boundary layer, see part (b) of Figure 6.30.

Taking the equally sized spheres with 0 = 0 as a reference, the specific thermal contact
resistance projected onto z = 0 drops with increasing width of the particle size distribution.
A reduction of 64 % is calculated for log(o) = 0.4. With an ideally smooth surface, see
Figure 6.14, page 190, the reduction was only 34 %.

In the simulated cases, the substrate only minimally affects the packing formation for wide
particle size distributions. With narrower particle size distributions however, the rough
substrate surface negatively impacts the packing formation. The specific thermal re-
sistances of the geometric boundary layers are higher for the equally sized spheres com-
pared to the results with an ideally smooth surface (Figure 6.14, page 190), but they also
drop more significantly. This is due to the superimposed effects of the rough substrate
surface. For the geometric boundary layer, for example, a reduction of 43 % can be evalu-
ated for log(o) = 0.4. For an ideally smooth surface, it was only 25 %. The boundary lay-
ers are systematically thicker in the calculations with a rough substrate surface than with a
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smooth surface and increase systematically with increasing width of the particle size dis-
tribution.

Basically, the study shown in Figure 6.13 and Figure 6.14 was better suited to analyze the
individual effect of the particle size distribution. The current results reflect overlapping
influences of roughness and distribution. From the differences in the results, the individual
effect of the rough surface can be derived as a good approximation. For all geometrically
similar FPS transitions, it can be generalized that both a rough surface and a broader parti-
cle size distribution lead to a broadening of the boundary layers, but concurrently to a re-
duction in thermal resistance.

6.4.4 LOCAL VARIATIONS

In all previous studies, the thermal contact resistances at FPS transitions were evaluated as
area-averaged values. At the same time, it has been shown that the local thermal contact
resistances are strongly stochastic, and both the simulations and experiments produce re-
sults with noticeable variations. This is because, unlike the studies on thermal conductivity
in chapters 4 and 5, the analysis is on a local effect in comparatively thin boundary layers
rather than a large-volume phenomenon. This chapter presents a local evaluation of thermal
contact resistances and the determination of scattering quantities.

The analysis is carried out on a typical micro thermography study. Measurements were
performed on a multi-layered sample, consisting of a filled epoxy layer in between two
aluminum substrates SUB-R1. Alox-S-63 is used as filler with ¢ = 0.5. Measurements
were made on all four side surfaces of the sample. Unlike in the previous sections, the
thermal images are divided into 20 equally wide intervals along the x axis, and the thermal
resistance curves are evaluated separately for each interval. Figure 6.32 presents the ther-
mal contact resistances projected onto z = 0 for all 20 intervals on all four sample surfaces.
In addition to the quantitative evaluation of the local thermal contact resistances in part (c),
and the distribution graphs of evaluated specific thermal contact resistances in (d), a section
of a micrograph of the first surface is shown in part (a), as well as a section of the corre-
sponding thermal image in part (b). A thermal image with a total width of just over 16 mm
is evaluated. The thermal contact resistances vary from rg =91 mm? K W~ to
re = 143 mm? K W' with a mean value of 115 mm? K W™, The standard deviation
of all evaluated intervals on all four surfaces is 16 mm? K W', which is just below 14 %.
The results of the individual surfaces are:

- Surface l1: rq = (119 + 12) mm? K W1,
- Surface 2: re = (113 £ 8) mm? K W1,
- Surface 3: rq = (115 £ 9) mm? K W1,
- Surface 4: rq = (116 + 8) mm? K WL,
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Figure 6.32. Local thermal contact resistances of a multi-layered sample.

Section of a micrograph of multi-layered sample, taken with a digital light microscope VHX
with a dual-light high-magnification zoom lens VH-Z250R from Keyence in (a). Section of
steady-state temperature field on sample surface 1, captured with the micro thermography
setup described in chapter 3.3 in (b). Comparison of local thermal contact resistances, meas-
ured with micro thermography on four sample surfaces in (c). Solid lines represent the aver-
age value of the respective samples surface. Distribution functions of evaluated contact re-
sistances in (d). Polymer: Epoxy EO1. Filler: Alox-S-63, ¢ = 0.5, D5, = 63.4 pm.

The good agreement between the mean values of all four sample surfaces verifies the re-
producibility of the measurements with globally homogeneous samples. However, the ex-
treme variations between the intervals show that the thermal contact resistances are a
strongly stochastically affected phenomenon, confirming the previous findings of the high
dependency on the formation of the local microstructure. Random particle arrangements
and rough surfaces lead to random particle-substrate contacts or proximities which can
significantly reduce local thermal resistances. As a result, averaging over larger areas re-
mains a practical and meaningful approach. Accurately predicting thermal contact re-
sistance in small-scale samples is challenging. This also calls into question how well sim-
plified model systems can represent the complexity of real-world applications. The inves-
tigations in the previous sections have shown general trends and qualitative relationships
but were based on highly simplified models and material combinations. An exact quantifi-
cation of the thermal contact resistances is only possible if the material structures within
the boundary layers of real applications are known, spatially uniform, and reproducible.
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6.5 EFFECTS OF THE COMPONENTS THERMAL CONDUCTIVITIES

This chapter presents the results of a further purely simulative study on the impact of the
thermal conductivities of substrate, polymer, and filler on thermal contact resistances at
FPS transitions. Effects of the microstructure are intentionally excluded here by using a
consistent microstructural model across all simulations. A representative microstructure
was modeled with an artificial random rough surface with Sq = 2.0 um, S, = 5.43 pm,
and a filler packing with ideally spherical particles with D5y = 10 pm and log(o) = 0.2.
For this, calculations were made with different thermal conductivity combinations of the
components. The ¢, .. configuration was considered with PSD = PPD = 0. In appendix
D.4, Table D.6, the quantitative results are given as the effective thermal conductivity A ¢
of the filled polymer, as well as the specific thermal contact resistances r projected onto

z = 0, and the specific thermal resistances of the geometric boundary layer r*C,geo'

Figure 6.33 shows the ¢(z) curve of the modeled filler packing in parts (a) and (b), as well
as the calculated r(z) curves for all investigated thermal conductivity combinations in part
(c). Figure 6.34 supports the analysis by illustrating how the projected specific contact
resistances 7 and the specific thermal resistances r, ., of the geometric boundary layers
vary with the thermal conductivities of the individual components. The calculated contact
resistances are given relative to an initial value r,, obtained using A\ = 0.3 W m™ K,
Ap = 50 W m™? K, and Ay = 100 W m™* K-!. These values reflect a combination of
materials that is typical in technical applications. Part (c) of Figure 6.33 illustrates the
calculated r(z) curves in a set of plots with different combinations of thermal conductivi-
ties for the substrate, the polymer, and the filler in the range of —5 pm < z < 420 pm.
Substrate thermal conductivitiesof 10 W m™! K < A\g <200 W m™! K are considered
in ascending order from top to bottom. From left to right, ascending polymer thermal con-
ductivities are examined in the range 0.10 W m™ K! < Aq < 0.50 W m™ K. Filler
thermal conductivities are considered in the range 10 W m™ K! < Ap < 150 W m™! K!
and are visualized by the colored curves.

Due to the constant microstructure in all cases, the geometric conditions and thus the geo-
metric boundary layer are constant, see vertical dashed lines in parts (b) and (c). As ex-
pected, the (z) curves look qualitatively similar in all cases, see Figure 6.33 part (c).
However, the thermal resistance contributions from the substrate, boundary layer, and bulk
decrease systematically as the thermal conductivities of the individual components in-
crease. This trend is also illustrated in Figure 6.34. All thermal resistance values decline
with increasing thermal conductivity of the components.
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Figure 6.33. Filler volume fraction and cumulative specific thermal resistance curve across an FPS tran-
sition with different components’ thermal conductivities.
Curve of filler volume fraction along the z axis of the modeled filler packing in (a) and (b).
Calculated cumulative specific thermal resistance for different thermal conductivity combi-
nations in (c). Filler: Spheres with log-normal size distribution with log(o) = 0.2,
D5y =10 pm, ¢ = ¢, ~ 0.55. Substrate: Artificial random rough surface with
Sy = 2.0 pm, see Figure 6.1. Full surface wetting. Results, see appendix D.4, Table D.6.

An exception is observed in the behavior of r in part (a), which shows a non-intuitive
response to changes in polymer thermal conductivity Ax. This is due to the overlapping
influences of the thermal conductivities of all three components.

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielféltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fiir den personlichen Gebrauch



Effects of the components thermal conductivities 213

2.5 2.5 2.5
(@ ®) ©
2 2 2
I 1.5 I 1.5 1 1.5
~ oz =
IS o & [ S 5
T e 3\ T 11— —3 - ! g
-
0.5 0.5 0.5
0 0 0
0 0.2 0.4 0.6 0 50 100 150 0 50 100 150 200
Ao/ Wm1K! Ap/Wm 1 K-! As/Wm 1 K!

Figure 6.34. Normalized specific thermal contact resistance of an FPS transition with different compo-
nents’ thermal conductivities.

Results of the study shown in Figure 6.33. All results are given relative to the reference value
1o, obtained from an initial calculation using Ao = 0.3 W m™ K1, A\ =50 W m! K,
and A\ = 100 W m™" K. Variation of the polymer’s thermal conductivity A, in (a). Vari-
ation of the filler’s thermal conductivity A\ in (b). Variation of the substrate’s thermal con-
ductivity Ag in (c). Error bars represent the 1o margin, estimated from repeated simulations,
as described in chapter 6.3.

The projected thermal contact resistance rq only reflects the additional resistance intro-
duced by the contact, based on an assumption of uniform bulk thermal conductivity. At
very low polymer thermal conductivity, the effective thermal conductivity of the filled pol-
ymer is also low, reducing the relative impact of contact resistance compared to cases with
higher polymer thermal conductivity. Overall, the results indicate that the polymer exhibits
the greatest potential for reducing thermal contact resistance within the parameter space
investigated. Starting from the intermediate parameter set (Aq = 0.3 W m™ K1,
Ap =50 Wm™ K1, A\g =100 W m~ K7}), increasing A to 0.5 W m™! K1 re-
duces 77 4, by 28 %. Increasing A, to 150 W m~! K™ results in a 27 % reduction and

increasing Ag to 200 W m~! K1 results in a 16 % reduction. This again emphasizes the
fact that the contact resistances are primarily caused by reduced filler volume fractions and
thus polymer accumulations in the boundary layers. The impact of polymer thermal con-
ductivity is correspondingly high.

If the analysis is started from a scenario with a very highly thermally conductive substrate
(e.g., Ag =200 W m~! K1), the impact of the filler’s thermal conductivity becomes
dominant. At A\ = 0.1 W m~* K1, 75 o, drops by 72 % when the filler’s thermal con-
ductivity is increased from 10 W m~! K=! to 150 W m~! K. The effect is due to both
substrate and filler. If both have a very high thermal conductivity, they can form very
highly conductive local heat paths, which overshadow the effect of the polymer. However,
if the substrate or filler thermal conductivity is < 100 W m~! K~!, the most dominant
parameter is the polymer’s thermal conductivity.
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6.6 THIN LAYER PHENOMENA

This final chapter deals with the effect of FPS transitions on heat conduction across very
thin filled polymer layers. Particularly thin filled polymer layers are commonly used in
applications such as insulated metal substrates (IMS) or thermal greases in electronics
[8,9,11,13,14]. The term “thin” must be understood in relation to the size of the utilized
filler particles. In this context, layers are considered “thin” if they allow only a few particle
layers (< 10) to form between the two solid surfaces to be contacted. As previous studies
have shown, thermal contact resistance at FPS transitions is not an isolated phenomenon
only occurring at the contact surface. Noticeable boundary layers are formed in which the
thermal resistance increases strongly. As the filled polymer layer becomes thinner, the in-
fluence of the boundary layers increases. Micro thermography can be used to show that in
extreme cases, the boundary layers of the FPS transitions occupy almost the entire filled
polymer layer, thus preventing an undisturbed bulk zone from forming in between. Figure
6.35 shows a typical micrograph (a) of a multi-layered sample with a thin filled polymer
layer, and the specific thermal resistance curve measured across this sample (b). The
coarse-grained Alox-S-63 is chosen for better resolution of the phenomenon. The filled
polymer layer is applied with a thickness of 596 pm between two aluminum substrates
SUB-RO0. The measured total specific thermal resistance of the multi-layered sample is
approximately 500 mm?2 K WL, The two surface levels are marked with 2c,1 and z¢ 5.
For better visualization, only a portion of the actual measured sample thickness is shown.
Most of the actual substrate area is removed. The two regression lines with the slopes
(dr/dz)g; = (dr/dz)gs = Ag! are drawn to approximate the resistance progression in the

substrates.

The two boundary layers take up a large part of the entire filled polymer layer, and only in
the very center there is an approximately linear section that can theoretically be identified
as bulk. The image blurriness is undoubtedly an important factor in micro thermography,
causing high uncertainties in the boundary layer identification. However, as long as the
r(z) curve is approximately linear within the bulk region, an evaluation of the bulk thermal
conductivity would still be possible. Analysis of the example in Figure 6.35 yields a bulk
thermal conductivity of Ay = (dr/d2)pk, = 2.04 W m! KL This value is unrealisti-
cally high when compared with the result from Figure 3.15, page 69. In that example, the
same filler was used at the same filler volume fraction but in a layer with roughly twice the
thickness. The thermal conductivity was measured at only A i = 1.66 W m™ K''. When
analyzing the corresponding micrograph in part (a), it is evident that the identified bulk
region contains just three to four particle layers. The comparison between Figure 6.35 and
Figure 3.15, page 69, illustrates that this thin filled polymer layer does not exhibit macro-
scopically averageable behavior. In the present example, the two boundary layers effec-
tively merge, leaving no measurable bulk region between them. This is an important
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finding that is only possible through the microscopic resolution of the thermal resistance.
The analysis of such layers with macroscopic methods and zero gap extrapolation would
be associated with considerable errors. Filled polymer layers with such a size ratio of par-
ticles to layer thickness can only be measured as a whole and described with an apparent
thermal conductivity, see Figure 2.3, page 18.
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Figure 6.35. Exemplary micro thermography result of a thin-layer sample.
Cumulative thermal resistance curve across a multi-layered sample with two aluminum sub-
strates and a thin filled polymer layer. Polymer: Epoxy EOI. Filler: Alox-S-63, ¢ = 0.5,
Dy, = 63.4 pm. Substrate: SUB-R0. Based on [0].

6.7 CHAPTER SUMMARY AND CONCLUSION

This chapter presented experimental and simulative studies on the occurrence of thermal
contact resistance at filled polymer to substrate (FPS) transitions, along with a discussion
of the results. The focus was on the description of geometric effects at the FPS transition.
The disturbance of the particle packing by an adjacent substrate leads to reduced filler
volume fractions at the interface, resulting in increased thermal resistances. Chapter 6.1
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describes the modification of the microscale simulation approach presented initially in
chapter 4.1 to describe heat conduction across FPS transitions. The substrate surface and
adjacent filler packing are resolved in geometric detail. In contrast to the previous chapters,
the focus of this chapter is not on a macroscopically averaged quantity but on the detailed
local processes at the interface. New definitions and evaluation strategies were introduced
in chapter 6.2 and chapter 6.3 for the precise description and analysis of these local inter-
facial phenomena. Chapter 6.4 described experimental and simulative studies on the mi-
crostructure effects on heat conduction across FPS transitions. Finally, chapter 6.5 dealt
with the impact of the thermal conductivities of the components, and chapter 6.6 with the
difficulties encountered in practical applications when describing heat conduction across
very thin filled polymer layers.

The studies show that thermal contact resistances are highly stochastic, so that large areas
are required for averaging to obtain representative results. Both simulations and measure-
ments on different samples yield considerable variations. Local particle-substrate contacts
and particle accumulations in the boundary layers affect the thermal contact resistances
considerably. The effective thermal conductivity in a filled polymer is also strongly af-
fected by stochastics. However, the effect is significantly lower since it is always deter-
mined as a large-volume mean value and not limited to comparatively thin layers.

Accurately predicting and precisely describing the microstructure and particle packing in
the boundary layers remains a significant and largely unresolved challenge. Micrographs
only provide a rough indication of the formation of particle-substrate contacts. Large un-
certainties remain in the geometric modeling of the boundary layers. The presented micro
thermography experiments have qualitatively confirmed the simulative predictions but re-
main subject to the same limitations and further uncertainties due to image blurriness. It is
assumed that the microstructure formation in the boundary layers is significantly dependent
on the manufacturing process, therefore it is only reproducible to a limited extent on a
laboratory scale. To suppress this effect, numerous simulative studies were carried out with
P max configurations, in which all particles are in ideal contact with the substrate. Although
this limits the transferability and generalizability of the results, it enabled an isolated in-
vestigation of the influence of surface structure and particle size distribution.

For the parameter combinations studied, it can generally be concluded that surfaces with
greater roughness depths or particle packings with a wider particle size distribution lead to
a broadening of the boundary layers, but also reduce the thermal contact resistances. They
prevent the excessive formation of a micro-order directly on the substrate surface, which
is correlated to the strong reduction in filler volume fraction in the boundary layer. In many
material combinations, the polymer is also a bottleneck in the FPS transition. The most
significant reduction in thermal contact resistance can be achieved by increasing its thermal
conductivity.
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7 SUMMARY AND CONCLUSION

Within the scope of this work, experimental and simulative techniques were used to inves-
tigate the microstructural and thermal influences on heat conduction in filled polymers and
across FPS transitions. The focus was on the effective thermal conductivity of single-scale
filled polymers and multi-scale filled polymers, as well as the thermal contact resistances
and boundary layer thicknesses at FPS transitions. The steady-state cylinder method ac-
cording to ASTM D5470-17 [184] was used for macroscopic measurement of effective
thermal conductivities. A new method based on micro thermography was developed and
successfully applied for the microscopic resolution of thermal resistances across FPS tran-
sitions [0]. This method provided new awareness of thermal contact resistances between
substrate surfaces and filled polymers that were previously inaccessible by measurement.

Simulation methods were developed and used to reduce experimental effort as well as to
carry out studies on length scales that were not experimentally accessible. The effective
thermal conductivity of single-scale filled polymers and the heat conduction across FPS
transitions could be simulated in full geometric detail, accounting for particle shapes, par-
ticle size distributions, and substrate structures. The suitability of the simulation approach
for the description of heat conduction in filled polymers was confirmed by satisfactory
validation of the results. For the significantly more complex microstructure of multi-scale
filled polymers, a multi-step homogenization approach was developed. This enabled a de-
tailed description of all individual size fractions with stepwise superimposition of their
impact on the effective thermal conductivity. Good validation results were also achieved
with this simulation technique.

In addition to the effects of the thermal conductivities of the polymer, filler, and substrate,
the investigation also assessed the impacts of thermal interfacial resistances and numerous
microstructural parameters. These parameters include particle size distribution, particle
shape, maximum packing density, particle orientation, agglomeration, and sedimentation.
Numerous empirical theories were derived from the results and confirmed with experi-
mental findings. Overall, these built a comprehensive picture of heat conduction in filled
polymeric materials.

In experimental studies, the investigation started with single-scale filled polymers based
on silicone rubber or epoxy with A = (0.22...0.28) W m~! K, modified with differ-
ent fillers. The filler volume fractions were between ¢ = 0.2 and ¢ = 0.6, and the meas-
ured effective thermal conductivities were A = (0.37...2.1) W m~! K~L. The experi-
mental results and simulations allow the following conclusions to be drawn on the effective
thermal conductivity of single-scale filled polymers:

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielféltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fiir den personlichen Gebrauch



218

Summary and conclusion

If a polymer is modified with a highly thermally conductive granular filler, the ef-
fective thermal conductivity increases superlinearly with filler volume fraction. A
pronounced percolation threshold is not detectable.

The effective thermal conductivity scales linearly with the polymer's thermal con-
ductivity when the TC ratio and filler content are kept constant.

The higher the thermal conductivity of the filler, the higher the effective thermal
conductivity of the composite, with saturation occurring at a TC ratio of x ~ 100,
as the remaining polymer layers between the particles limit further increase.

A higher maximum packing density of the filler requires a higher filler volume frac-
tion to develop highly thermally conductive paths.

The lower the sphericity of the filler particles, the lower the maximum packing den-
sity and filler volume fraction required for a desired effective thermal conductivity.
A wider size distribution of the particles leads to a higher max. packing density and
higher filler volume fraction required for a desired effective thermal conductivity.
An inhomogeneous particle distribution results in only a minor increase in thermal
conductivity compared to a homogeneous packing structure.

Highly inhomogeneous filler distribution caused by agglomeration or sedimentation
leads to a significant increase in effective thermal conductivity, as the influence of
locally highly conductive paths and clusters dominates.

The alignment of non-spherical, elongated particles along the heat flow direction
increases the effective thermal conductivity, however the optimum is not 100 %
alignment but a slightly random inclination of all particles.

Further experimental studies investigated multi-scale filled polymers based on epoxy with

Ac = 0.25 W m~! K~! and modified with different binary, ternary, and quaternary filler

blends. The filler volume fractions were between ¢ = 0.4 and ¢ = 0.77. The measured

effective thermal conductivities were Ay = (0.46...6.1) W m~! K~1. For multi-scale

filled polymers, the conclusions that may be drawn are:

If fillers from different size classes are combined and used with low to medium filler
loading levels, the microstructure can be simplified as consisting of distinct fraction
domains.

Each individual fraction domain behaves like a single-scale filled polymer.
Interfacial transitions zones (ITZs) form at the domain interfaces, which slightly
reduce the effective thermal conductivity of the composite.

In multi-scale filled polymers, the saturation limit is shifted for the coarser-grained
fractions and more conductive fillers can perform up to their higher capabilities.
When combining fillers of different maximum packing densities, the highest effec-
tive thermal conductivity is achieved by using the filler with the lowest maximum
packing density in the fine-grained fraction.
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For the experimental investigation into heat conduction processes across FPS transitions,
multi-layered samples were prepared from aluminum substrates with different surface
structures and filled epoxy composites. Spherical alumina fillers with
D5y = (7.9...63.4) pm in filler volume fractions of ¢ = 0.3 ... 0.6 were used. The meas-
urement results and observations from additional simulations allow the following conclu-
sions to be drawn for thermal contact resistances at FPS transitions:

- Ifafiller packing at an FPS transition is geometrically disturbed by a substrate sur-
face, a wall effect occurs. This causes the formation of particle layers and reduced
filler volume fraction close to the substrate surface.

- The resulting boundary layer has reduced thermal conductivity and thus increased
thermal resistance, which can be interpreted as the thermal contact resistance of the
FPS transition.

- Greater roughness heights or wider particle size distributions cause wider boundary
layers while reducing the local slope of the thermal resistance curve r(z).

- The particle arrangement near the substrate is crucial, as local particle-substrate
contacts create thermally conductive paths, reducing thermal contact resistances.

- The random formation of such local particle-substrate contacts leads to enormous
local variations in thermal contact resistance. Only averaging over large areas can
provide representative information.

- For heat transfer, the polymer in the boundary layer represents the bottleneck. By
increasing its thermal conductivity, the thermal contact resistances can be reduced
most significantly.

- Iffilled polymers are used in thin layers (approx. 9 x Dy, in the example investi-
gated), two wide FPS transitions result, which prevent the formation of an undis-
turbed bulk in between. Experimentally separating thermal conductivity and ther-
mal contact resistance has not been possible.

The results are considered broadly valid, supported by numerous validation studies across
a range of material combinations. However, their generalizability is constrained by the
limited number of materials and combinations investigated. In particular, the limited selec-
tion of polymers, whose specific effects were only briefly examined, may restrict the ap-
plicability of the findings. The polymer matrices used in the experiments have different
property profiles, which influence the interactions with the fillers differently. In addition,
the studies were limited to ideal conditions at room temperature and did not consider po-
tential material damage, such as the detachment of particles or the formation of cracks in
the matrix, which could be caused by unequal expansion coefficients between the filler and
the polymer at higher temperatures.
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OUTLOOK

The findings and conclusions of this work contribute significantly to advancing the under-
standing of heat transport processes in filled polymers, and thus toward more efficient
product development in a continuously growing industry. The derived relationships and
fundamental principles provide a valuable basis for developing new highly thermally con-
ductive polymer composites. The simulation approaches developed within this work can
be applied to material development and substantially reduce the amount of required exper-
imental work. Many insights, especially regarding the geometric microstructure of the ma-
terials, can also be applied to areas outside of filled polymers, such as to metal-matrix
composites. In the future, machine learning can help to conduct multi-parameter studies
and analyze the results more efficiently. While traditional approaches, like those used in
this work, are limited in scope, machine learning techniques can process larger datasets
more quickly, identify patterns, and help to interpret them. Further systematic investiga-
tions are necessary for particular components including the agglomeration effect in single
scale filled polymers and the geometric particle arrangement in the boundary layers of FPS
transitions. Both aspects require detailed, three-dimensional, imaging analysis of packing
effects using, for example, micro-CT. In the context of this work, these effects were not
experimentally accessible, limiting the study to simulations with hypothetical structural
parameters. Future work can expand on these findings by exploring particle formation in
boundary layers, then advancing to multi-scale filled polymers at FPS transitions and ex-
amining various particle shapes. The effect of multi-scale filler blends on boundary layers
formation was only superficially analyzed from a geometrical perspective. Further inves-
tigation into these processes is essential since the usage of these multi-scale filled polymers
is unavoidable in many applications. The experimental studies in this work were limited to
filled silicone and epoxy polymers in cured condition, though it is possible that other un-
explored effects may occur in the uncured condition or when using other fillers. The use
of other wetting and dispersing agents may yield different effects than those observed in
this study. Generally, surfactants influence the particle-polymer interface by lowering sur-
face tension, which can reduce agglomeration and change the composite structure. As the
studies have demonstrated, this composite structure significantly affects both the effective
thermal conductivity and thermal resistance at FPS transitions. While the basic geometric
microstructural effects are mainly transferable to other material combinations, the specific
outcomes for material combinations with different chemical and physical interactions will
require further extensive studies. Completely different results are expected at FPS transi-
tions when using thermal pads that are applied between two substrates in the already cured
state. The most important factor might be how well the surface asperities penetrate the soft
polymer matrix and contact the particles during joining.
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Appendix A SUPPLEMENTARY MODELS TO
CHAPTER 1

A.1 Cooper-Mikic-Yovanovich model for solid contribution to con-
tact conductance
This appendix supplements section 2.3.1 with a very popular model for determining the

solid contribution to contact conductance hg, the Cooper-Mikic-Yovanovich (CMY)
model [78,106], well summarized in [77].

A dimensionless solid contact conductance for isotropic rough surfaces and for purely plas-
tic deformation of the asperities can be expressed as [77]

P 0.95
Hy = %@ =1.25 <—> . A1)

gm H,

This semi-empirical model considers

- the effective solid thermal conductivity \g = 2{:;;\; with the thermal conduc-
tivities A, , of the two contacting solids,

- the effective rms surface roughness og = /05 + 055, with the rms surface
roughnesses o ; 5 of the two contacting solids according to [106],

- the effective absolute mean asperity slope m = \/m, + m,, with the absolute
mean asperity slopes m; , of the two contacting solids according to [106],

- the mean contact area pressure P, and

- the microhardness of the softer contacting asperities H,,, according to [303].

A.2 Gap conductance model for two conforming rough surfaces

This appendix supplements section 2.3.1 with a statistical model for describing the gas path
at a solid-solid contact. It was developed by Yovanovich et al. [107] and is also well sum-
marized in [77].

The gap conductance between two conforming rough surfaces is expressed as [77,107,304]

g 1 [Fexp(—(Y /oy —ug)?/2)
o N2 Jy ug + M/og

ha dug , (A2)

where A\g is the thermal conductivity of the gas in the gap. Y denotes the effective gap
thickness, M the gas rarefaction parameter, and ug = tq/og the local dimensionless gap
thickness with the absolute local gap thickness ¢5. The effective gap thickness is affected
by several parameters, such as the microscopic surface structures, the surface pressure, and
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the hardness of the surfaces. According to [77], it can be expressed in dimensionless form
as

Z =2 erfc?! (g)
og Hp ) (A3)
for a purely plastic deformation of the asperities. The thermal conductivity of gases in nar-
row gaps is severely limited because the intermolecular collisions are statistically reduced
compared to molecule-wall collisions. The effect is similar to that of the rarefaction of
gases. The quite complex phenomena in the gaps between two rough solids are therefore
described using the theories of heat transfer in rarefied gases, expressed by the gas rarefac-
tion parameter [77]

M = agfgl - (A4)
It is dependent upon the thermal gas accommodation coefficient a; with [77]
_2—ag, +2*04G.,2

ag = ) (A5)
Qg1 Qg2

where ag ; o are the thermal gas accommodation coefficients of the two gas-solid combi-
nations, and the gas parameter S5 with [77]

27&
Ba = W ) (A.6)

where Pr is the Prandtl number of the gas and v, = Cp /CY; is the adiabatic index, the ratio
between the isobaric and isochoric heat capacity of the gas [77]. [ describes the molecular
mean free path of the gas molecules, which may be dependent on temperature and pressure
in the gaps.

A.3 Fractal model for predicting thermal contact resistance at solid-
liquid interfaces
This appendix supplements section 2.3.3 with a fractal model for predicting the thermal

contact resistance at a solid-liquid interface, developed by Li et al. [110]. Li et al. express
the specific solid-liquid contact resistance as

1[0 =es)?

C_ZASLL ¢S '

T (A7)

where
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e = Ds A
SL ™ Xs+Ar,

ties Ag of the solid, and Ay, of the liquid,
- L is the sample length of the considered surface with fractal properties, and

is the effective thermal conductivity, with the thermal conductivi-

- ¢gq is the solid contact fraction with

u DF l}%,max
42— Dy L2

gs =1 (A3)

The calculation of the solid contact fraction considers the sample length L, the fractal di-

mension of contours Dy, and the maximum base diameter of cavities on the interface

lp,max'

and surface fractal parameters. For details on surface characterization and model parame-

The latter is determined as a function of applied pressure, wettability, temperature,

ters, the reader is referred to [110].
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Appendix B DETAILS ON EVALUATIONS AND
UNCERTAINTY ANALYSIS IN
CHAPTER 3

B.1 Regression parameters for steady-state cylinder method

This appendix supplements section 3.2.5. When evaluating the thermal conductivity of a
sample material from the measured specific thermal resistances 7; of n samples of different

thicknesses d;, a linear regression with
r(d)g =g+ oy d B.1)
is performed. The axis intercept ¢, is calculated using [305]

Z;; di2 2:;1 Ty — le d; le dir;
D¢ ’

Qg = (B.2)

and the slope «; is obtained with [305]

_n Z?:l d;r; — 2?21 T 2?21 d;
- I
D¢

a; (B.3)

where D is the determinant of coefficients, defined as [305]
n n 2
Do=nY i (Y d) - 5.4
i=1 i=1

B.2 Uncertainty estimation for the steady-state cylinder method

This appendix supplements section 3.2.6 by describing the uncertainty estimation and
propagation analysis for measurements with the steady-state cylinder method.

To estimate the impact of the systematic uncertainties in the measured thermal resistances
on the evaluated thermal conductivity (see section 3.2.5), an uncertainty propagation
analysis is required. It involves the individual uncertainty components Ar; gvg of the

measured specific thermal resistance values r; of n samples of different thicknesses d;. In
the propagation of individual uncertainties to a joint quantity, systematic components are
considered in terms of magnitude, as no statistical treatment is possible, and their sign is
unknown. However, this is a special case where there are n similar measured values and
corresponding uncertainty components. Since all measurements were taken directly se-
quentially in the same apparatus and under the same boundary conditions, it can be as-
sumed that systematic deviations are similar in all n individual measurements. For this
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reason, the individual contributions are considered with the correct sign and the systematic
uncertainty component of the thermal conductivity is expressed as

n o\
Adgys = Z Ari,SYS or
i=1

3

’ (B.5)
Tl
where O\/Or; is the partial derivative of the evaluation function in Eq. (3.14) after inser-
tion of Eq. (B.3), with respect to the measured specific thermal resistance of sample 7. As
this is difficult to determine, the evaluation is carried out numerically.

However, it should be mentioned at this point that the uncertainty component of the thermal
conductivity Algyg is not the uncertainty of the measurement method. Rather, it is its
propagated effect on the thermal conductivity calculated after the measurement. Since
n = 4 measured values of different thicknesses are always used when evaluating the ther-
mal conductivity, Algyg varies from sample to sample, even if the uncertainty Ar; gy

on which this is based is of a systematic nature.

Besides the systematic uncertainty components, there are also random components that
must be considered and discussed. Random deviations occur if the same sample is inserted
into the measuring device on several days, under slightly varying ambient conditions, or in
a slightly different position. Furthermore, four samples of the same composite are required
to calculate the thermal conductivity, as described in section 3.2.5. Differences in the mix-
ing ratio, air inclusions or other preparation-related uncertainties can also lead to random
uncertainties. Both aspects are considered and evaluated. While the former uncertainties
can only be quantified by multiple measurements, the latter can be recognized from the
linear regression and its quality. To quantify the former, ten samples were selected from
the entire relevant range of specific thermal resistance and measured 20 times each, on
different days, with slightly varying ambient conditions in the aforementioned range. The
standard deviations for all samples were evaluated and a value of

Argnp ~ 20 mm? K W1 (B.6)

was derived. A further propagation calculation is carried out to quantify the impact of this
random uncertainty component on the evaluated thermal conductivity. The Gaussian error
propagation law is applied and the random uncertainty component, gained by propagation
can be expressed as

2
ro - O\
ANRE =4 | (ArRND% A) . (B.7)

— il —
i=1 TlyeeesTry

To quantify the uncertainty due to deviating individual samples, the uncertainty of the slope
calculation in the function r(d)g,, according to Eq. (3.13), and the resulting uncertainty of
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thermal conductivity must be determined. The uncertainty of the determined slope in Eq.
(3.13) can be expressed as [305]

n
Aal =0, D—C y (B.8)

where n is the number of individual samples, D is the determinant of coefficients, calcu-

lated according to Eq. (B.4), and o,. is the standard deviation, sometimes also referred to

as common uncertainty with [305]

\/Z?l(ﬁ' — (o + )’ 4 (B.9)

n—2
The calculation of the uncertainty of thermal conductivity is carried out with

dA| A

AN = |Aa —
1
RND dayl a2

(B.10)

If the effect of the variations between the samples is smaller than the effect of the general
random uncertainty component Argyp, it is already well represented by AXFP. The ef-
fect of this source of uncertainty may be the dominant one, if the variations between the
samples increase, which is often the case for composites with higher filler concentrations.
Finally, the random uncertainty components estimated to be higher are selected with

AXgnp = max(A)\gtND, ANZND)- (B.11)

B.3 Uncertainty estimation for micro thermography

This appendix supplements section 3.3.7 by describing the uncertainty estimation and
propagation analysis for measurements with the micro thermography method.

The systematic contributions to uncertainty remaining after calibration are:

- an uncertainty in the samples’ cross-sectional area determination A A,

- an uncertainty in the reference samples’ cross-sectional area determ. A A, ¢, and

ref>
- anuncertainty in the reference samples’ thermal conductivity A\,..;.
Furthermore, the quasi-systematic uncertainty in the linear regression of the temperature
profile A(dT /dz) during the calibration run can be considered as systematic. This uncer-
tainty is caused by surface non-uniformities of the reference sample, environmental heat
losses, local deviations in emissivity, and statistical noise in the temperature measurements
of the individual thermal image pixels. Thus, it is partially based on statistical deviations,
but it is determined once and systematically affects all subsequent measurements. Begin-
ning with the calibration procedure, the systematic uncertainty of the derived thermal ref-
erence resistance according to Eq. (3.18), page 66, can be expressed as
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. OR
A'RO = ‘AQcalib ( D 0 )
analib

solely considering the contribution of an uncertainty in the calibration heat flow AQ_.;,-

s (B.12)

Systematic uncertainties in temperature difference measurement A(7Tp¢ ; — Trpe o) canbe

neglected as they are compensated for when evaluating the final measurements, as de-
scribed in section 3.3.4. The uncertainty in the determination of the calibration heat flow
can be expressed as

8Q(:alib)

0 ana i
AQcalib = ’A)‘ref ( I\ —lb)

+ ‘AAref ( A

N ‘ A(dT/dz) (affi/d‘;))‘ '

ref ref

(B.13)

Uncertainties in the reference samples’ thermal conductivity A\ ¢, errors in the reference

ref>

samples’ cross-sectional area A A ¢, and the quasi-systematic uncertainty in the linear re-

ref>
gression of the temperature profile A (dT'/dz) are considered. A\, .;/AX = 4.8 % is taken
from Eq. (3.16), page 65. Length and width of the reference sample and all multi-layered

samples were measured using a caliper gauge. To determine AA, ., an uncertainty of

ref>
0.01 mm for the manual measurements was assumed. The uncertainty in the linear regres-

sion of the temperature profile can be obtained with

n Y (T (T(0) + (dT/d2)z,))

(B.14)
Dg(n—2) 7

A(dT/dz) =

and

n n 2
D¢ = nz zf — <Z zl> , (B.15)
=1

i=1

where n is the number of pixel rows considered for linear regression, Ti is the average
temperature of pixel row 4, z; is its z coordinate, and 7°(0) is the temperature at z = 0,
obtained by linear regression. Finally, the uncertainty of the specific thermal resistance
measured by micro thermography can be formulated as

or . [ Or

Ar=|AA|— AQ | —
' ‘ (814)‘ +‘ < (862)’ ’ (B.10)

where A A is the uncertainty in the samples’ cross-sectional area. Again, an uncertainty of

0.01 mm is considered for the length and width measurements via caliper gauge. The un-
certainty in heat flow determination can be expressed as
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. G G
AQ = |A(Trcy — Trep) <8—Q)> ’ + ‘ARO (7(02) ) (B.17)

(Tre1 — Treo OR,

where A(Tpc 1 — Tre,2) is an uncertainty in temperature difference measurement with
respect to the previously performed calibration measurement. It is mainly determined by
the resolution of the entire temperature measurement system and is estimated as 0.05 K.
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Appendix C SUPPLEMENTARY DETAILS ON
MODELING AND SIMULATION

C.1 Details on RVE size determination

This appendix supplements section 4.1.2 with details on the RVE size determination and
exemplary verification data. The modeled RVEs must be sufficiently large to represent the
desired particle size distribution and sufficiently large to account for local variations in the
microstructure and thus to reduce the variance between repeated simulations.

Before modeling a filler packing, a random sample of typically 100,000 particle sizes is
created based on a particle size distribution, discretized into 145 logarithmically spaced
intervals. After the packing is modeled, the resulting particle size distribution of the placed
particles is evaluated using the same discretization. Figure C.1 illustrates an exemplary
comparison of desired (target) and modeled cumulative particle size distributions of a pack-
ing with log-normal size distributed spheres (log(c) = 0.2, D5, = 100 pm). In this model,
1,999 particles were positioned within the RVE. The diameters D, D5, and Dy, are
extracted and compared. Linear interpolation is performed between the evaluated sampling
points. An RVE is considered as sufficiently large if all three reference diameters deviate
by less than 2 % from the target size distribution. This criterion is met in the example
shown in Figure C.1.

100 T " essessocesel
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60 - ADy, =043 % $ 1
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20r |AD;;=134% 1
0~—~——-—-r’//’/

30 100 300
D / pm

Figure C.1. Exemplary comparison of desired and modeled particle size distribution.
Filler: Spheres with log-normal size distribution with log(c) = 0.2, Dy, = 100 pm,
Gune = 0.66. RVE size: 6 x Dy
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XLVIII Supplementary details on modeling and simulation

To assess simulation reproducibility, preliminary studies were conducted in which multiple
packings with identical parameters, but different stochastic particle arrangements were
modeled and analyzed. Figure C.2 shows the effective thermal conductivity results from
a set of 20 repeated simulations for a packing of log-normal size distributed spheres
(log(c) = 0.2, Dgy =100 pm) at ¢ ~ 0.6, ¢ ~ 0.5, ¢ ~ 0.4, and ¢ ~ 0.3. Solid lines
represent the mean value, and the shaded bands indicate the 410 margin. The maximum
variation is + 0.93 % which remains below the 1 % threshold considered acceptable.
Based on this result, the RVE with a size of 6 x Dy, can be considered sufficiently large.
Based on several such preliminary analyses carried out at the start of the simulation studies,
a conservative worst-case uncertainty margin of +1 % was defined and subsequently used
for all simulation results, see section 4.1.2.
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Figure C.2. Exemplary study on reproducibility of microscale simulations.
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Calculated effective thermal conductivities for 20 repetitions at ¢ ~ 0.6, ¢ ~ 0.5, ¢ =~ 0.4,
and ¢ ~ 0.6. Labels show the respective mean values and standard deviations. Polymer:

Ac =0.25 W m! K (e.g., epoxy). Filler: Spheres with log-normal size distribution with
log(o) = 0.2, Dy, = 100 pm, ¢, = 0.66, A\p = 35 W m™ K! (e.g., alumina). Packing
structure: RMP (IV = 5,000). RVE size: 6 x Dy,.
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Computational details for steady-state heat conduction through RVEs XLIX

C.2 Computational details for steady-state heat conduction through
RVEs

This appendix supplements section 4.1.4 with further details on the computational method
and the applied iteration scheme. Based on an initial temperature field guess, the basic
Jacobi scheme is applied to obtain the steady-state temperature field inside the RVE. The
temperatures in each iteration / are calculated with

ATIU CATIU CATIN CATIN O ATIV AT
TI _ ( —x + +x + Yy + +y + —z + +z > Tegt .1

2 Tin Ty Ty Tz Tz

for each mesh cell. AT\ is the temperature difference between the cell under consider-
ation and the adjacent cell in the indexed direction at the previous iteration I — 1. r de-
notes the effective specific thermal resistance of the cell under consideration

1 1 1 1 1 1\‘!
Toff = T—+—+r—+_+_+_ . (C2)

During the iterative calculation, convergence is continuously monitored, and a defined
stopping criterion is applied. As the primary target value of the calculations is the effective
thermal conductivity of the RVE, this is also used for convergence assessment. The evalu-
ation of the effective thermal conductivity is described in section 4.1.5.

The difference between the computed effective thermal conductivities of the last two iter-
ations AXg = |\ — Al!| is monitored and the iterative procedure is stopped, when
AXg < 1078 W m~! K1 is achieved. This threshold is based on a comprehensive con-
vergence study involving ten different RVEs. For a maximum allowable deviation of
0.01 W m~! K from the converged value, this criterion ensures sufficient accuracy.
The iterative calculations are performed in two sequential steps. First, a calculation in sin-
gle precision (7 decimal digits) is performed. Once the stopping criterion is reached, the
calculations are continued in double precision (14 decimal digits) until the stopping crite-
rion is reached again. This procedure saves an average of 20 % calculation time compared
to a full calculation in double precision. Depending on the complexity of the microstructure
and the local gradients, between 2 - 105 and 2 - 10 iterations are necessary. If the calcula-
tions are performed on a NVIDIA® A100 80GB PCle GPU, the average calculation time

at maximum mesh size of n, = n, = n, = 300 is approx. one hour.

Yy

C.3 Derivation of the first ¢ correction for the ITZ extension model

This appendix supplements section 5.1.3 with the mathematical derivation of the first cor-
rection of the filler volume fractions in the ITZ extension model. The relative filler volume

fractions ¢; must be corrected to ¢; — (132, so that they correspond to the filler volume
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fraction in the bulk areas (;;Z = Ppuik,;- Therefore, the overall filler volume fraction ¢; is
expressed with the particle volumes Vp, 117 ; and Vp . ; in the ITZ and in the bulk zone as
well as the total volume V;; ; in which the fraction is dispersed
& = Vorrzi + Vopuk,i 3
! ‘/tot,i ’
The volume of the particles in the bulk region and the ITZ can be replaced with the respec-
tive filler volume fractions ¢y, ; and ¢,y ;» as well as the respective volume proportions

Virz,i and Vioulk.i» thus you get

v PrrziVirzs t Pouic Voui

o c4
Vvtot,i ¢ )
Substituting the bulk volume Vi ; with V¢ ; — Vigz ; results in
Vi |4
r ITZ 17
L — yatva (11— .
¢z d)ITZ,z ( ‘/;()t )Z + ¢bulk,z ( ( ‘/tm >Z> (C.5)
After Eq. (C.5) is divided by ¢y, ; and rearranged, the corrected filler volume fraction
becomes
- v Oz B
& = b, i:¢;[1+<”z) (( )—1 : C6
bulk Vi /; \\Ppuic/ ; 6

This can be calculated, based on the filler volume fraction ratio (%) = A2, according
ulk/

to Eq. (5.8), page 149, and the proportion of the volume of all ITZs towards particles of

larger fractions in the total volume in which fraction i is dispersed (%) . For the sum of
tot ’l

all ITZ volumes and the total volume available for fraction 4 in the global total volume V,
there forms the relation:

Vitz\ _ 22;11 VITZJC
(V> T =gV “
The sum of all ITZ volumes can be determined from the spherical shell volumes around all
particles of the larger fractions k£ with the wall thickness ATITZJ, according to Eq. (5.7),
page 149. These depend only on the filler loading level and the median volumetric particle
size Dyq. For the volume of the ITZ towards one particle of fraction k,

4 )
Vitzkp = g”((”'p,k + ATITZ,i>5 - ri,k) (C.8)
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can be written. For the volume of the ITZ towards all particles of fraction k with its asso-
ciated filler volume fraction ¢,, in the total volume V/,

4 oLV
Witz = g”((Tp,k + ATITZ,i)S - r;k) i3 (C.9)
37 pik

results. Insertion in Eq. (C.7) and reduction results in

Vi LR (e + Arpgg)® =1 )0V
(—‘}TZ> =[(1=g V]! = 3 - : (C.10)
tot 7 ; k=1 p.k

Eq. (C.10) can be reduced and supplemented with Eq. (5.5), page 144, to

. Ari, N3
i—1 1TZ,i _
(@) 7Zk:1¢’“ ((1+ Tk ) 1) (C.11)
Vi / 1= g, '

C.4 Derivation of the second ¢ correction for the ITZ extension
model

This appendix supplements section 5.1.3 with the derivation of the second correction of
the filler volume fractions in the ITZ extension model. A particle shrinkage r, ; — 7, ; is
intended to replicate the additional thermal resistance that the ITZ in the adjacent finer
fraction (i + 1) would introduce. This is associated with a reduction in the filler volume

fraction ¢3§ — ¢;§ Assuming that the particles have a significantly higher thermal conduc-
tivity than the continuous phase, a uniform temperature within the particles and tempera-
ture gradients only in the continuous phase can be considered a good approximation. With
volumetrically isothermal particles, the expectation is that the heat flows exit and enter the
particles perpendicularly to the respective surface. Purely radial heat flows are present on
and near the particle surface. Therefore, the heat flow through the ITZ can be described as
a purely radial heat flow through an ideally spherical shell. The addition of radial thermal
resistance from the spherical shell-shaped ITZ to the resistance of the homogenized con-
tinuous phase with A¢ ; can be expressed as

w1 ( 1 1 ) ( 1 1 )
i - \x 3 T A ) C.12
’ dm >‘1Tz,(z'+1) >‘C,i Toi Tpait ATlTZ,(i+l) (C12)

following the derivation of the radial thermal resistance of a spherical shell in [306].
Arrz,(i+1) Tepresents the reduced effective thermal conductivity of the ITZ, which can be

derived from Eq. (5.9), page 149. r, ; is the initial particle radius and Arrz ;1) is the
thickness of the ITZ under consideration, according to Eq. (5.7), page 149. RI'Z is now
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replaced by removing a thin particle shell, thus replacing the particle volume with the less
conductive continuous medium, see part (c) of Figure 5.6, page 150. The radial thermal
resistance RS caused by this particle shrinkage can be expressed as

. 1 1 1 1 1
R;hrmk —— <7 — 7> <,\7 — 7) . C.13
4 AC,i )‘D,i Tp,z' rp,i ( )

Setting Eqs. (C.12) and (C.13) equal results in the new, reduced particle radius

) (- rrbi) 1]
)‘ITZ,(i+1) Ac,i) \Tpi Tp,i"‘A”LTz,(iH) 1

T, = +— . C.14
P . o (19
Aci  Api
The resulting reduction in particle volume causes a reduction of the filler volume fraction
in fraction 4 to
~ P 3
o = ¢ <ﬂ> : (C.15)
T'p,i
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LIII

Appendix D SUPPLEMENTARY RESULTS OF
SIMULATIVE STUDIES IN CHAPTER 6

D.1 Heat transfer between unfilled polymers and rough substrate
surfaces

This appendix supplements chapter 6.2 with further simulation results on the influence of
the surface structure, surface wetting and thermal conductivities of the contact partners on
the thermal contact resistances and the equivalent thermal heights of interfaces between
unfilled polymers and solid substrates. All subsequent simulative studies are based on the
surface structure shown in Figure 6.1, page 167. Figure D.1 presents the results of a study,
where the surface structure is scaled to a root mean square roughness of
1.0 pm < S < 5.0 pm and distorted to a skewness of —6.8 < Sy < 6.4. An aluminum

alloy substrate with Ag = 130 W m! K'! in contact with an epoxy polymer with
Ag = 0.25 W m! KL, considering full surface wetting, is modeled.

0 ® ° ® — T T T 0
10 B — 12
é &— m -4
20k g
N HR* 16 =
B >
£ 30 |—®—5% = 1 &
~ =
° —e—35, =
-40 - o— S5, = —10
——5, =
-50 L 1 1 -12

S/ —

Figure D.1. Specific thermal contact resistance and equivalent thermal height as a function of surface
root mean square roughness and skewness.

Polymer: Ao = 0.25 W m K Substrate: Artificial rough surface with Sy = 2 pm, see
Figure 6.1, \¢ = 130 W m™ K. Full surface wetting.

In a further simulative study, incomplete wetting of the polymer on the substrate surface is
modeled in a geometrically simplified way and the effects on contact resistance and equiv-
alent thermal height are investigated. A new parameter, the wetting density

v=— (D.1)

is defined as the ratio between the wetted projection area in the z direction A,,, and the
nominal interfacial area A. Starting with complete wetting, v is gradually reduced by suc-
cessive insertion of air voids, beginning at the deepest roughness valleys, see Figure D.2.
Central cross-sections of the modeled and meshed RVEs are shown in (a). In part (b), the
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LIV Supplementary results of simulative studies in chapter 6

corresponding wetting footprints are shown with a top view of the surface. For the air in-
clusions, a heat conduction path is calculated with A = 0.026 W m™! K!, representing
the worst case and neglecting additional heat transport via radiation or convection.

@ v=1 v=09 v=08 v=07 v=06
(b) ]
~ b

Figure D.2. Stepwise reduction of wetting density.

Central cross-sections of meshed RVE in (a). Illustration of surface wetting at z = 0 in (b).
Black: substrate; grey: polymer; white: air voids.

Figure D.3 shows the calculated and standardized specific thermal contact resistances for
a thermal setup with Ay = 130 W m™! K! and A = 0.25 W m™* K at a constant sur-
face root mean square roughness S, = 2.0 pm.

T T T T T T T T
100 - 2
= o951 .
£ =10
< 90k = 0.9
=08
= 0.7
85 - — 4
1 1 Il 1 1 1 | |
-10 -8 -6 -4 -2 0 2 4 6 8
So [ —
Figure D.3. Change in thermal contact resistance as a function of wetting density considering surface

skewness.

Results are given in relation to the specific thermal contact resistance r¢ o occuring with
complete surface wetting v = 1. Polymer: A\ = 0.25 W m™ K!. Substrate: Artificial rough
surface with S, = 2.0 pm, see Figure 6.1, Ag = 130 W m™ K.

The ratio of the calculated specific thermal contact resistance r¢ to r¢ o is shown, where

Tc,o is the previously calculated specific thermal contact resistance with full surface
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Heat transfer between unfilled polymers and rough substrate surfaces LV

wetting. The calculated contact resistances are negative, as already shown in chapter 6.2,
because the surface asperities reaching into the polymer cause a locally reduced thermal
resistance in comparison to an ideally smooth transition. The reduced wetting density re-
duces the magnitude of the effect. Positive skewness, even at an unrealistically low wetting
density down to v = 0.6, leads to < 3 % in detectable changes. A more pronounced effect,
down to —14 %, can be seen with negative skewness. However, with such small effects,
the highly simplified description of the physically and chemically very complex wetting
phenomenon can be accepted. The study has shown that the impact will be negligible in
most cases with the same combination of Ag and A, and that a more detailed study is not
required. No further consideration is given in the studies, presented in chapter 6. Finally,
Figure D.4 shows the results of a simulative study in which the thermal conductivities of
the contact partners A\g and A are varied. The geometric parameters are kept constant
(84 = 2.0 pm, Sy = 0, v = 1.0). Analytically, it can be assumed that for Ag > A, the
thermal transition becomes a purely geometric phenomenon with a constant equivalent
thermal height z,;,. The specific thermal contact resistance r then scales with the recipro-

cal of the polymer’s thermal conductivity Aq, see Eq. (6.6), page 179.

(@) (b)
0 2
1.8
5 1.6
T 1.4
g
=
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% 10} =
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—~ h Ao = 0.15Wm K
& 0.8 —o— )¢ = 020Wm K
15+ —e— )¢ = 025WmK!
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Figure D.4. Specific thermal contact resistance and equivalent thermal height as a function of polymer
and substrate thermal conductivities.

Calculated specific thermal contact resistances in (a) and corresponding equivalent thermal
heights in (b). Substrate: Artificial random rough surface with S, = 2.0 pm, see Figure 6.1,
Sg = 0. Full surface wetting.
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D.2 Comparison of micro thermography and FPS transition simula-
tion

This appendix supplements chapter 6.1 with an exemplary comparison between a micro-
structure simulation and a micro thermography measurement of an FPS transition. Com-
paring complete thermal resistance curves from simulation and experiment is significantly
more challenging than just comparing effective thermal conductivity values, as in chapters
5 and 6. Since the local microstructure of a sample was not experimentally accessible
within this work and could not be predicted theoretically, modeling requires broad assump-
tions and empirical adjustments to align simulation with measurement. This process is
demonstrated below using a sample with particularly large particles, chosen for pro-
nounced effects and better experimental resolution. The comparison is based the first of
the two FPS transitions used as an introductory example for micro thermography in Figure
3.15, page 69:

- Substrate: SUB-R2!®
- Polymer: Epoxy EO1
- Filler: Alox-S-63, ¢ = 0.5
The course of the r(z) curve in the boundary layer depends largely on the packing structure

and the PSD configuration. Several packing configurations were tested, and their specific
resistance curves compared with the micro thermography result, see Figure D.5.

T T T T T T T T T
300 Simulation 1 |
Simulation 2
- Simulation 3
é 200 |—®— Micro thermography il
i
o Substrate Bulk
g 100 .
.
= ]
0|-o—o—o—o—o—2=1 i
I L L L i 1 | |
-100 -50 0 50 100 150 200 250 300 350 400

z /pm

Figure D.5. Comparison of simulated and measured thermal resistance curve across an FPS transition.
Experiment: Polymer: Epoxy EO1. Filler: Alox-S-63, ¢ = 0.5, D5, = 63.4 pm.
Substrate: SUB-R2.
Simulation: Polymer: A = 0.25 W m™ K! (e.g., epoxy). Filler: Spheres with log-normal
size distribution with log(c) = 0.4, D5, = 10 pm (scaled to 63.4 pm), ¢, = 0.55,
¢=05 Ay =35Wm'K! (cg, alumina). Substrate: Digitized SUB-R2,
Ag =130 W m! K! (e.g., aluminum alloy). Full surface wetting.

'8 AlMg3 alloy; sandblasted surface, details see Figure 3.2, page 45.
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In simulation 1, with PSD = PPD + 0.125, the total thermal resistance matched well but
the boundary layer thickness was underestimated. Better agreement with the experiment
was achieved in simulations 2 and 3, where equal PSD and PPD values were assumed,
decaying exponentially with substrate distance:

PPD(z) = PPDy, . + (PPD — PPDyyy) - exp(—a - z) . (D.2)

This relationship was derived empirically with the following parameters based on the in-
dividual particle sizes D;:

- PPDy g =0.04- D,

- PPDy = 0.7- D, (Simulation 2)

- PPDy = 0.5 D; (Simulation 3)

- a=0.12 pm™! (Simulation 2)

- a=0.08 pm~! (Simulation 3)
All shown simulation results are based on theoretically modeled close-to-substrate packing
configurations that cannot be verified individually. The best agreement with experimental
results is achieved in simulation 3. At the same time, it can’t be ruled out that persistent
blurriness of the thermal images in the experiment leads to falsely wider boundary layers.
Nevertheless, simulation and experiment can be brought into good agreement, which con-
firms the fundamental suitability of the methods for the studies on the effects of micro-
scopic surface and packing effects carried out within this work.

D.3 Tabular results of the simulative studies in chapter 6.4

This appendix supplements chapter 6.4 by providing tabulated results from simulation
studies on the influence of the microscale packing and substrate structure on boundary
layer formation and the resulting thermal contact resistances of FPS transitions.

Table D.1. Results of simulations, corresponding to Figure 6.13.

Size distr. Projection Geometric boundary layer Thermal boundary layer
log(0) / re / zw [ DZege / TC.geo | Azgn / &/
— mm? K W1 pm pm mm? K W! pm mm? K W™
0.0 2.88 —7.19 3.03 4.62 1.21 2.93
0.2 2.15 —5.37 3.35 3.40 1.52 2.36
0.4 1.90 —4.74 4.27 3.47 3.05 2.80
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Table D.2. Results of simulations, corresponding to Figure 6.16.

Filler vol. fract. Projection Geometric boundary layer Thermal boundary layer
@ / re / Z / D26 geo / TC geo / Azga / TG /

— mm? K W-! pm pm mm? K W—! pm mm? K W-!
0.17 7.66 —3.12 7.24 26.46 3.62 15.44
0.24 6.92 —3.34 5.64 20.13 2.56 11.10
0.33 6.62 —4.11 4.65 15.21 2.11 8.94
0.37 5.86 —4.10 4.31 13.16 1.96 8.13
0.42 5.29 —4.32 3.98 10.87 1.81 7.10
0.48 4.37 —4.47 3.98 9.12 1.33 5.22
0.52 3.51 —4.53 3.48 6.87 0.95 3.52
0.55 2.15 —5.37 3.35 3.40 1.52 2.37

Table D.3. Results of simulations, corresponding to Figure 6.24.

Surface Projection Geometric boundary layer =~ Thermal boundary layer

Sq / Zth,hom / ‘Azs,geo / ‘AZ:C/‘th /

S, re / Zth AZE geo G geo / AzG n Toam /
pm mm? K W—! pm pm mm? K W—! pm mm? K W—!
0.0 2.15 0.00 0.00 3.40 0.00 2.36
0.0 —5.48 3.35 ’ 1.52
1.0 0.41 1.84 1.53
08 2.36 —6.02 496 4.13 943 3.04
3.0 3.29 6.12 4.60
94 1.77 451 6.98 4.37 5.76 3.78
5.0 6.91 11.02 4.92
3.9 0-24 —0.61 10.92 395 9.70 3.96
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Table D.4. Results of simulations, corresponding to Figure 6.28.

Surface Projection Geometric boundary layer  Thermal boundary layer
Sq / ‘ Zth,hom A0 geo Azm /
Sal Tc / Zth AZ/C/,geo rE,gct) / Azg‘th TE,th /
pm mm? K W—! pm pm mm? K W—! pm mm? K W—!
2.00 1.05 4.72 4.41
12.27 2.14 —5.45 4.12 3.72 2.29 2.78
2.00 1.64 3.68 3.37
5.43 2.13 —5.43 5.47 437 3.64 3.28
2.00 , 2.31 1.68 . 1.08
2.60 269 —6.86 7.15 544 6.24 1.92
2.00 2.63 0.33 1.25
1.93 3.37 —8.59 7.29 6.30 6.68 596

Table D.5. Results of simulations, corresponding to Figure 6.30.

Size distr. Projection Geometric boundary layer ~ Thermal boundary layer
Zth,hom ‘Azé-,gco ‘AZ’CM
lOg(g> / Tc / Zth Azg,geo T*C,geo / AZ/C/,L]ﬂ ré,th /
- mm? K W~! pm pm mm? K W1 pm mm? K W-!
1.64 2.14 3.35
0.0 3.52 _8.97 513 5.67 362 4.50
. 1.64 3.68 . 3.37 .
0.2 2.13 i3 e 437 564 3.28
1.64 4.29 2.46
0.4 1.26 291 6.70 3.24 799 3.85

D.4 Tabular results of the simulative studies in chapter 6.5

This appendix supplements chapter 6.5 by providing tabulated results from the simulation
study investigating the influence of the thermal conductivities of the polymer, filler, and
substrate on the thermal contact resistance of an FPS transition. As the microstructure re-
mains constant throughout the study, the geometric conditions and thus the geometric
boundary layer remain unchanged, with Az¢ .., = 3.68 pm and Az¢ .., = 5.47 pm.
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Table D.6. Results of simulations, corresponding to Figure 6.33.

Polymer
Ae / Wmt K

Filler 0.10 0.30 0.50
/\D / /\cff / /\cif / >‘cff /
Wm ! K! Wm ! K! Wm ! K! Wm ! K!
10 0.86 1.67 2.29
50 1.97 3.23 4.28
100 3.08 4.63 5.88
Substrate 150 4.08 5.85 7.26
Tc Tc Tc
As A / " geo "ogeo 8 geo
Wm ! K! Wm ! K mm? K W1 mm? K W1 mm? K W1
10 7.76 2.91 1.80
14.26 6.38 4.48
50 9.03 3.76 2.41
0 11.22 5.34 3.75
9.41 4.09 2.65
100 10.44 5.05 3.55
9.56 4.25 2.78
150 10.15 4.92 3.45
10 5.51 2.12 1.27
12.50 5.62 3.83
5 4.73 2.33 1.55
“ 7.42 4.00 2.85
4.49 2.43 1.67
100 6.00 3.48 2.55
4.36 2.47 1.73
-
150 5.37 3.23 2.39
10 5.09 1.97 1.17
11.75 5.48 3.73
“0 1.89 1.93 1.31
° 5.33 3.62 2.62
100 3.27 1.88 1.33
100 4.75 2.97 2.23
2.95 1.85 1.35
.
150 4.00 2.66 2.04
10 4.86 1.89 1.12
11.54 5.40 3.68
50 3.16 1.66 1.14
5.78 3.37 2.46
200 2.38 1.51 1.09
100 4.00 2.63 2.01
2.14 1.42 1.06
-
150 3.27 2.27 1.78
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