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Abstract

The aim of this work is the development of a material with improved thermal conduc-
tivity and tailored thermal expansion. Such materials are important for the thermal
management of electronic devices. One of the most commonly used materials for thermal
management applications is copper, an excellent heat conductor (400 Wm-1K-1). Its high
thermal expansion (17 ppmK-1), however, is problematic for thermal management of
semiconductor devices. The large thermal expansion mismatch generates thermal stress
leading to malfunctions and defects.

Here we demonstrate that by reinforcing copper with graphite platelets the thermal
conductivity is improved (500 Wm-1K-1, 140% of copper) and the thermal expansion is
significantly lowered (2 ppmK-1, matching silicon). This is in great parts caused by
aligning the anisotropic particles within the copper matrix, which is realized by spark
plasma sintering. The influence of the platelet lateral size on the degree of alignment is
investigated by polarization-dependent Raman spectroscopy. The ordered orientation of
the particles transfers the anisotropic nature graphite to the copper/graphite composite.
Thus, the thermal conductivity along the platelet alignment is up to one order of magni-
tude higher than perpendicular to it. From effective medium approximation the thermal
interface resistance (10-9 m2KW-1) is extracted. We show that such a thermal resistance
is not a limiting factor to obtain increased thermal conductivities in the copper/graphite
systems.

The dramatic drop of the thermal expansion perpendicular to the platelet alignment is
explained by elasticity theory. We show that the anisotropic structure of graphite in
combination with residual thermal stress within the composite is suppressing the thermal
expansion of the graphite particles perpendicular to the basal planes. Engineering the
strain opens ways to tailor the thermal expansion of metal matrix composites.

The fact that the directions of high thermal conductivity and low thermal expansion in
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this copper/graphite composite are perpendicular to each other promises great potential
for heat sink application. The technological relevance of our low-expansion material is
qualitatively assessed by micro-Raman studies of phonon vibration in silicon attached to
copper/graphite composite and traditional heat sink materials. The experiment clearly
highlights the excellent thermal expansion compatibility between silicon and our material
in sharp contrast to copper or aluminum heat sinks, which induce large thermal stress in
silicon. As for superior heat transfer capability, the reduced operating temperature in high
power light emitting diodes emphasizes the advantage of directional heat transport in
copper/graphite composites and its applicability for thermal management applications.

Taken together, this novel composite material opens ways to increase the performance,
mobility and efficiency of thermal management of electronics. Ultimately this will help
to improve the reliability and extend the lifetime of electronic devices.
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Zusammenfassung

Ziel dieser Arbeit ist die Entwicklung eines neuen Materials mit verbesserter thermi-
scher Leitfähigkeit und maßgeschneiderter thermische Ausdehnung. Derartige Materia-
lien sind wichtig für das Wärmemanagement von elektronischen Geräten. Eines der am
häufigsten verwendeten Materialien für Wärmemanagement-Anwendungen ist Kupfer,
ein Metall mit herausragenden Wärmeleiteigenschaften (400 Wm-1K-1). Jedoch ist die
hohe thermische Ausdehnung von Kupfer (17 ppmK-1) problematisch für das Wärmema-
nagement von Halbleiern, da sich diese deutlich weniger stark thermisch ausdehnen.
Diese große Differenz hat mechanische Verspannungen zur Folge, welche zu Fehlfunkti-
onen und Defekten führen.

Hier zeigen wir, dass die Verstärkung von Kupfer durch Graphit-Plättchen die thermi-
sche Leitfähigkeit verbessert (500 Wm-1K-1, 40% höher als Kupfer) und die thermische
Ausdehnung deutlich verringert (2 ppmK-1, übereinstimmend mit Silizium). Die Haup-
tursache dafür ist die geordnete Ausrichtung der Graphit-Partikel innerhalb der
Kupfer-Matrix, was durch Spark Plasma Sintering realisiert wird. Die anisotrope Natur
des Graphits wird durch diese Ausrichtung der Partikel auf das Kupfer/Graphit Verbund-
material übertragen. Auf Grund dessen ist die thermische Leitfähigkeit entlang der
Ausrichtung bis zu zehnmal höher als senkrecht zu dieser Richtung. Mit Hilfe der Effec-
tive Medium Approximation wurde der thermische Grenzflächenwiderstand
(10-9 m2KW-1) bestimmt. Wir zeigen, dass ein derartiger thermische Widerstand keinen
negativen Einfluss auf die Verbesserung der thermischen Leitfähigkeit in Kupfer/Graphit
Systemen hat.

Der deutliche Abfall der thermischen Ausdehnung senkrecht zur Partikelausrichtung
wird mit Hilfe der Elastizitätstheorie erklärt. Die anisotrope Struktur von Graphit
zusammen mit mechanischen Verspannungen innerhalb des Verbundmaterials unterdrü-
cken die intrinsische thermische Ausdehnung von Graphit senkrecht zu den Basalebenen.
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Der gezielte Einsatz von Materialverspannungen innerhalb eines Materials eröffnet neue
Möglichkeiten die thermische Ausdehnung von Metallverbundstoffen maßzuschneidern.

Da in diesen Kupfer/Graphit Verbundmaterialien die Richtungen von hoher thermischer
Leitfähigkeit und geringer thermischer Ausdehnung senkrecht zueinander stehen, ist die
Anwendung dieser Materialien für Wärmemanagement vielversprechend. Die technolo-
gische Bedeutung dieses Verbundstoffes wird qualitativ mit Mikro-Raman-Spektroskopie
von Gitterschwingungen in Silizium beurteilt, welches mit einem Kühlkörpern aus
Kupfer/Graphit Verbundmaterial sowie mit traditionellen Kühlkörpern verbunden ist. Die
Untersuchungen zeigen deutlich die hervorragende Kompatibilität der thermischen
Ausdehnung zwischen Silizium und dem Verbundmaterial im deutlichen Gegensatz zu
Kupfer- und Aluminium-Kühlkörpern. Dank des verbesserten Wärmetransports wird die
Betriebstemperatur von Hochleistungsleuchtdioden verringert. Dies unterstreicht den
Vorteil eines gerichteten Wärmetransports für die Anwendung im Wärmemanagement
von elektronischen Geräten.

Dieses neuartige Verbundmaterial eröffnet neue Möglichkeiten die Leistung, Mobilität
und Effizienz des Wärmemanagements von elektronischen Geräten zu verbessern, um die
Zuverlässigkeit und die Lebensdauer dieser zu erhöhen.
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List of Abbreviations and Symbols

a thermal diffusivity

Al aluminum

CNTs carbon nanotubes

cp specific heat capacity (constant pressure)

CPU central processing unit

CTE coefficient of thermal expansion

Cu copper

EMA effective medium approximation
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k thermal conductivity
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ρ mass density
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SEM scanning electron spectroscopy

Si silicon
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TIM thermal interface material



VII

Table of Contents
Chapter 1 
Introduction 1

 References  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

Chapter 2 
Theoretical Background 7

 2.1 About heat conduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

 2.1.1 Heat conduction by electrons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
 2.1.2 Heat conduction in carbon . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

 2.2 Modulation of thermal conductivity in composite materials  . . . . . . . . . 12

 2.3 Measurement of thermal diffusivity and conductivity  . . . . . . . . . . . . . . 14

 2.3.1 Flash method  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

 2.4 Thermal expansion in solid materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

 2.4.1 Thermal expansion of carbon materials . . . . . . . . . . . . . . . . . . . . . . . . 23
 2.4.2 Thermal expansion of composite materials . . . . . . . . . . . . . . . . . . . . . 24

 2.5 Raman scattering  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

 2.5.1 Raman spectroscopy of graphite  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
 2.5.2 Selection rules for the G line  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
 2.5.3 Phonons under strain in silicon. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30



VIII
 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

Chapter 3 
Materials and Methods 37

 3.1 Components of the composite materials. . . . . . . . . . . . . . . . . . . . . . . . . . 37

 3.2 Composite fabrication  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

 3.3 Thermal diffusivity measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

 3.4 Thermal expansion measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

 3.5 Structural characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

 3.6 Raman spectroscopy. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

 3.7 LED heat sink setup and thermographic images. . . . . . . . . . . . . . . . . . . 44

 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

Chapter 4 
Results and Discussion 47

 4.1 Structure and morphology. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

 4.1.1 Copper powder and graphite platelets . . . . . . . . . . . . . . . . . . . . . . . . . 48
 4.1.2 Consolidated materials. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

 4.2 Quantification of graphite alignment . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

 4.3 Thermal transport in copper/graphite composites . . . . . . . . . . . . . . . . . 56

 4.3.1 Composites containing graphite nanoplatelets. . . . . . . . . . . . . . . . . . . 58
 4.3.2 Composites containing graphite microplatelets . . . . . . . . . . . . . . . . . . 59
 4.3.3 Effective medium approximation for copper/graphite composites . . . 60

 4.4 Thermal expansion of copper/graphite composites. . . . . . . . . . . . . . . . . 67

 4.4.1 Elasticity theory for CTE of graphite under strain. . . . . . . . . . . . . . . . 71
 4.4.2 Theoretic predictions for the thermal expansion . . . . . . . . . . . . . . . . . 74

 4.5 Strain induced in silicon in different heat sink assemblies . . . . . . . . . . . 75

 4.5.1 Free standing silicon  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
 4.5.2 Silicon attached to aluminum, copper, and SuCoLEx . . . . . . . . . . . . . 76



IX
 4.6 SuCoLEx as heat sink for high power LEDs . . . . . . . . . . . . . . . . . . . . . . 79

 References  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

Chapter 5 
Summary and Outlook 83



X



XI
I’m an experimental physicist. You know, one of those guys who examines the 
building blocks of creation and says, “Hello maker of the universe. I see what you 
did there. Good one!” 

Leonard Hofstadter, The Big Bang Theory



XII



to Klara and Erich...



XIV



INTRODUCTION 1
Chapter 1
Introduction

The invention of transistors [1] and integrated circuits [2] in the middle of 20th century
revolutionized electrical engineering and accelerated the developments in this field ever
since. Soon after, Intel co-founder Gordon E. Moore predicted that the number of transis-
tors on an integrated circuit will double every two years [3], which is famously known as
Moore’s Law. In fact, this law predicted the integrated circuit development for six
decades [4] much longer than originally expected.

Primarily, this means that the
computing power vastly increased
following the trend of transistor density.
With increasing transistor density the
power density in an integrated circuit
increases. This leads to an increased
generation of heat caused by electrons
that travel through an integrated circuit.
Once the temperature of a central
processing unit (CPU) exceeds a certain
threshold malfunctions or permanent
damage may occur. To prevent over-
heating computer chips need to be
cooled. This is usually realized by a
heat spreader/heat sink configuration
that conducts heat away from the CPU
to the flowing air, as shown in
Figure 1.1. The air flow may be convective (passive heat sink) or forced by a fan (active
heat sink). The material the heat sink is made of needs to have a high thermal conductivity.

 Figure 1.1 Schematic view of a heat sink on a
CPU.
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Metals like copper (Cu) and aluminum (Al) are the most common heat sink materials. To
maximize the surface area of the heat sink that is in contact to the flowing air fins are often
incorporated in its design. The typical size of a CPU is around 2 cm2. For high power
computation the required heat flux might be to high for the thermal management pack-
aging. Incorporating a heat spreader between the heat sink and the CPU increases the size
of the cooled area and reduces the required heat flux, as indicated in Figure 1.1. However,
this also introduces additional interfaces, which increase the thermal resistance of the
thermal management packaging.

A general problem in thermal management is that metals like Cu or Al cannot be in
direct contact with a computer chip that is made of silicon (Si). The huge difference in
thermal expansion creates high thermal stresses at the Si/metal interface, which may even-
tually lead to malfunction and permanent damage to the CPU [5]. As a consequence
thermal interface materials (TIM), usually a grease or paste containing epoxy or silicone
matrix with thermally conductive fillers, are required to protect the Si chip from thermal
stress caused by the much higher thermal expansion of the metal. The second important
function of a TIM is to improve the thermal contact between adjacent surfaces by closing
air voids and gaps. The thermal conductivity, however, is usually one or two orders of
magnitude lower compared to metals. The ideal configuration for chip cooling would be
a heat sink material with high thermal conductivity, preferably exceeding Cu, and a
thermal expansion similar to Si. In this case the heat sink might be soldered directly on
the chip to avoid additional thermal interfaces, usually the bottleneck for the heat trans-
port capabilities of the thermal management packaging.

Over the last years the increased heat
generation became a difficult to over-
come barrier in the development of
improved integrated circuits [6].
Figure 1.2 shows the development of
heat flux in computer chips. With the
beginning of the 1980’s the heat flux
increased dramatically which posed
new challenges for the thermal
management of electronic devices. To
improve the cooling performance one
mainly has to overcome the limita-
tions in heat transfer capability of the
heat sink material and to improve the
design of the thermal packaging. The
demand for highly mobile, small, and
lightweight electronic devices calls
for small heat sinks with low densities.

 Figure 1.2 Evolution of heat flux in high-end
computers. Data taken from Reference [7]
and [8].
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In recent years research focused on the development of novel composite materials that
combine the physical properties of their components. Prime candidate to meet the
increased demand of thermal performance of heat sink materials are metal matrix
composites (MMC) where metals are combined with nano- and microsized fillers. Due to
their excellent thermophysical properties and low volumetric mass density carbon mate-
rials are expected to take over the role of the filling material in such MMCs [9]. The
combination of extraordinary high thermal conductivity and ultra low thermal expansion
of graphite (nano)platelets [10,11], graphene [12-14], carbon nanotubes [15-17], and
nanodiamonds [18,19] is unrivaled. These carbon materials have proven to enhance the
thermal properties in polymer matrix composites [20-24]. For filling materials with aniso-
tropic thermal properties, e.g., graphite, graphene, and carbon nanotubes, filler alignment
is crucial for an effective enhancement of the thermal properties [21,25].

Compared to polymer matrix composites the incorporation of carbon fillers into a metal
matrix is more challenging, due to the large density mismatch that leads to poor dispers-
ibility. Early studies of metal/carbon composites showed that random filler alignment and
filler agglomeration reduce the thermal conductivity of the composite compared to the
pure metal [25-28]. The different mechanisms of heat conduction (via electrons in metals
and via phonons in carbon) result in a thermal resistance at the interface of the composite
components that decreases the thermal conductivity of the MMC. To use MMCs as heat
sink materials they need to be fabricated in bulk quantities. Several approaches to synthe-
size metal/carbon composites, however, create MMC films [29-31]. Recent studies
successfully managed to fabricate bulk quantities of MMC with anisotropic thermal prop-
erties, where the thermal conductivity was not reduced by adding carbon fillers [32-34].
However, the combination of increased thermal conductivity (i.e., beyond the value of
Cu) and tailoring the thermal expansion to match the value of Si remains challenging.
Crucial for a heat sink material is that the direction with maximum thermal conductivity
is perpendicular to the direction of low thermal expansion.

In this thesis the fabrication of a novel MMC is introduced where a copper matrix is
reinforced with graphite platelets. The advantage of graphite platelets over graphene or
carbon nanotubes is that they are inexpensive, easy to process, and commercially avail-
able in large quantities and morphologies. It will be shown that for the suitable filler size
and concentration this copper/graphite composite poses significantly improved thermal
transport properties in combination with silicon-like thermal expansion perpendicular to
the direction of high thermal conductivity, as desired for a heat sink material. This combi-
nation was achieved by aligning the graphite particles within the copper matrix by spark
plasma sintering, a technique that creates bulk quantities and can be scaled up to an indus-
trial scale. Within the copper matrix the graphite particles are subjected to thermal strain.
It will be shown that this strain is reversing the thermal expansion behavior of graphite
perpendicular to its layers from strongly expanding to strong contracting. This contraction
entails the silicon-like expansion of the copper/graphite composite.
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Besides the detailed analysis of the structure and the thermophysical properties of the
composites this novel material is tested as a heat sink material. In two different assemblies
it will be demonstrated that the copper/graphite composite significantly reduces thermal
stress in silicon and outperforms the cooling capabilities of pure copper. This composite
material has the potential to form a heat sink that is directly attached to a computer chip.
Thus, the number of interfaces is reduced to a minimum and the cooling performance is
maximized.
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Chapter 2
Theoretical Background

In this chapter the fundamental concepts and terminologies about energy transfer via
heat conduction will be introduced. This will be in detail expanded to the description of
heat conduction in specific materials, i.e., metals and carbon allotropes. Moreover, a theo-
retical model to predict the thermal conductivity of composite materials will be intro-
duced. The experimental determination of the thermophysical properties of the
investigated materials plays a central role in this thesis. Methods to determine heat
conduction properties will be introduced focusing on a detailed description of the
so-called light flash method. This method will be utilized in this study to investigate the
heat transport properties in dependence of the direction with respect to orientation of the
filling material.

The mechanisms of thermal expansion of solid materials will be introduced with a
detailed focus on metals and carbon materials. Moreover, theoretical models for
predicting the thermal expansion of two phase composite materials will be described.

In the last section of the chapter the concept of Raman scattering along with the Raman
spectroscopy of graphite will be presented. In addition, the method to calculate the Raman
intensity of a specific Raman line in the graphite spectrum will be introduced. This will
be a useful tool to determine the orientation of graphite particles, which are, for instance,
embedded in a composite material. Furthermore, Raman spectroscopy of silicon will be
introduced with a focus on the temperature and strain dependence of the spectrum. Thus,
the connection between external stress and the resulting peak shift in the Raman spectrum
of silicon will be derived. 
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 2.1 About heat conduction

Thermal energy is transfered by radiation, convection (liquids and gases), and conduc-
tion (solids). The ability to conduct heat strongly depends on the composition of a mate-
rial. It is considered as a transfer of internal energy caused by a temperature gradient.
According to the second law of thermodynamics the heat flows in the direction of lower
temperature. Described by Fourier’s Law [1] in its differential form the local heat flux
density  is proportional to the negative temperature gradient  in the system with

where k is the thermal conductivity of the material. Using Fourier’s Law, conservation of
energy and the relation , where cp is the specific heat and ρ is the mass
density of the material, one derives the heat equation. It describes the correlation between
the temporal change and the spacial variation of the temperature at a certain location in a
solid body [2]

which is rewritten as

a is the thermal diffusivity. As seen from Equation 2.3 the thermal diffusivity is the ratio
of the thermal conductivity k to the volumetric heat capacity cp ρ of a material and, there-
fore, characterizes the ability of a material to transfer heat relative to the ability to store
it. All of these physical quantities are temperature dependent and specific for a given
material. The mechanism of heat conduction strongly depends on the electronic as well as
crystallographic structure of the material. As a consequence the thermal conductivity of a
material may depend on the direction of the heat flow.

 2.1.1 Heat conduction by electrons

In metals the atomic cores are surrounded by quasi-free electrons. These electrons are
not only carrying electrical current but also transfer heat by colliding with atoms and other
electrons. The fundamental expression of the electronic contribution to the thermal
conductivity kel is [3]

q T∇

q k– T,∇⋅=  (Eq.  2.1) 

ΔQ cpρΔT=

cpρ t∂
∂T k∇2T– 0,=  (Eq.  2.2) 

t∂
∂T a∇2T,   with a k

cpρ
--------.= =  (Eq.  2.3) 
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where n is the number of conduction electrons per volume, cel is the electronic heat
capacity per electron, vel is the electron velocity and lel is the electron mean free path.
With the assumption of quasi-free electrons the electron velocity equals the Fermi
velocity vF and . Following Equation 2.4 kel is rewritten to

where τ = lel / vel is the electron lifetime. The relation between Equation 2.5 and the elec-
trical conductivity σel = ne2τ / m leads to the Wiedemann-Franz-Law [4]

where the lifetime of electrical and thermal transport is assumed to be the same. L is the
so-called Lorenz number. Compared to heat transport via lattice vibrations (or phonons)
electrons dominate thermal conduction in metals. Thus, metals like silver (429 Wm-1K-1),
copper (401 Wm-1K-1), and aluminum (237 Wm-1K-1) are among the best known heat
conductors [5]. This is in line with the electrical conductivity, which is highest for silver
(6.21×107 Sm-1), followed by copper (5.88×107 Sm-1) and aluminum (3.65×107 Sm-1)
[3]. Following Equation 2.6 the Lorenz numbers are 2.30, 2.27, and 2.18 for silver,
copper, and aluminum. Quite remarkably this is in good agreement with the theoretical
value of the Lorenz number given the fact that Equation 2.6 is independent of the mass
and density of the particles. Moreover, this underlines the electronic nature of thermal
transport in metals.

It is worth mentioning that the thermal conductivity is given for pure, highly crystalline
materials. Depending on the thermomechanical treatment during the fabrication process
the thermal conductivity may be lower [6]. In the presence of impurities, such as oxygen
or other metal atoms, the thermal conductivity is lowered even further. This is especially
true for alloys. The thermal conductivity of common copper alloys with copper content
above 99% lies in the range from 200 to 380 Wm-1K-1 [6]. Due to the combination of high
thermal conductivity with excellent processing and low material costs, copper and
aluminum are widely used as heat transferring materials in many applications.

kel
1
3
---ncelvellel,=  (Eq.  2.4) 

cel πkB vF⁄( )2 T m⁄( )=

kel
π2nkB

2 Tτ
3m

---------------------,=  (Eq.  2.5) 

kel

σel
------- LT     with     L kel

σelT
---------- π2

3
----- kB

e
----- 
 

2
2.44 10 8–×  WΩK 2– ,= = = =  (Eq.  2.6) 
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 2.1.2 Heat conduction in carbon

Carbon exists in many different natural
and synthetic allotropic forms such as
amorphous carbon, graphite, diamond,
graphene, and carbon nanotubes [7].
Graphite consists of sp2-hybridized carbon
atoms bound in parallel planes (basal
planes, a-b axis) with hexagonal structure,
as presented in Figure 2.1. Within the
planes the carbon atoms are strongly
bound via covalent bonds. The interlayer
connection (c axis), however, is weak due
to weak van der Waals forces. Moreover,
the interlayer spacing is about tree times
larger than the in-plane C-C distance. Due to its layered structure graphite is a highly
anisotropic material, when it comes to mechanical, electrical, and thermal properties. As
a result of the sp2-hybridization the fourth valence electron is located in the delocalized
π-orbital leading to a metal-like electrical conduction. Perpendicular to the basal planes
the electrical conductivity of graphite is tree orders of magnitude lower [8].

According to the Wiedemann-Franz-Law (Equation 2.6) the electronic contribution to
the thermal conductivity parallel to the basal is estimated to kel ≈ 2 Wm-1K-1 (using σel
from Reference [8]). The contribution of the lattice vibration (or phonons) to the thermal
conductivity kph is given by [3]

where cph is the heat capacity of the phonons, vph the phonon velocity and lph the phonon
mean free path. Because of the high phonon velocity and mean free path in graphite the
thermal conductivity of graphite is dominated by lattice variations. Klemens and Pedraza
calculated kph = 1910 Wm-1K-1 [9]. Due to the strong binding of the carbon atoms along
the basal planes the phonons propagate much faster than perpendicular to the planes,
where the binding is weak and the lattice spacing is much larger [9,10]. Consequently, the
thermal conductivity along the c axis is much lower.

With natural graphite existing in many different forms the thermal conductivity of these
materials covers a wide range. Highly oriented pyrolytic graphite (HOPG) is an artificial
graphite material, witch exhibits the highest degree of preferred crystallographic orienta-
tion of the c axis. Therefore, the thermal conductivity of HOPG along and perpendicular
to the basal planes approaches the values for ideal graphite single crystals [11]. Typical

 Figure 2.1 Schematic structure of graphite
with hexagonal unit cell (ABABAB stack-
ing).

0.6708 nm

0.142 nm

kph
1
3
---cphvphlph,=  (Eq.  2.7) 
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values for the thermal conductivity along the basal planes of HOPG are close to
1900 Wm-1K-1, which is more than four times higher than the best metals [5]. Perpendic-
ular to the planes the thermal conductivity is three orders of magnitude lower and lies
around 5 to 15 Wm-1K-1 [5], directly reflecting the structural anisotropy. For all types of
natural graphite the thermal conductivity lies between these two extreme values due to
various factors such as defects, impurities, size and orientation of the grains, degree of
graphitization, and so forth. At room temperature the phonon mean free path along the
basal plane is on the order of 1 µm [9]. Thus, the thermal conductivity at room tempera-
ture is reduced for a grain size below 2 µm.

Among all naturally occurring materials natural diamond is the material with the highest
thermal conductivity of 2190 Wm-1K-1 at room temperature [12]. This high value is a
direct result of the strong sp3-hybridized covalent bonds and the high mean free path of
the lattice vibrations. Synthetic diamond with low isotropic impurities is an even better
heat conductor exhibiting a thermal conductivity of 3320 Wm-1K-1 at room temperature,
due to the reduction of phonon-isotropic scattering. [13]

This high conductivity is only matched by the two nanostructured carbon allotropes
graphene and carbon nanotubes (CNTs) with thermal conductivities exceeding the bulk
graphite limit. Graphene is a one atom thick single layer of graphite where the carbon
atoms are strongly bound in a sp2-hybridized hexagonal lattice and is considered to be a
two dimensional system. Experimental studies revealed that the thermal conductivity of
graphene along the plane exceeds 3000 Wm-1K-1 at room temperature [14,15]. Increasing
the number of layers (few-layer graphene) decreases the thermal conductivity and even-
tually approaches the value for bulk graphite [16]. With carbon nanotubes being single or
multi layer of graphene rolled up at a specific angle the thermal conduction process is
similar to graphene. The typical diameter of a single-walled carbon nanotube is in the
order of 1 nm while the length may be up to six orders of magnitude higher. Therefore,
CNTs are considered to be a one dimensional system. At room temperature the thermal
conductivity of a single-walled CNT was found to be ~3500 Wm-1K-1 [17]. Due to
wall-to-wall interactions the thermal conductivity of multi-walled CNTs lies below
single-walled tubes. Still, the thermal conductivity exceeds a value of
3000 Wm-1K-1 [18]. Amorphous carbon does not have a long-ranged crystalline structure
and, therefore, is a bad heat conductor.

Given these extraordinary high thermal conductivities, graphite, diamond, graphene,
and carbon nanotubes have great potential to enhance the thermal conductivity of conven-
tional materials by forming carbon reinforced composites [19].
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 2.2 Modulation of thermal conductivity in composite 
materials

If a material is composed of components with different thermal conductivities and heat
conduction mechanisms the thermal conductivity of the composite is generally unknown.
For many applications, however, the knowledge of the thermal transport behavior is
crucial. Besides the thermal conductivity of the composite components the resulting
thermal conductivity depends on various factors, such as geometry and orientation of the
reinforcement as well as thermal interface resistance. By utilizing the rule of mixture the
thermal conductivity of such composite materials is over- or underestimated, since
important factors concerning the heat transport are neglected. This is particularly signifi-
cant when highly anisotropic materials are used. A widely used model for the calculation
of the thermal conductivity enhancement (TCE) in two component composite materials
was developed by Nan et al. [20] in the framework of effective medium approximation
(EMA). As described by Nan [21] one expresses the thermal conductivity k(r) of a
composite material by

where k0 is the constant part of the homogeneous matrix and k’(r) is the perturbation term,
which contains all variations in k(r) caused by the reinforcing component. The expression
for the effective thermal conductivity k of the composite independent of the position is
obtained using the Green’s function G for the homogeneous material defined by k0 and
the transition matrix T that contains the structural parameters of the composite as
follows [21]

where I is the unit tensor with the brackets denoting spacial averaging. The matrix T is
given by

where the first term is the sum of the T matrices of n particles and the successive terms
account for the interactions between the different particles. If one neglects particle inter-
actions the matrix T is simplified as shown in Equation 2.10. This approximation is only
valid if the inclusions are homogeneously dispersed in and surrounded by the matrix, i.e.,
the volume fraction of the particles is sufficiently low (f < 0.4) [22]. However, it has been

k r( ) k0 k' r( )+=  (Eq.  2.8) 

k k0 T  I GT +( ) 1– ,+=  (Eq.  2.9) 

 (Eq.  2.10) T Tn
n
 TnGTm

n m n≠,
 … Tn

n
≅+ + k'n I Gk'n–( ) 1– ,

n
= =
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shown that this EMA remains valid for higher volume fractions, if the thermal conduc-
tivity of the matrix and the inclusion particles are within a factor of 100 or less [20].
Therefore, the model suits well for metal matrix composite containing carbon reinforce-
ment. Considering now an ellipsoidal particle with a surrounding interface layer, the
equivalent thermal conductivities along the symmetric axes of the ellipsoidal composite
unit cell are derived from Equation 2.9 as follows [20]

where the parameter κ is defined by

with Rk being the Kapitza resistance (i.e., interface resistance between matrix and inclu-
sion) and km and  being the thermal conductivity of the matrix and the ellipsoidal
particle along the symmetric axes of the particle. The aspect ratio p = a3 / a1 is < 1 for
oblate (a1 = a2 > a3) and > 1 for prolate (a1 = a2 < a3) ellipsoids, where a1, a2, and a3
are the radii of the ellipsoid. The geometrical factors Lii (depolarization factors) depend
on the shape of the particle. They are given by [23,24]

For a two phase composite with equal-sized ellipsoidal particles and interface resistance
between the matrix and the particles one obtains the effective thermal conductivity of the
composite from Equation 2.9 by choosing k0 = km for the three material axes as
follows [20]

and

kii
c kii

p

1 γLiikii
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k11 k22=
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with

where f is the volume fraction of the inclusion particles. The average  describes
the orientation of the ellipsoidal particles within the matrix and is given by

where θ is the angle between the materials axis in k33 direction and the corresponding
local particle symmetric axis and ρ(θ) is a distribution function representing the particle
orientation. For a random dispersion of the ellipsoidal particles , whereas

 for fully aligned inclusions. Using the Equations 2.14 and 2.15 the thermal
conductivity is calculated for a two phase composite material containing inclusion parti-
cles with various shapes such as fibers, plates, or spheres [20]. For many systems these
equations can be simplified (e.g., for very large or small aspect ratios, random or full
alignment). Furthermore, using the described EMA one is able to predict parameters of
composite materials which are difficult to access experimentally such as the thermal inter-
face resistance or structural parameters [22].

 2.3 Measurement of thermal diffusivity and conductivity

The determination of the thermal transport properties is realized by numerous
approaches for measuring the heat flux and the temperature gradient based on
Equation 2.1. This is done in steady state conditions, i.e., the temperature of the measured
material does not change anymore. The heat flux is measured directly by, e.g., measuring
the power of the used heating source or indirectly by comparison to a reference material.
In both cases the experimental setup and the materials have to be well engineered.
Depending on the thermal conductivity of the involved materials as well as the experi-
mental setup reaching steady state conditions usually takes 30 minutes or more. There-
fore, a good thermal insulation of the system is essential. One of the oldest steady state
methods and a standard method today is the guarded hot plate method (ASTM C 177)
developed in the beginning of the 20th century [25].

In recent decades several transient methods (non-steady state) to measure the thermal

k33 km
1 f β11 1 L11–( ) 1 cos2θ –( ) β33 1 L33–( ) cos2θ ( )+[ ]+

1 f β11L11 1 cos2θ –( ) β33L33 cos2θ ( )+[ ]–
-------------------------------------------------------------------------------------------------------------------------------------------,=  (Eq.  2.15) 
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km Lii kii

c km–( )+
----------------------------------------,=  (Eq.  2.16) 

cos2θ 

cos2θ 
ρ θ( )cos2θ θ θdsin

ρ θ( ) θ θdsin
----------------------------------------------,=  (Eq.  2.17) 
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transport properties have been developed. The main difference to steady state techniques
is that the measurement is performed during the process of heating up or cooling down,
which means that the measurement time is much shorter, typically a few seconds or less.
Commonly used methods are the 3ω method [26], the hot wire method [27], the hot
strip [28] and hot disk method [29], and the flash method [30]. In this study the flash
method will be used to determine the thermal diffusivity and thermal conductivity of the
materials. It will be described in detail in the following section.

 2.3.1 Flash method

The flash method was first described by Parker et al. [30] in 1961; it is probably the
most commonly used method for thermal transport investigations on bulk solid materials
(ASTM E 1461). In this technique an usually disc shaped specimen is exposed to a short
and intense light pulse on one side, while the temperature rise is recorded with an infrared
detector on the other side, as schematically shown in Figure 2.2a. The typical temperature
profile outlined in Figure 2.2b may be separated in three sections. Section I corresponds
to a period of constant temperature prior to the light flash at t = 0, section II corresponds
to the transient temperature rise period caused by the light flash, and section III to the
cooling period after the temperature of the rear surface reached a maximum. The two main
advantages of the flash method over many steady state techniques are the elimination of
the problem of thermal contact resistance as well as the minimization of heat losses, by
using a light flash as the heat source in combination with a short measurement time [30].
In order to obtain the thermal diffusivity a from the temperature profile one has to derive
an analytical expression for the time-dependent temperature of the rear surface the solid.

 Figure 2.2 (a) Schematic setup of the flash method. (b) Temperature profile recorded by the IR
detector. Prior to the light flash at t = 0 the temperature is constant (I), after the flash the tem-
perature is rising to a maximum (II), and eventually decreasing due to heat losses (III).

a b
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This is done by using the temperature distribution given by Carslaw and Jaeger [2] as

where L is the thickness of the solid and a is the thermal diffusivity. By irradiating the
front surface at x = 0 with a short light pulse the energy flux q is absorbed within a small
depth g. The temperature distribution is then given by [30]

where ρ is the density and cp is the specific heat of the solid. With that Equation 2.18 is
rewritten as [30]

For opaque materials g is a very small number and, therefore, Equation 2.20 is simplified
to obtain the time dependent temperature development at the rear surface at x = L as
follows [30]

where the maximum temperature ΔTmax at the rear surface is given by
ΔTmax = q / (ρ cp L). With the definition of two dimensionless parameters
V(L,t) = T(L,t) / ΔTmax and ω = π2 a t / L2 Equation 2.21 is rewritten as follows [30]

From the plot of Equation 2.22 shown in Figure 2.3 relations to obtain the thermal diffu-
sivity are deduced. The dashed line in Figure 2.3 shows that for V(ω) = 0.5 the parameter
ω = 1.3698, which leads to the following relation for the thermal diffusivity [30]
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where t1/2 is the time that is required
for the temperature of the rear surface
to reach half of the maximum tempera-
ture (see also Figure 2.2b). With Equa-
tion 2.23 one is able to determine the
thermal diffusivity without knowing
the amount of energy absorbed at the
front surface as long as (i) the light
flash is negligibly short compared to
the characteristic time of the transient
temperature rise, (ii) the specimen is
non-transparent to the light pulse and
to thermal radiation, (iii) the specimen
is uniform in geometry and homogeneous in structure, and (iv) the heat loss is negligible.
Non-transparent solids are the ideal materials to determine the thermal diffusivity over a
wide range (i.e., 0.1 to 1000 mm2s-1 [31]). For transparent materials a suitable thin
coating of an opaque material is required. The measurement of liquids or molten materials
requires a special container construction. Here it is important to minimize the influence
of convection.

Besides the thermal diffusivity the flash method also determines the specific heat
capacity cp of the specimen if the total amount of absorbed energy Q is known. To deter-
mine cp and with that the thermal conductivity using Equation 2.3 from the same measure-
ment the amount of absorbed energy by the specimen Q has to be known. This energy is
obtained by performing identical measurements on a reference sample with known cp. The
power and length of the pulse as well as the irradiated surface and the absorption proper-
ties of the specimen have to be identical. Comparable absorption properties are realized
by applying a suitable coating on both of the specimen surfaces. Under the assumptions
the relation for the derived specific heat capacity  is as follows

where the superscript u refers to the specimen with unknown cp and ref refers to the refer-
ence sample. It is worth noting that this method is only applicable for isotropic specimen.
Eventually, the thermal conductivity is calculated following Equation 2.3 using the
measured values for a and cp.

a 1.3698L2

π2t1 2⁄
----------------------,=  (Eq.  2.23) 

 Figure 2.3 Plot of the dimensionless function
V(ω) showing the temperature rise of the rear
surface in a flash experiment
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Comparing the typical temperature profile of a flash measurement (see Figure 2.2b)
with the idealized case (Figure 2.3), it becomes evident that in a real measurement
Equation 2.23 needs to be corrected to account for heat losses as well as the finite pulse
length τ. A finite pulse correction is required when the temperature rise time becomes
short compared to the pulse length (i.e., t1/2 < 50 × τ). As is apparent from Equation 2.23
this is the case for very thin materials or materials with high thermal diffusivity. The
effects caused by a finite light pulse is usually be corrected using the relation derived by
Taylor and Clark [32]

where C1 and C2 are specific constants for the triangular pulse shape with pulse duration
τ. Correcting the loss of heat becomes necessary for measurements of very thick samples
or samples with low thermal diffusivity. For such samples the temperature rise time will
be long. Therefore, heat losses due to radiation losses from the surface as well as conduc-
tion losses to the sample holder must be accounted for. The correction for the cooling part
of the temperature profile (see section III in Figure 2.2b) by Cowan [33] uses the tempera-
ture ratios of T(5t1/2) / T(t1/2) and T(10t1/2) / T(t1/2). For the adiabatic case
(Equation 2.23) these ratios are equal to two. If heat is lost these temperature ratios are
below two. The correction factor KC for 5t1/2 and 10t1/2 are calculated from the polyno-
mial fit

where x is 5 or 10. This correction factor is used to calculate the thermal diffusivity as
follows

Clark and Taylor [34] introduced heat loss corrections for the rise curve (see section II in
Figure 2.2b) using the ratio t3/4 / t1/4 which is the time to reach 75% of the maximum
temperature divided by the time to reach 25% of the maximum with the ideal value
t3/4 / t1/4 = 2.27 (Equation 2.22). The correction factor KCT is then calculated from
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which leads to the corrected thermal diffusivity

In addition to the above mentioned correction there have been various other procedures
introduced to refine the determination of the thermal diffusivity for specific measurement
conditions [35-38].

With the standard setup for the Flash
method (see Figure 2.2a) the thermal
diffusivity through the thickness of a disc
shaped specimen is measured. For mate-
rials with isotropic thermal properties the
measured thermal diffusivity applies to
all directions, in particular to the in-plane
or radial direction of the disc. If a mate-
rial has anisotropic thermal properties
the in-plane value will differ from the
through-plane conductivity. The standard flash method is modified for anisotropic
samples by adding two masks to the setup, as presented in Figure 2.4. The mask between
the light source and the specimen is used to collimate the light though a pinhole and with
that the heat is applied to a small spot in the center of the front surface of the specimen.
The mask between the specimen and the detector is used to block the thermal radiation of
the rear surface at the center of the specimen but allows the radiation to pass through an
annulus, which has a substantially larger diameter compared to the diameter of the pinhole
in the first mask. This allows a detection of the heat flow in the in-plane direction of the
specimen resulting in a temperature rise recorded by the IR detector, that corresponds to
the radial thermal diffusivity. The calculation of the radial thermal diffusivity was intro-
duced by Donaldson and Taylor [39] using a two-dimensional model for the temperature
profile, where the dimensionless temperature is expressed as a product of a radial and an
axial component. The thermal diffusivity is deduced from the temperature profile in a
similar fashion by taking the time t1/2 in which the temperature rises to half of its
maximum
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 Figure 2.4 Schematic setup of the modified
flash method to measure the thermal diffusiv-
ity in radial direction.
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where R is the radius of the pinhole in the front mask. The parameter τ1/2 depends on the
radius of the of the pinhole, the radius of the annulus in the rear mask, the sample thick-
ness, and the axial thermal diffusivity, which is determined in a standard flash experiment.

 2.4 Thermal expansion in solid materials

It is commonly known that
solid materials (as well as
liquids and gases) change their
volume when the temperature
is changing. However, if one
assumes that atoms in a lattice
are moving in a harmonic
potential, the volume of a solid
material is independent of the
temperature. Since the attrac-
tive and repulsive forces
between two neighboring
atoms are not symmetric, the
potential for an atom in a lattice
is anharmonic. In the classical
picture shown in Figure 2.5 the
atoms are vibrating in such
potential. With increasing temperature the mean distance of the atom increases. There-
fore, the volume of the solid body expands. However, this model only takes into account
longitudinal while neglecting transversal vibrations, which cause the atoms to be pulled
towards each other. Thus, this classical model cannot explain negative thermal expansion,
which occurs in some solids but points out anharmonicity as the most important mecha-
nism for thermal expansion.

According to the theoretical approach by Grüneisen [40] the volume derivative of the
equation of state leads to the connection between thermal expansion, compressibility, and
specific heat for monoatomic solids. In the theory of Grüneisen all independent vibrations
have the same frequency ω. Moreover, the free energy F of a solid body contains only the
energy of the lattice vibrations, and the elastic energy in absence of defects and electronic
excitations. It is given by [42]

 Figure 2.5 Classical picture of atoms vibrating in an
anharmonic potential leading to an increase in the
mean atomic distance (blue dots) with increasing tem-
perature.
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where V is the volume, δV  is the small volume change, B is the bulk modulus, and q is
the wave vector with the frequency ωq, while summation goes over all q and all phonon
branches j. The volume derivative of Equation 2.31 leads to the pressure

Here the anharmonicity becomes apparent because the volume change results in a change
of frequency (i.e., ). For a solid body with harmonic potential the
frequency change is zero. Assuming that the relative frequency change is independent of
the frequency and proportional to the relative volume change leads to the relation [40,41]

where γ is the dimensionless Grüneisen parameter, which relates the phonon frequency
to volume a change. It is a characteristic constant for a material and a given phonon
branch. In most materials γ  is positive and close to one. With the Grüneisen parameter
Equation 2.32 is simplified to [42]

The sum in Equation 2.34 contains the energy of all phonons including the zero-point
energy which is the total internal energy U. From that one obtains the equation of state

The temperature derivative of the equation of state leads to one of the many formulations
of the Grüneisen relation by using the definition of the bulk modulus ( )

with
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where αV is the volumetric coefficient of thermal expansion (CTE) and Cv is the heat
capacity. Since the bulk modulus does not change much with temperature, the ratio of
thermal expansion and the heat capacity is more or less constant over a wide temperature
range. Thus, the Grüneisen parameter is often referred to as a constant. However, the
assumption that the frequencies for different crystal vibrations are the same is often
invalid. Consequently, the Grüneisen parameter γ  is often replaced by multiple parame-
ters γj for each of the different vibrational branches j. The label  j can also include other
contributions to the thermal expansion such as magnetic or electronic ones. For longitu-
dinal optical and acoustic modes the Grüneisen parameters are usually positive, whereas
for transverse acoustic modes the Grüneisen parameter may be negative [44].

Another important and widely used definition for the thermal expansion is the linear
coefficient of thermal expansion given by

where L0 is a particular length of a material. When the linear CTE does not change much
over a temperature interval ΔT Equation 2.38 is simplified to obtain the mean linear CTE

where ΔL is the absolute length change over the temperature interval ΔT. The CTE of
Equations 2.38 and 2.39 are often referred to as physical and technical coefficient of
thermal expansion. For isotropic materials the volumetric CTE αV is three times the linear
CTE αL. Additionally, a commonly used expression to compare the thermal expansion
between different materials is the relative length change given by

where ΔL(T) is the absolute length change at the temperature T. Furthermore, the thermal
expansion is correlated to the melting point for metals with cubic structure, i.e., the higher
the melting point the lower the CTE. Therefore, aluminum (22.5 ppmK-1) [43] has a
higher CTE than copper (16.5 ppmK-1) [45] and silver (18.8 ppmK-1) [46]. Compared to
semiconductors like silicon (2.4 ppmK-1) [45] the CTE of metals is a factor of 7 to 9
larger. Such a large CTE mismatch is problematic for thermal management applications,
where semiconductors are in direct contact with metals for cooling purposes, since it
causes thermal stress that may be higher than the strength of the materials to be cooled.
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On the other hand these metals conduct heat very effectively, much better than metals with
lower CTE. To tackle this problem one approach is to lower the thermal expansion of
these highly conducting materials by reinforcing them with low expanding materials. The
next section will suggest, that carbon materials are prime candidates to address this chal-
lenging task.

 2.4.1 Thermal expansion of carbon materials

As already elaborated in Section 2.1.2 carbon materials have special heat conducting
properties, that are highly anisotropic for, e.g., sp2 carbons. Experimental observations
also revealed unusual expansion behaviors for various carbon allotropes. Nelson and
Riley [47] investigated the thermal expansion of graphite in dependence of the crystal
orientation using the x-ray diffraction method. They reported a huge anisotropy for the
CTE along (a-b axis) and perpendicular (c axis) to the basal planes. It was found that
below ~400°C graphite contracts along the basal plane direction and, therefore, has a
negative CTE (αGr,ab = -1.5 ppmK-1 at room temperature) [47] as well as a negative
Grüneisen parameter [48,49]. Above 400°C the CTE is positive, but remains below
1 ppmK-1 till up to 800°C.

In the direction perpendicular to the carbon layers graphite expands strongly
(αGr,c = 27.1 ppmK-1 at room temperature), which is even higher than the CTE of the
metals discussed above. At ~400°C the expansion coefficient reaches a plateau at
28 ppmK-1 before increasing further towards higher temperatures [47]. As mentioned
before, the covalent bonding of the carbon atoms in the plane is much stronger than the
bonding between adjacent layers. As result the elastic modulus is much larger between the
layers as opposed to the direction along the layers [50,51]. Mounet and Marzari [49]
calculated the in-plane Grüneisen parameters for graphite and found that γ  is negative and
as low as -40 for the lowest modes, i.e., the lowest transversal acoustic mode (ZA; also
called flexural or bending mode) and the (ZO’) mode. For low temperatures this negative
Grüneisen parameter will be dominant since most optical modes with γ  > 0 are not exited
resulting in a negative thermal expansion along the basal plane αGr,ab < 0 [48,52]. With
increasing temperature more optical modes with positive γ  will be excited and eventually
dominating the contraction effect leading to a positive CTE along the basal planes. For a
hexagonal crystal the mean linear CTE is given by

which is approximately 8 ppmK-1 for graphite at room temperature and is the value
measured for polycrystalline graphite specimen [47].

α 2
3
---αab

1
3
---αc,+=  (Eq.  2.41) 



24
In graphene the negative in-plane thermal expansion is even more pronounced, which
was calculated to -7 ppmK-1 at room temperature [53,54]. Again the flexural phonons
with large negative Grüneisen parameter are the dominating factor for the negative
CTE [49,55]. Yoon et al. [56] estimated the CTE of graphene at room temperature to
-8 ppmK-1 by temperature-dependent Raman spectroscopy. This is exceeding the in-plane
contraction of graphite because in contrast to graphite there are no interplanar interactions
that suppress the out of plane vibrations. This so called membrane effect was predicted by
Lifshitz [57] and underlines the importance of flexural modes in layered materials.
Rolling a graphene sheet to a carbon nanotube likewise suppresses contraction. Thus,
CNTs exhibit lower contraction than graphene. Yosida [58] and Maniwa et al. [59] inves-
tigated the thermal expansion of single-walled carbon nanotube bundles using x-ray
diffraction. Both studies confirmed that the CTE of the radius, i.e., normal to the bundle
axis, is -1.5 ppmK-1 at room temperature and remains negative for higher temperatures.
Assuming negative expansion along the tube axis as it is observed in graphite or graphene,
the volume expansion of single-walled CNTs is expected to be negative [58]. The inter-
tube gap expansion is larger than the c axis expansion in graphite exhibiting a value of
42 ppmK-1 indicating that the lattice anharmonicity in nanotube bundles is larger than in
graphite [59]. Furthermore, molecular dynamics simulations revealed, that the radial
expansion is slightly lower than the axial [52]. In addition, it could be shown that the CTE
increases with increasing nanotube curvature, i.e., decreasing radius. Zhang et al. [60]
investigated the CTE of individual multi-walled CNTs and found that all walls show
radial contraction as well as negative CTE in axial direction, which was independent of
the tube diameter.

In contrast to the contraction of the sp2 allotropes discussed above diamond does not
show negative expansion between 0 and 1600 K and is 1 ppmK-1 at room
temperature [61,62] confirmed by theoretical calculations [52]. The expansion is still one
order of magnitude lower than typical metals and also lower than silicon [45]. Again the
strong covalent bonding between the carbon atoms is the reason for the low expansion.

Incorporating the above mentioned carbon materials into metal composite materials is a
promising approach to tailor the thermal expansion, the thermal conductivity, as well as
the mass density of advanced composites for thermal management applications.

 2.4.2 Thermal expansion of composite materials

In a composite where matrix and filling particles expand differently when the tempera-
ture is changed the effective thermal conductivity may be predicted by various
approaches. The simplest way is to calculate the thermal expansion of the composite by
rule of mixture (ROM) using the CTE of the matrix αm and the filling material αf 
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where f is the volume fraction of the filling particles. Calculating the thermal expansion
of the composite by the ROM gives a rough estimate of the composite CTE, since the
elastic properties of the components are neglected. Shapery derived a model for compos-
ites with isotropic and anisotropic thermal expansion containing isotropic phases [63]. It
is based on extremum principles of thermoelasticity and considers the stress interaction
between the composite components. The model predicts upper (+) and lower (-) bounds
for the CTE given by

where the indices f and m refer to filler and matrix.  is the Hashin and Shtrikman lower
limit of the bulk modulus given by [64]

The upper limit of the Bulk modulus  yields the lower bound of the CTE . It
is obtained from Equation 2.44 by replacing the index f by m, and vice versa. If the bulk
modulus B and the shear modulus G are unknown they can be calculated using the rela-
tions

where E is the Young’s modulus and ν  is the Poisson’s ratio of the composite component.
Shapery showed that the upper bound of the CTE is equal to the expression derived earlier
by Kerner for isotropic and homogeneous composites reinforced with spherical
particles [65]. In addition, Shapery derived expressions for the longitudinal (||) and trans-
verse (┴) CTE in composites containing aligned fibers with [63]

and

where  is the Poisson’s ratio of the composite. However, in some

αROM fαf 1 f–( )αm,+=  (Eq.  2.42) 

αShapery
(+) αf αm αf–( )

Bm Bf BHS
(-)–( )

BHS
(-) Bf Bm–( )

--------------------------------,+=  (Eq.  2.43) 

BHS
(-)

BHS
(-) Bm

f
1

Bf Bm–
----------------- 1 f–

Bm 4 3⁄ Gm–
------------------------------+

-------------------------------------------------------.+=
 (Eq.  2.44) 

BHS
(+) αShapery

(-)

B E
3 1 2ν–( )
-----------------------  and  G E

2 1 ν+( )
--------------------,==  (Eq.  2.45) 

α||
fαfEf 1 f–( )αmEm+

fEf 1 f–( )Em+
------------------------------------------------=  (Eq.  2.46) 

α⊥ 1 f–( ) 1 νm+( )αm f 1 νf–( )αf α||νc,–+=  (Eq.  2.47) 

νc fνf 1 f–( )νm+=



26
cases these models fail to predict the expansion behavior accurately, especially when
internal stress in the composite is present, which is introduced during the creation process
when the composite components have a large CTE mismatch. Consequently, plastic
deformations of the matrix and the filler may occur, which have an influence on the
expansion of the composite. Moreover, the predictions become less accurate for rein-
forcing materials with anisotropic thermal expansion.

 2.5 Raman scattering

Theoretically predicted by Smekal [66], discovered by Raman and Krishnan in
liquids [67] and Landsberg and Mandelstam in crystals [68] the so-called Raman effect
describes the inelastic scattering of a photon by a molecule or a crystal. Compared to
elastic scattering (Rayleigh scattering) of photons with matter Raman scattering is several
orders of magnitude less likely to happen, which made the observation of the effect diffi-
cult before the availability of lasers. If a photon scatters inelastically with a molecule or a
crystal two different processes may happen. The material may absorb energy by exiting a
phonon while the energy of the scattered photon is reduced by the phonon energy. This
process is referred to as Stokes scattering. If the molecule or crystal is in an exited vibra-
tional state and a photon scatters inelastically the material may lose the energy of a
phonon, which increases the energy of the scattered photon by the energy of the destroyed
photon. This process is referred to as anti-Stokes scattering. A typical Raman spectrum
shows the intensity of the scattered light over its frequency difference to the incident
photons. The frequency shifts for Stokes and anti-Stokes scattering are symmetric around
zero shift, since they belong to the same phonon energy. However, the intensities for the
Stokes and anti-Stokes lines are different, because they depend on the initial population
of the phonon states, which is temperature dependent. Raman spectroscopy is a very
versatile technique able to identify materials, investigate phonon frequencies and peak
widths, the presence of impurities in a material, the level of doping, measure uniaxial and
hydrostatic stress, molecule or crystal orientation, and many other structural
analyses. [69]

 2.5.1 Raman spectroscopy of graphite

In this study Raman spectroscopy will be utilized on graphite to verify the presence of
graphite itself, the presence of defects or disorder in the carbon lattice and the orientation
of the graphite layers in a particular system, i.e., graphite embedded in a metal matrix.

The crystallographic space group of graphite is  having twelve vibrational modes atD6h
4
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q = 0 with three acoustic modes, three infrared-active modes, two silent modes, and four
Raman-active modes shown in Figure 2.6a [70,71]. The Raman-active E2g modes were
measured by Tuinstra and Koenig [72], and Nemanich and Solin [73] directly using
Raman spectroscopy. The typical Raman spectrum of a well ordered graphite flake is
presented in Figure 2.6b containing the first-oder spectrum with the E2g mode at around
1583 cm-1 often referred to as G line. The second-order Raman spectrum contains the
overtone of the G line - the G* peak - which lies higher than twice the frequency of the
G line, due to overbending of the longitudinal optical branches of graphite [71]. More-
over, Figure 2.6b shows the Raman spectrum of the disordered part of graphite, taken at
the edge of the flake, which contains an additional peak at around 1370 cm-1. This mode
is assigned to the disorder in graphite and, therefore, named D mode [72]. The D* mode
in the second order spectrum is very close to twice the Raman shift of the D line and is
assigned to be an overtone of the D peak [71].

 2.5.2 Selection rules for the G line

The scattering efficiency or the intensity of the Raman lines depends on the polarization
of the incoming and the scattered light. To calculate the selection rules for a specific
Raman process one uses the so-called second rank Raman tensor R, which is specific for
each of the crystallographic point groups and is defined such that it contains a numerical

Figure 2.6 (a) Optical lattice modes in graphite with indicated Raman and infrared activity (tak-
en from [70]). (b) Raman spectrum of graphite taken at a well ordered (black line) and a disor-
dered (gray line) part of a graphite flake. The spectrum for the disordered part was shifted for
clarity.

a b
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constant [74]. If one is only interested in relative and not absolute Raman intensities, it is
not necessary to know this constant. The intensity I is given by

where ein and esc are the polarization vectors of the incoming and the scattered light and
R is the Raman tensor for the phonon, which is found in literature [74]. In this study the
polarization dependence of the G line in the Raman spectrum of graphite will be used to
determine the orientation of the graphite planes, in particular for graphite flakes
embedded into a metal matrix. For the E2g transition the Raman tensors are [74]

where f is a constant factor. The total Raman intensity is then obtained by

Lets now consider a well ordered graphite crystal, where the hexagonal carbon planes
are oriented in the x-y plane of a Cartesian coordinate system, as indicated in Figure 2.7a.
For simplicity, the polarization vectors of the incoming and the scattered light have the
same direction, which is easy to realize experimentally in a Raman setup. Using

I ein R e⋅ sc⋅ 2,∝  (Eq.  2.48) 
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,==  (Eq.  2.49) 
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2 ein R⋅ 2 e⋅ sc

2.+∝  (Eq.  2.50) 

 Figure 2.7 (a) Scheme for the orientation of a graphite basal plane with respect to the polariza-
tion vector. The blue/red circle indicates the polarization vector is changed in the
x-y plane/x-z plane. (b) Polar plot of the relative Raman intensities in dependence of the polar-
ization angle calculated with Equations 2.52 (blue curve) and 2.54 (red curve). The dashed curve
shows the intensity for a graphite crystal that is rotated by 60° about the x axis while the polar-
ization is changed in the x-z plane.

a b
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Equation 2.50 the selection rules for Raman intensity of the G peak are calculated in
dependence of the angle of the polarization vector with respect to the orientation of the
graphite planes. Let us first consider the rotation of the polarization vectors in the x-y
plane (as indicated by the blue circle in Figure 2.7a). The polarization vectors are
expressed as

where ϕ  is the rotation angle of the polarization. The total Raman intensity is then propor-
tional to

and, therefore, the intensity is independent of polarization changes within the x-y plane,
i.e., parallel to the graphite basal plane. If one changes the polarization of the incoming
and the scattered light within the x-z plane (as indicated by the red circle in Figure 2.7a)
the polarization vectors are expressed as

The polarization dependence of the Raman intensity of the G peak is again calculated
using Equation 2.50 and results in

The G line has a maximum when the polarization vectors point in x direction
(i.e., ϕ = 0, π) and is zero when the polarization vectors point in z direction (i.e.,
ϕ = π/2, 3π/2), as shown in Figure 2.7b. Due to the symmetry the same intensity depen-
dence applies when the polarization is changed in the y-z plane. It is worth to mention that
for all other orientation scenarios the intensity profile lies in between the above mentioned
extreme cases (e.g., dashed line in Figure 2.7b representing a rotation of the basal plane
by 60° about the x axis).
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 2.5.3 Phonons under strain in silicon

The Raman spectrum of silicon (Si) contains a peak around 520 cm-1 corresponding to
the first order optical phonon for zero wave vector that is tree fold degenerate. Shown by
Hart et al. [75] and Balkanski et al. [76] the frequency shifts when the temperature is
changed due to anharmonic effects. Moreover, the frequency of the phonon is sensitive to
stress in the material, which was investigated by Anastassakis et al. [77]. The effect of
strain on the shift of the Raman modes in Si is described by the secular equation [78]

where p, q, and r are the phonon deformation potentials of the material and εij are the
components of the strain tensor ε. The eigenvalues  (i =1, 2, 3) predict the
strain induced Raman frequency shifts

where ω0 is the frequency for zero strain. It becomes apparent that strain lifts the degen-
eracy, while the intensity depends on the polarization of the incoming and the scattered
light as well as the strain tensor ε, which is connected to stress σ  by Hook’s law

with S being the fourth rank compliance tensor. The eigenvalues give the frequency shift
for each polarization direction

and

In the case of uniaxial stress σ11  along the x direction the components of the strain tensor

pε11 q ε22 ε33+( ) λ–+ 2rε12 2rε13

2rε12 pε22 q ε33 ε11+( ) λ–+ 2rε23
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are given by ε11 = S11σ11, ε22 = S12σ11, and ε33 = S12σ11 following Equation 2.57, where
the Sij are the components of the compliance tensor. The shift of the third Raman mode is
given by [79]

which is the only mode observed if the scattered light is polarized in the z direction for a
standard back scattering Raman setup [80]. Using p and q from Reference [81] as well as
S11 and S12 from Reference [82], the shift of the third Raman mode is

which means that an uniaxial stress of 1 GPa will shift the Raman peak by about 2 cm-1.
If biaxial stress in the x-y plane is present (e.g., σ11 = σ22 for isotropic stress)
Equation 2.60 becomes [79]

or

That means that an isotropic biaxial stress of 1 GPa causes a shift of about 4 cm-1. If the
stress is compressive the Raman frequency will increase, whereas for tensile stress it
decreases. In this study the stress and temperature dependence of the Raman peak in Si
will be used to determine induced thermal stress in Si when attached to a heat sink with
different CTE.
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Chapter 3
Materials and Methods

In this chapter the materials used in this study will be introduced, followed by the
description of the homogenization and consolidation process by means of high energy ball
milling and spark plasma sintering (SPS). Moreover, the apparatus to measure the thermal
diffusivity as well as the specific heat of the consolidated specimen will be presented.
Since the volumetric mass density is necessary to determine the thermal conductivity, the
Archimedes’ principle is described. The thermal expansion measurements were
performed on a horizontal dilatometer apparatus that will be introduced. The structure of
the as received materials as well as the consolidated samples will be investigated by scan-
ning electron microscopy (SEM) as well as Raman spectroscopy. Consequently, the
equipments and the setups will be presented in the last section of the chapter.

 3.1 Components of the composite materials

In this study the metal matrix of the composite materials will be copper, since it is the
second best heat conducting metal behind silver (compare section 2.1.1) but much
cheaper and available in large quantities and many different forms and morphologies.
Thus, a dendritic copper powder with a particle size of 3 µm is used (Sigma-Aldrich). As
filling material several commercially available graphite particles powders are used
covering a wide rage in lateral size and thickness summarized in Table 3.1. Alluding to
the thickness of the platelets M5, M25, and T80 will be referred to as
graphite nano platelet (GnP), whereas G300 to graphite micro platelet (GmP). For the
graphite nanoplatelets the lateral size is 250 to 1600 times larger than the thickness, as for
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microplatelets this ratio is lower with a value of 60. Therefore, microplatelets are expected
to be more rigid towards deformation or bending.

 3.2 Composite fabrication

The preparation of the composites was carried out in
two main steps. To homogenize the Cu/Gr powder
mixture high energy ball milling was used to obtain
powder mixtures containing 2 to 50 vol% of graphite
platelets. The procedure was carried out using a plan-
etary ball mill (Fritsch, PULVERISETTE 6, see
Figure 3.1) with a 250 ml milling jar filled with 50
grinding balls, both made of zirconia (ZrO2). The
process parameters were varied between 250 and
400 rpm for the rotation speed of the milling jar, while
the total milling time was set to 1 to 3 hours. Such high
rotation speed heats up the powder mixture as well as
the milling jar. Therefore, the process was paused for
30 min after every 30 min of ball milling to let the
system cool down. The temperature of the jar was
meanwhile checked using an infrared thermometer
(Voltcraft IR800-20D). Since the milling process was
carried out under ambient conditions, to high tempera-
tures could have resulted in oxidation of the copper
particles, which would eventually decrease the thermal conductivity of the composite. For
a single milling run the volume of the powder mixture was held above 30 ml.

In the second step, the as-prepared Cu/Gr powder mixture was consolidated with spark
plasma sintering (SPS) also known as field assisted sintering technique [1,2]. This is a
technique that involves both, high pressure and high temperature. However, the main

Table 3.1 Platelet shaped graphite particles used as reinforcement in metal/graphite composites

Supplier Name Lateral size
[µm]

Thickness
[nm]

XG Sciences Inc. M5 5 20

XG Sciences Inc. M25 25 20

TIMCAL Inc. C-Therm T80 80 50

Graphene Laboratories Inc. G300 300 5000

 Figure 3.1 Picture of the plan-
etary ball mill with opened lid
containing the milling jar.
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difference between SPS and other sintering techniques of the same family (e.g., hot
isostatic pressing) is that the heat for the sintering process is generated by a pulsed DC
current. This current is passing directly though the pressing die as well as the compacted
powder. The scheme of the SPS setup is shown in Figure 3.2a. The biggest advantage of
this internal heating is the fact that the heating as well as the cooling rate is very high and
may reach 1000 K/min, while full densification is obtained at much lower temperatures,
usually far below the melting point. This prevents phase separation due to melting and
allows sintering of powders that contain components with different densities. The fast
processing and the lower temperatures restrains grain growth or coarsening. This makes
the technique applicable to densify nanopowders, while maintaining the nanostructure in
the sintered solid [3]. In this study a Dr. Sinter Lab Jr. 211Lx SPS apparatus (Fuji Elec-
tronic Industrial Co.) was used, as shown in Figure 3.2b. For a sinter process the homog-
enized powder was placed into the cylindric graphite die with 6, 15 or 25 mm diameter.
The graphite punches where coated with a thin layer of boron nitride spay (EKamold EP,
ESK Ceramics GmbH & Co. KG) to prevent adhesion between punch and sintered spec-
imen. After that the die-punch-powder assembly was placed into the vacuum chamber. A
thermocouple was placed into a small pinhole of the graphite die to read out the tempera-
ture of the specimen, which controls the pulsed DC current. After reaching a vacuum pres-
sure below 5 Pa the powder was precompacted with a pressure of 40 to 50 MPa, which is
maintained during the remainder of the process. The sintering temperature of 600 and
700°C for Cu/Gr composites and pure Cu, was reached with a heating rate of 50 K/min.
After a dwell time of 5 min at the sintering temperature the current was switched off and
the specimen cooled down to room temperature. The temperature profile for the consoli-
dation of Cu is shown in Figure 3.3a. The optimal sintering temperature was found by

Figure 3.2 (a) Scheme of the SPS process and (b) photograph of the SPS apparatus with the sin-
tering chamber on the left and the pulse generator with the sintering controller on the right.
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maximizing both the thermal diffusivity as well as the density of the sample. Figure 3.3b
shows a plot of thermal diffusivity and density of Cu sintered at different temperatures.
The thermal diffusivity strongly increases form a sintering temperature of 500 to 600°C.
Between 600 and 700°C the thermal diffusivity increases further and reaches a maximum
before slightly decreasing towards 750°C. Likewise the density strongly increases until
600°C where it reaches a maximum. With further increase of the sintering temperature the
density drops only slightly. The best combination of high thermal diffusivity and high
density was found at 700°C. For the Cu/Gr composites the optimal temperature was found
at 600°C.

After the specimen is removed from the graphite die the surfaces are polished to remove
remainders of the boron nitride coating. The entire sintering process takes less than
30 min. The consolidation of graphite nanoplatelet composites was done for graphite
concentrations of 2, 5, 8, 20, and 26 vol%. Higher graphite concentrations lead to mechan-
ically unstable specimen. For the mircoplatelet composites the higher graphite concentra-
tions could be achieved by SPS. Cu/GmP powder mixtures with 8, 20, 40 and 50 vol% of
graphite could successfully be consolidated to mechanically stable specimen.

 3.3 Thermal diffusivity measurements

The thermal diffusivity was determined as described in Section 2.3.1 using the LFA447
Nano-Flash (Netzsch) apparatus, schematically displayed in Figure 3.4a. The sample is
exposed to a Xenon flash lamp pulse of durations between 0.06 to 0.31 ms with a pulse
energy of up to 10 J. The temperature rise on the opposing surface was recorded by a InSb

Figure 3.3 (a) Typical temperature profile for the SPS process of Cu. (b) Thermal diffusivity (or-
ange line, left scale) and density (gray line, right scale) of Cu for different sintering temperatures.

a b
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infrared detector that is cooled with liquid nitrogen. To ensure equal light absorption and
emission for all measured samples the surfaces was coated with a thin layer (1 to 3 µm)
of graphite (Graphit 33, CRC Kontakt Chemie). The through-plane thermal diffusivity
measurements were carried out on cylindrical samples with a diameter of 15 and 25 mm
with typical thickness of 1 mm, but also up to 10 mm. For the in-plane thermal diffusivity
measurements a special sample holder was used (see Figure 3.4b and Figure 2.4), where
samples with a diameter of 25 mm are required.

A graphite sample (POCO Graphite AXM 5Q) was used as a reference material for
specific heat calibration following Equation 2.24. The density of the samples was deter-
mined by Archimedes’ principle by measuring the weight in air and in deionized water
using a special holder for the balance resulting in

where ρH2O is the density of water, mair is the weight of the sample in air, and mH2O is the
corresponding weight in water. The thermal conductivity k is then obtained from

following Equation 2.3 for the in-plane and through-plane direction using the corre-
sponding thermal diffusivity.

 Figure 3.4 (a) Photograph of the LFA447 NanoFlash with schematic
representation of the setup and (b) photographs of the sample holder for
in-plane diffusivity measurements containing an uncoated Cu/Gr sample
with the side facing the flash lamp (top) and the side facing the IR detec-
tor (bottom).

a b
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k acpρ,=  (Eq.  3.2) 
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 3.4 Thermal expansion measurements

The thermal expansion was measured on cylindrical samples with a diameter of 6 mm
and a length of 1 to 6 mm on the horizontal dilatometer L75XH1000 (Linseis), as shown
in Figure 3.5. During a measurement a quartz piston is pushing on the specimen with a
constant force, while the temperature is changed at a constant rate. The resulting length
change of the specimen is transfered via the piston to the linear variable differential trans-
former, which records the displacement. Measurements were performed under ambient
conditions between 25 and 150°C with constant heating rates of 1 and 2 K/min. For each
sample the temperature was cycled at least five times to ensure reproducibility and
optimal contact between specimen and quartz piston. To acquire the CTE parallel as well
as perpendicular to the rotation symmetry axis of the cylindrical sample the round side-
walls were polished flat to obtain two additional parallel surfaces. The displacement/time
curves were calibrated using empty dilatometer measurements following

where ΔLcorr is the corrected displacement of the sample measurement, ΔLsample  is the
uncalibrated sample measurement and ΔLempty  is the displacement measured with empty
sample holder. As a control the measurements were also calibrated using a 20 mm long
Al2O3 reference sample.

ΔLcorr ΔLsample ΔLempty,–=  (Eq.  3.3) 

Figure 3.5 Photograph of the dilatometer L75XH1000. The inset shows the sample holder with
a Cu sample, the quartz piston, and the thermocouple. 
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 3.5 Structural characterization

The morphology of the graphite platelets as well as the powder mixtures and the consol-
idated composites was investigated using a scanning electron microscope (SEM Hitachi
SU-8030). The respective powders and consolidated composites were glued to a SEM
stage with a conductive carbon based adhesive (CCC Carbon Adhesive). 

Atomic force microscopy was used to obtain information about the thickness of the
graphite nanoplatelets on a Park AFM (Schaefer Technologie GmbH) operated in
non-contact mode. The samples were prepared by dispersing the powders in ethanol and
then spin coated on a silicon wafer.

 3.6 Raman spectroscopy

Graphite orientation

The polarization-dependent Raman spectroscopy was performed on the cross section of
the fractured specimen. The excitation was done by a green laser with a wavelength of
532 nm and a power of 1 mW to avoid laser heating. The polarization of the incoming as
well as the backscattered light was chosen parallel to each other and was focused using a
10× objective. A λ/2 wave plate was used to rotate the angle between the polarization
direction and the sample normal. The spectra were recorded by a
Horiba T64000 triple monochromator (see also Figure 4.7a in Section 4.2).

Strain in silicon

The temperature dependent Raman spectra of silicon were obtained with a
micro-Raman spectrometer in backscattering geometry having an excitation wavelength
of 532 nm and a spectral resolution of 0.05 cm-1. The temperature of the 100 µm thick
silicon wafer (5×5 mm) was varied using a cooling/heating stage (THMS600 Linkam
Scientific) under nitrogen atmosphere at temperatures of 83 to 300 K. Silicon pieces of
similar size were attached with epoxy glue (UHU Plus endfest 300) to blocks made of
aluminum, copper and a copper composite containing 50 vol% of G300 and cured over
night at room temperature to avoid residual stress in the silicon substrate (see also
Figure 4.23 in Section 4.5). The samples were cooled down to 83 K and subsequently
heated to 298 K with a heating rate of 10 K/min and with Raman spectra taken every 5 K.
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 3.7 LED heat sink setup and thermographic images

Light emitting diodes (3 W, white, WTN-3W-190kw) were mounted on heat sinks made
of copper and a copper composite containing 50 vol% of G300 with a thermally conduc-
tive silver-based adhesive (Pyro-Duct 597-A). Additionally, each LED-heat sink
assembly was attached to an aluminum block. The power consumption of the LEDs was
measured separately to ensure that both diodes generate the same amount of heat. The
temperature of the LEDs as well as the heat sinks was monitored with an infrared camera.
To provide reliable thermal image interpretation, an adhesive emission tape, with defined
emission factor of 0.95, was attached to the surface of the heat sinks. (see also
Figure 4.27a in Section 4.6)
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Chapter 4
Results and Discussion

This chapter will start with a detailed analysis of the structure and morphology of the
composite materials in terms of densification and platelet alignment. The alignment will
be quantified by polarization-dependent Raman intensity of the graphite G line. In addi-
tion, the Raman spectra of the graphite platelets will be evaluated in terms of disorder in
the carbon lattice introduced during the production process.

The central focus of this study is the development of a material with enhanced thermal
transport properties. Consequently, the thermal diffusivity and conductivity of the
composite materials will be investigated and analyzed by means of light flash method.
The results will be compared to theoretical predictions by EMA, which will provide an
estimation for the thermal interface resistance between copper and graphite. Furthermore,
the theoretical model will be utilized to analyze the potential of such materials.

The thermal expansion behavior is a key property of materials used for thermal manage-
ment applications. Thus, the coefficient of the Cu/Gr composites will be measured in the
temperature range that is important for such applications. Moreover, the results will be
analyzed within elasticity theory.

Finally, the best performing composite material - named SuCoLEx - will be tested as a
heat sink in two different setups. To emphasize the advanced heat transport properties
SuCoLEx will be used as a heat sink for a high power light emitting diode and compared
to a conventional heat sink material by means of thermographic imaging. In the second
heat sink setup SuCoLEx will be attached to a silicon wafer to demonstrate how the
tailored thermal expansion reduces thermophysical stress in silicon, when the temperature
is varied.

The results presented in this chapter were published for Cu/GnP composites [1] and for
Cu/G300 composites [2].
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 4.1 Structure and morphology

 4.1.1 Copper powder and graphite platelets

The as received materials were inves-
tigated by scanning electron microscopy
(SEM) to reveal the morphology as well
as the size of the composite compo-
nents. As a source for the copper matrix
in the composites, copper powder with
an average particle size of 3 µm was
chosen, which is up to 2 orders of
magnitude smaller than the lateral size
of the graphite platelets. A representa-
tive scanning electron microscope
image of the as received powder is displayed in Figure 4.1. 

Figure 4.2 shows the SEM images of the graphite nanoplatelets as well as the graphite
microplatelets with different magnifications. For the M5 and M25 powders the platelets

 Figure 4.1 SEM image of as received  copper
powder.

3 µm

 Figure 4.2 SEM images of as received (a) M5, (b) M25, and (c) T80 graphite powders. (d) Free
standing G300 platelet with the inset showing the thickness of a G300 platelet.

a b

c d

3 µm 10 µm
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have a very similar structure with the only difference being the average lateral size of the
platelets. The T80 GnPs have an average lateral size of 80 µm and appear to be less rigid
and more wavy than the M5 and M25 platelets. Compared to the GnPs the G300 micro-
platelets exhibit the largest average lateral size of 300 µm. In contrast to the nanoscale
thickness of the M5, M25, and T80 platelets, verified by atomic force microscopy, the
G300 GmPs have a microscale thickness of about 5 µm shown in the inset of Figure 4.2d
(see also Table 3.1).

 4.1.2 Consolidated materials

As mentioned in Section 3.2 using spark plasma sintering as the consolidation technique
one is able to obtain (i) high densification at low temperatures, i.e., significantly below
the melting point, (ii) in a short time frame. Figure 4.3a shows the densities of the pure
Cu samples as well as the Cu/Gr composites. The values are highly reproducible for all
graphite platelet types over the entire concentration range and are very close to the
expected density obtained by rule of mixture (dashed line). In fact, the densities are
usually within 98% of full densification, confirming that SPS is an effective technique to
achieve high densities at low temperatures in a fast process. The composites are mechan-
ically stable and could be polished and processed to any shape needed. It was necessary
to produce samples with different shapes and sizes for the different measurement tech-

 Figure 4.3 (a) Plot of the density of the Cu/Gr composites in dependence of the graphite
concentration in comparison with the expected density obtained by rule of mixture (dashed
line) (b) Photograph of typical composite samples for different experiments. The size of the
images corresponds to the actual size of the samples. (c) SEM image of consolidated cop-
per. The yellow circles indicate porosity in the material.

a b

3 µm
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niques, e.g., diffusivity, expansion, and Raman measurements. Figure 4.3b exemplary
displays composites with different shapes and sizes used in the experiments in this study.
To confirm the low degree of porosity in the consolidated samples a pure Cu sample was
investigated with SEM shown in Figure 4.3c. Only very few pores are visible indicated
by the yellow circles in the image.

The fractured cross-sections of the consolidated Cu/Gr composites were investigated
with SEM for the different platelet reinforcements. Figure 4.4 presents images of the frac-
tured cross-sections of Cu/GnP composites for different magnifications. Compared to the
isotropic structure of the pure Cu samples the composites look remarkably different. Inter-

a

b

c

 Figure 4.4 SEM images with low (left column) and high (right column) magnification of consol-
idated copper/GnP composites containing (a) M5 platelets, (b) M25 platelets, and (c) T80 plate-
lets. The white arrows indicate the direction of the preferred platelet alignment, which is
perpendicular to the direction of the applied force during SPS.

200 µm

200 µm

200 µm

20 µm

20 µm

20 µm
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estingly, the platelets align along a preferred direction within the Cu matrix indicated by
the white arrows in Figure 4.4. This direction is perpendicular to the direction of the
applied force during spark plasma sintering. Moreover, the layered structure is more
apparent in composites with larger graphite platelets, i.e., an increased difference between
the size of the Cu particles and graphite platelets. This could indicate a higher degree of
platelet alignment.

For Cu/GmP composites the platelet
alignment is expected to be most prom-
inent, since the lateral size of the plate-
lets is yet one order of magnitude
higher. Figure 4.5 shows the SEM
image of the aligned graphite micro-
platelets. The platelets are evenly
distributed within the Cu matrix.
Moreover, the order of the layered
structure is significantly increased
compared to the Cu/GnP composites,
displayed in Figure 4.4. Thus, the
observed structural anisotropy is
expected to translate to anisotropic thermal properties of the composites. The degree of
alignment will be quantized by polarization-dependent Raman spectroscopy in the next
section.

To maintain the excellent thermal conductivity of the graphite platelets care has to be
taken not to increase the number of defects in the carbon lattice. A Raman spectrum of the
graphite particles was taken after each step of the production process to compare the inten-
sity ratios between the D and the G peak to the ratio of the as received material. In
Figure 4.6 the respective Raman spectra for T80 GnPs and G300 GmPs are shown. The
D/G intensity ratio for the as received T80 platelets is 0.16 and increases to 0.31 after ball
milling. The SPS process does not increase the ratio. For the as received G300 GmPs the
D/G ratio is 0.21 which increased to 0.27 by ball milling. After SPS the value remains
constant (0.28). The increase of the D peak caused by ball milling indicates the additional
introduction of defects to the carbon lattice as well as a decreased crystalline size of the
graphite platelets [3-5]. However, the increase is not significant. The influence of the
sintering process on the crystalline structure of the graphite platelets is negligible. There-
fore, it can be assumed that the platelets excellent thermal properties are maintained
within the composite material. 

 Figure 4.5 SEM image of the fractured
cross-section of a consolidated copper/G300
sample. The white arrow indicates the direc-
tion of preferred alignment.

50 µm
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 4.2 Quantification of graphite alignment 

As shown in Section 2.5.2 the relative Raman intensity of the G line are calculated from
the polarization of the incoming and the scattered light, see Equation 2.50. Assuming that
the graphite basal planes are oriented along the x-y plane the intensity was calculated for
a single graphite crystal for two different polarization scenarios. Without loss of gener-
ality, any orientation of the graphite basal plane is possible in a composite material. There
are several possibilities to extend Equation 2.50 to cases when the graphite basal plane is
rotated away from the x-y plane. One way is to transform the Raman tensors of the
E2g phonon by applying the rotation matrices

where γx and γy cause a rotation about the x and y axis, respectively. Only the rotation
about these two angles are necessary to obtain any possible basal plane orientation. The
Raman intensity of a rotated graphite crystal is modified to

 Figure 4.6 Raman spectrum of (a) T80 GnPs and (b) G300 GmPs. The spectra taken before
(black line) and after ball milling (gray line) as well as after spark plasma sintering (orange line)
were normalized to the G peak intensity and shifted for clarity.
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The rotation about the z axis is invariant due to the symmetry of the system. An example
for the intensity distribution after a rotation by 60° about the x axis was shown in
Figure 2.7b for a polarization change in the x-z plane.

The relation between orientation of the graphite basal plane and the polarization-depen-
dent Raman intensity of the G line are used to determine the orientation distribution of
graphite particles that are embedded in a composite material. It is apparent that for random
distribution of graphite particles the intensity will be constant for all possible polarization
vectors. For fully aligned particles, i.e., the basal planes are parallel to each other, the
Raman intensity is expected to be described by Equation 2.54 if the polarization is
changed perpendicular to the alignment. Any orientation distribution of the basal planes
may be described by a distribution function g(γ) for the rotation angles γx and γy. The
overall Raman intensity is then obtained by integrating over all possible basal plane orien-
tations resulting in

where I(ϕ,γx,γy) is given by Equation 4.2. This relation allows to determine the orientation
distribution of graphite particles that are embedded in a composite material. In the case of
the Cu/Gr composite materials the platelets are distributed along a preferred direction due
to the uniaxial pressing force applied in the SPS process. Therefore, g(γ) chosen to a
normal distribution given by

where σG is the standard deviation of the angle distribution. Thus, the overall Raman
intensity of the G line depends on the angle of the polarization vector ϕ and the standard
deviation σG. The polarization-dependent Raman intensity is measured in a setup
presented in Figure 4.7a where the polarization of the incoming and the scattered light is
changed in the x-z plane (see also Equation 2.53) and the samples are oriented in the
x-y plane. To calibrate the Raman intensity of the composite materials highly oriented
pyrolytic graphite (HOPG) was measured in the same microscope. The SEM image of
HOPG presented in Figure 4.7b shows fully aligned graphite basal planes which were
aligned in the x-y plane in the Raman setup. For perfect measurement conditions the inten-
sity of the HOPG G mode is expected to follow . However, there are
several factors that influence the measurement such as the imperfect polarizers or the
finite collection angle of the 10× objective used in the setup. Therefore, the intensity is
expected to be nonzero for a polarization angle of 90° and 270° as opposed to the theoret-
ically expected trend shown in Figure 2.7b (red curve). This was confirmed by the
measured intensity plotted in Figure 4.7c. For the forbidden polarization direction the

Itot ϕ( ) g γx( )g γy( )I ϕ γx γy, ,( ) γx γy,dd∝  (Eq.  4.3) 
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intensity drops to 28% of the maximum intensity measured for a polarization angle of 0°
and 180°. To correct the non-vanishing intensity the correction term I0 is added to the
HOPG intensity as

The correction from the HOPG measurement is then used for the composite measurement,
which modifies Equation 4.3 to

with I0 taken from the calibration measurement (black curve in 4.7c). The angle ϕ is
controlled during the experiment making σG  the only fitting parameter for the polariza-
tion-dependent Raman intensity of the graphite containing composites.

Figure 4.7 (a) Setup of the polarization-dependent Raman spectroscopy. (b) SEM image of
highly oriented pyrolytic graphite. (c) Polar plot of the G peak intensity of HOPG in depen-
dence over the polarization angle. The measured data represented by the black symbols are
fitted to Equation 4.5 represented by the black line.
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GnP composites

The polarization-dependent Raman
measurements were performed on the
fractured cross-section as illustrated in
Figure 4.7a on M5, M25 and T80
composites for different filler concen-
trations. The intensities are plotted over
the polarization angle in Figure 4.8 and
fitted to Equation 4.6. Within the
measurement accuracy the intensity
was independent of the concentration
of the platelets embedded in the copper
matrix. As expected from the SEM
observations in Section 4.1.2 the
G peak intensity has a maximum when
the polarization direction is chosen
parallel to the observed direction of the
preferred alignment, i.e., perpendicular
to the force applied during SPS. An
intensity minimum was observed for
polarization angles of 90° and 270°
where the intensity drops to 73% for M5, 65% for M25, and 54% for T80 composites,
respectively. As expected from the analysis of the structure the Cu/T80 composites
exhibit the best alignment confirming that larger lateral size of the platelets leads to better
alignment. From the fit of the measured data to Equation 4.6 the respective standard devi-
ations for the angle distribution of the alignment are obtained. The corresponding values
(in radians) for σG  are 0.70 (M5), 0.60 (M25), and 0.47 (T80), which corresponds to 40°,
34°, and 27°, respectively. These findings will be used later for thermal enhancement
calculations.

GmP composites

In a similar fashion the polarization-dependent Raman intensity of the
Cu/G300 composites were measured shown in Figure 4.9. In contrast to the GnP compos-
ites the intensity does depend on the concentration of the G300 platelets, at least for the
lower volume fractions. However, it is worth to note that the concentration rage was
significantly larger for the microplatelet than for the nanoplatelet composites. Again, the
intensity of the G mode in Figure 4.9 has a maximum when the polarization of the

 Figure 4.8 Polar plot of the G peak intensity of
composites containing different sized GnPs
over the polarization angle ϕ (symbols) and the
according fit to Equation 4.6 (solid lines). The
intensity is independent of the platelet concen-
tration and just depends on the lateral size of
the platelet. The symbol size represents the
measurement accuracy.
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incoming and the scattered light are chosen parallel to the direction of preferred align-
ment, i.e., for ϕ = 0°, 180°. The intensity drops at 90° and 270° and increases with
increasing concentration from 71% of the maximum intensity for the 8 vol% composite
to as low as 41% for 40 and 50 vol% filler concentration. The Raman analysis confirms
that the order of the graphite basal planes and, therefore, the degree of alignment is the
highest for Cu/G300 composites with high platelet concentration compared to all studied
composite systems. Fitting the measured data to Equation 4.6 leads to σG  of 0.69 for
8 vol%, 0.61 for 20 vol%, and 0.37 for 40 and 50 vol%.

The Raman analysis of the platelets
alignment confirmed the structural obser-
vations quantitatively. With increasing
lateral size of the platelets the order of the
basal planes increased. Besides the size of
the platelets, the uniform force applied
during SPS is the second key factor for
achieving this anisotropic structure,
because the platelets are non-spherical
with a high aspect ratio. Therefore,
uniform load causes a rotation of the plate-
lets to the direction normal to the load axis.
This was observed before for extruded
metal matrix composites reinforced by
non-spherical particles [6,7]. Since
graphite has strongly anisotropic thermal
properties (see Section 2.1.2), this anisot-
ropy is expected to transfer to the
composite material leading to a direc-
tion-dependent thermal conductivity and expansion. Composites with the best alignment
are expected to possess thermal properties with the highest anisotropy. Moreover, the
alignment was quantized, providing a structural parameter for the modeling of the thermal
properties by means of the effective medium approximation.

 4.3 Thermal transport in copper/graphite composites

The findings in the previous section revealed that there are two distinguished directions
for the heat transport in the composite: (i) parallel to the platelet alignment referred to as
in-plane direction (indicated by the arrows in Figure 4.4 and Figure 4.5) and (ii) perpen-
dicular to the alignment referred to as through-plane direction, i.e., parallel to the applied

 Figure 4.9 Polar plot of the G peak intensity
of composites containing G300 platelets
with different filler fractions over the polar-
ization angle ϕ (symbols) and the according
fit to Equation 4.6 (solid lines). The symbol
size represents the measurement accuracy.
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force during SPS. Therefore, the thermal transport properties of the Cu/Gr composites
was investigated with respect to these directions. More specifically, the thermal diffu-
sivity was determined by the light flash method as described in Sections 2.3.1 and 3.3. The
through-plane thermal diffusivity atp was measured in the standard setup configuration
(see also Figure 2.2), whereas, the in-plane diffusivity aip was determined using the modi-
fied setup (see also Figure 2.4). Two representative detector signals for the rear surface of
the 50 vol% Cu/G300 composite are shown in Figure 4.10 for a through-plane and a
in-plane measurement. The detector signals are amplified and corrected to obtain a flat
baseline for the pre-shot signal (t < 0). Next, the signal is fitted with regard to pulse

correction and heat loss to extract the thermal diffusivity, as described in Section 2.3.1.
The sharp peak at the time of the light pulse (t = 0) is an electronic artifact from the power
generator of the xenon flash lamp. By comparing the signal to noise ratio of the
through-plane and in-plane measurements it becomes apparent that the noise is noticeably
increased for the in-plane signal. This is a direct consequence of the much smaller surface
area that is irradiated due to the mask between the flash lamp and the specimen (see also
Figure 2.4).

 Figure 4.10 Temperature profile of the rear surface of a Cu/G300 composite (50 vol%)
measured by the IR-detector for (a) the through-plane and (b) the in-plane setup. The curves
are corrected for possible temperature drift to obtain a flat baseline (i.e., for negative times).
The schemes indicate the direction of the measurement with respect to the preferred platelet
alignment.
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 4.3.1 Composites containing graphite nanoplatelets

The direction dependent thermal diffusivity is presented in Figure 4.11a. The measure-
ments verified the anisotropic nature of the Cu/Gr composites. Over the entire concentra-
tion range the thermal diffusivity lies below the value of Cu (aCu = 105 mm2s-1). As
expected, the through-plane diffusivity atp drops drastically with increasing graphite
content, since graphite is not a good heat conductor perpendicular to the planes (see also
Section 2.1.2). For all three GnP types the values are very similar. The in-plane thermal
diffusivity aip decreases with increasing graphite concentration as well for M5 and M25
composites. However, the values remain well above the through-plane conductivity, a
result of the high thermal conductivity of the platelets along the basal planes. In contrast,
aip of the T80 composites remains constant at around 97 mm2s-1 over the entire concen-
tration range and lies just below pure copper. The anisotropy of the thermal diffusivity is
the highest for Cu/T80 composites. Figure 4.11b shows the quasi linear dependence of
that anisotropy defined as in-plane divided by through-plane thermal
diffusivity (aip / atp), which is equal to the anisotropy of the thermal conductivity. The
linear dependence between graphite concentration and anisotropy is a direct result of the
fact, that the alignment of the GnPs is independent of the concentration of the filler. The
resulting thermal conductivity will be discussed in Section 4.3.3.

Figure 4.11 (a) Thermal diffusivity of Cu/GnP composites in dependence of the graphite
concentration for the in-plane as well as through-plane direction. The error of the measure-
ment is smaller than the size of the symbols, i.e., below 5%. (b) Anisotropy of the thermal dif-
fusivity for the Cu/GnP composites (symbols) with the corresponding linear fits (solid lines).
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 4.3.2 Composites containing graphite microplatelets

The composites containing G300 platelets are expected to have the highest anisotropy
of thermal diffusivity since the platelets show the best alignment towards the in-plane
direction. The measurements were carried out in similar fashion with the concentration
dependent thermal diffusivities shown in Figure 4.12a for both respective directions. The
through-plane diffusivity is lower than the diffusivity of copper. It decreases with
increasing concentration, as observed for all Cu/Gr composites. The in-plane diffusivity
follows a trend that was not observed before. For low graphite concentration aip still lies
below the value of copper. However, with increasing G300 content the thermal diffusivity
along the platelet alignment increases to a value that is twice as high as the thermal diffu-
sivity of copper for 50 vol%. In contrast to the Cu/GnP composites, the concentration
dependence of the anisotropy is not linear but follows a 2nd order polynomial, as shown
in Figure 4.12b. This is a direct consequence of the concentration dependent platelet
alignment described in Section 4.2. For a graphite concentration of 50 vol% the in-plane
thermal diffusivity exceeds the through-plane value by a factor of 11, which makes the
heat conduction perpendicular to the G300 alignment virtually negligible compared to the
in-plane heat transport. In the following section the thermal conductivity as well as the
influencing factors for the thermal conductivity enhancement will be discussed. 

 Figure 4.12 (a) Thermal diffusivity of Cu/300 composites in dependence of the graphite con-
centration for the in-plane as well as through-plane direction. The error of the measurement is
smaller than the size of the symbols, i.e., below 5%. (b) Anisotropy of the thermal diffusivity for
the Cu/G300 composites (symbols) fitted to a 2nd order polynomial (solid line).
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The Cu/Gr composite materials have
potential to be used as heat sinks for
thermal management of electronic
devices. The typical working tempera-
ture of such devices is from room
temperature to approximately 150°C.
The temperature dependence of the
thermal diffusivity of the best
performing Cu/G300 composite with
50 vol% graphite concentration was
investigated, as shown in Figure 4.13.
Within the studied temperature interval
the thermal diffusivity decreases by
about 25% for both, the through-plane
and the in-plane direction. This trend is
expected from the temperature depen-
dence of the composite components.
Namely, the thermal conductivity of
graphite decreases form around 2000 Wm-1K-1 at room temperature to around
1200 Wm-1K-1 at 150°C [8]. The thermal conductivity of Cu decreases only by around
3% when the temperature is increased from room temperature to 150°C [8]. Nevertheless,
with aip(140°C) = 150 mm2s-1 the Cu/G300 composite is still outperforming pure copper
by almost 50%.

 4.3.3 Effective medium approximation for copper/graphite composites

The thermal diffusivity of the Cu/Gr composites was used to calculate the thermal
conductivity in the through-plane (ktp) and in-plane direction (kip) following
Equation 3.2. Since the measurement of the specific heat using the light flash method may
only be applied to isotropic materials (see Section 2.3.1) the specific heat capacity of the
Cu/Gr composites was obtained from ROM using the individual values for Cu [9] and
Gr [10]. The density (see Figure 4.3) and the specific heat capacity are then multiplied
with the thermal diffusivity. The symbols in Figure 4.14 show the values for the thermal
conductivity in through-plane as well as in-plane direction for composites containing M5,
M25, T80, and G300 in dependence of the graphite concentration. By adding graphite to
the copper matrix the density decreased while the specific heat capacity increased. There-
fore, the thermal conductivity is following the same trend as observed in Section 4.3 for
the thermal diffusivity. For the Cu/GnP composites the thermal conductivity lies below
the measured value of pure copper for the through-plane as well as the in-plane direction.

 Figure 4.13 Temperature dependence of the
in-plane (black stars and black scale) and
through-plane (orange stars and orange
scale) thermal diffusivity of the 50 vol%
Cu/G300 composite.
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The in-plane thermal conductivity of the Cu/G300 composites is up to 50% higher than
copper with a value of kip(50 vol%) = 503 Wm-1K-1. Thus, heat transport is enhanced by
reinforcing Cu with graphite microplatelets at high volume fractions. Alignment is obvi-
ously a major factor for the thermal conductivity enhancement (TCE). To confirm this
assumption and investigate the importance and influence of additional factors such as
geometry, interface resistance, etc., on the TCE the measured data are compared to EMA
calculations following Nan et al. [11], as described in Section 2.2.

Besides the geometry, i.e., shape, lateral size, thickness, and the intrinsic thermal
conductivities of the matrix and the platelets, the orientation of the platelets is used to

 Figure 4.14 In-plane and through-plane thermal conductivity in dependence of the graphite con-
centration for composites containing (a) M5, (b) M25, (c) T80, and (d) G300 platelets (symbols).
The measured data are fitted to the EMA calculation using the Kapitza resistance as the fitting
parameter (solid lines). The curves in (d) are calculated using the orientation factor for 40 and
50 vol%. Therefore, the values for 8 and 20 vol% are shaded in gray for clarity.
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calculate the thermal conductivity of the composites in in-plane and through-plane direc-
tion according to Equations 2.14 and 2.15, with k11 =k22 = kip and k33 = ktp. The orienta-
tion parameter  (see Equation 2.17) was calculated using the distribution of the
orientation angle σG  obtained by polarized Raman spectroscopy (see Section 4.2)
following

The corresponding values for  as well as the additional parameters used for the
calculations are summarized in Table 4.1. The thermal conductivity along the basal planes
of the platelets was chosen to 1500 Wm-1K-1, lower than the ideal value of graphite, as

discussed by Lin et al. [12]. Accordingly, the thermal conductivity perpendicular to the
planes was taken as 15 Wm-1K-1. For the Cu/Gr composite system there is only one
parameter that remained unknown, i.e., thermal interface resistance or Kapitza resistance
Rk between copper and graphite. The Kapitza resistance will be used as the fitting param-
eter in Equations 2.14 and 2.15 to match the experimental data with the EMA calcula-
tions. The results of these calculations are shown in Figure 4.14 for each composite
material. It turns out that this model is very capable to predict the thermal conductivity in

Table 4.1 Parameters for the thermal conductivity calculations.

Parameter M5 M25 T80 G300

0.53 0.59 0.69
0.54 (8 vol%)
0.58 (20 vol%)
0.80 (40 & 50 vol%)

platelet thickness 20 nm 20 nm 50 nm 5 µm

platelet lateral size 5 µm 25 µm 80 µm 300 µm

platelet conductivities 1500 Wm-1K-1 (along basal planes)
15 Wm-1K-1 (perpendicular to basal planes)

matrix conductivity 340 Wm-1K-1 

fitting parameter Kapitza resistance Rk

fitting result for Rk
[10-9 m2KW-1]

0.8 0.9 1.0 1.0
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copper-graphite composite systems, even for high filler concentrations, since the differ-
ence in thermal conductivity between matrix and filler is not too large
(kp/km << 100) [17]. Moreover, the orientation parameters obtained independently by
polarized Raman spectroscopy lead to excellent agreement between theoretical and exper-
imental thermal conductivity for the different platelet reinforcements.

The Kapitza resistance obtained from fitting the calculations to the measurements was
around Rk = 10-9 m2KW-1 for all four composites (see Table 4.1). There were only a few
studies investigating the Kapitza resistance of the Cu/Gr interface. Jagannadham obtained
Rk = 0.7×10-9 m2KW-1 from acoustic and diffuse mismatch models [13] and
Rk = 0.3×10-9 m2KW-1 from studying in the thermal conductivity of copper/graphene
composites [14]. Wejrzanowski et al. calculated the thermal interface resistance between
copper and multilayer graphene to 2.5×10-9 m2KW-1 using Molecular Dynamics
calculations [15]. These findings compare well to the Kapitza resistance obtained in this
study. The combination of copper and graphite may result in composites with excellent
heat transport capability. Especially when comparing the thermal resistance to other
metal/graphite interfaces. Schmidt et al. [16] measured the thermal interface resistance
between graphite and aluminum, gold, chromium, and titanium, and found values that are
one order of magnitude higher compared to the Cu/Gr interface.

It is worth to mention that the calculations in Figure 4.14d were carried out for 
of 40 and 50 vol% graphite concentration (black stars). In the case of 8 and 20 vol%, the
predictions do not match the data points (gray stars). In Figure 4.15 the adjusted curves
for the in-plane and through-plane thermal conductivity are presented using

 and , respectively (see Table 4.1). Once again, the
EMA calculations excellently match the experimental data. The comparison between
these curves to the plot in Figure 4.14d highlights the huge impact of the platelet align-
ment on the in-plane thermal conductivity. The anisotropy of the thermal conductivity
increases strongly with increasing platelet orientation. Moreover, the investigations
showed that these EMA calculations may be used to reliably predict the thermal conduc-
tivity of unknown metal/graphite composites. In addition, important characteristics of a
composite were extracted, e.g., Kapitza resistance, orientation of the fillers, or intrinsic
thermal conductivity of the components [17].

In the following, the EMA calculations will be used to further analyze the origin of the
high thermal conductivity enhancement for the in-plane direction in the
Cu/G300 composites as well potential for similar composite systems. As mentioned
before, the orientation of the graphite platelets has a huge influence on the thermal trans-
port properties, due to the intrinsic anisotropy of the thermal conductivity in graphite
(factor 100). This becomes even more apparent when comparing the EMA calculations
for the Cu/G300 composite with different platelet orientations, as presented in
Figure 4.16a. The other parameters remained constant, i.e., Kapitza resistance, platelet
dimensions, thermal conductivity of the composite components, and can be found in

cos2θ 

cos2θ  0.54= cos2θ  0.58=
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Table 4.1. For full alignment ( ) kip strongly increased compared to the align-
ment present in Cu/G300 composites with high graphite concentration ( ).
For a platelet concentration of 50 vol% the fully aligned composite is expected to have a
thermal conductivity of around 900 Wm-1K-1, which is 2.5 times higher than the value
measured for pure copper, promising outstanding heat transport capability. For a smaller
degree of alignment (i.e., ) the in-plane thermal conductivity drops below
the value of pure copper for the entire concentration range. If the platelets are randomly
distributed the thermal conductivity, which is equal for the through-plane and in-plane
direction, drops below the value of aluminum (~230 Wm-1K-1) [8] for graphite concen-
trations above 30 vol%.

Another important aspect for the thermal transport is the Kapitza resistance at the
Cu/Gr interface. Thus, kip was calculated for an increased Kapitza resistance by one as
well as two orders of magnitude, as presented in the plot in Figure 4.16b. A ten times
higher Kapitza resistance does not have a large influence on the in-plane conductivity,
since it is reduced by less than 10%. Such Kapitza resistance is comparable to other
metal/graphite interfaces [16]. Even with a Kapitza resistance of Rk = 10-7 m2KW-1 the
thermal conductivity of the composite remains above the value of pure copper for all
graphite concentrations. This is owed to the large lateral size of the platelets, that reduces
the amount of Cu/Gr interfaces compared to smaller platelets and, thus, reduces the influ-
ence of the Kapitza resistance on the thermal transport properties. Moreover, the
measured Kapitza resistance was small and not a limiting factor for the thermal conduc-
tivity enhancement, as pointed out before for copper/graphene films [14]. This is illus-
trated by considering the thermal conductivity of the graphite particle surrounded by an

cos2θ  1=
cos2θ  0.8=

 Figure 4.15 In-plane and through-plane thermal conductivity of Cu/G300 composites calculated
using the orientation parameter of the (a) 8 vol%, and (b) the 20 vol% composite (solid lines).
The corresponding data have black symbols, the remaining data are shaded gray.
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interface layer. The intrinsic conductivity of the platelet is 1500 Wm-1K-1 along the basal
planes and 15 Wm-1K-1 perpendicular to the basal planes. Is the particle surrounded by a
layer with thermal resistance of 10-9 m2KW-1 the total thermal conductivity of the particle
can be calculated following Equation 2.11. Compared to the intrinsic conductivity, the
interface reduces the effective thermal conductivity of the particle by less than 1% to 1495
and 14.95 Wm-1K-1, respectively.

Another interesting question is the
influence of the properties of the matrix
material. Since aluminum (Al), next to
copper, is a commonly used metal in
thermal management devices, the EMA
model is used to calculate the thermal
conductivity of a Al/G300 composite, by
replacing Cu with Al and leaving the
other parameters unchanged, i.e., platelet
orientation, geometry, and conductivity.
However, the Kapitza resistance of the
Al/Gr interface was determined to be
Rk = 5×10-8 m2KW-1 [16] and, there-
fore, has to be accounted for in the calcu-
lations. The comparison between
composites with Cu and Al matrix is
shown in Figure 4.17. The higher

 Figure 4.16 Calculated in-plane thermal conductivity of the Cu/G300 composite (a) for different
platelet orientations ( ), and (b) for different interface resistances.
The remaining parameters are listed in Table 4.1.
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 Figure 4.17 Comparison between the theoret-
ical thermal conductivity of G300 composites
containing either Cu or Al as matrix material.
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thermal conductivity and the lower Kapitza resistance of Cu lead to higher thermal
conductivity of the Cu/G300 compared to the predicted Al/G300 composite, assuming
similar platelet alignment. For a graphite concentration below 25 vol% the in-plane
thermal conductivity of the Al/G300 composite lies below the value of Cu. These consid-
erations indicate that Cu matrix composites promise to outperform Al matrix composites
in terms of heat transport. Another advantage of Cu over Al is the lower thermal expan-
sion, which is an important property for thermal management materials.

The highly anisotropic thermal transport
in the Cu/Gr composites is optimal for
applications where unidirectional heat
transport is required. One important
example are heat sinks for electronic
devices, where heat is created locally and
needs to be transported away from the
source, as schematically displayed in
Figure 4.18. Here the heat is generated in a
silicon chip and is transported away by the
highly conductive heat sink. Thus, the
thermal conductivity of the heat sink mate-
rial perpendicular to the direction of heat
dissipation is not required to be high, as it
is the case for Cu/G300 composites.
Furthermore, a temperature increase
causes all components to expand.
Important for the heat sink in this configu-
ration is a low thermal expansion perpen-
dicular to the direction of heat dissipation. Particularly, the CTE of the heat sink should
match the silicon expansion in this direction to reduce thermophysical stress, as indicated
in Figure 4.18. In contrast, a CTE mismatch parallel to the direction of heat dissipation is
not causing thermophysical stress. Therefore, an optimized heat sink material requires
that the direction of high thermal conductivity and matching CTE are perpendicular to
each other. The thermal expansion behavior of the Cu/Gr composites will be analyzed in
the next section with respect to the described heat sink configuration.

thermal expansion

 Figure 4.18 Scheme of a common heat sink
configuration, where the generated heat is
transported unidirectionally by a material
with high thermal conductivity

Si chip

highly 
conductive 
heat sink 
material
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 4.4 Thermal expansion of copper/graphite composites

The investigations of the thermal transport properties of the Cu/Gr composites in the
previous sections revealed, that, as expected, the anisotropy of graphite was transfered to
the composite material. Likewise, an anisotropy is expected for the thermal expansion of
the composite. Considering the fact that the graphite platelets are aligned within the
copper matrix, the expansion of the composite is expected to be anisotropic as well, since
copper expands isotropically with a CTE of αCu = 17.5 ppmK-1, but graphite expands
with a negative CTE of αGr,ab = -1.5 ppm K-1 along the planes and a positive CTE of
αGr,c = 27.1 ppmK-1 perpendicular to the planes. Therefore, the CTE of the composite is
expected to be reduced along the alignment and increased perpendicular to this direction. 

More specifically, this may be
predicted theoretically using
Shapery’s model, introduced in
Section 2.4.2. For simplicity, the
calculations were carried out sepa-
rately for the in-plane as well as the
through-plane direction, with the
assumption of perfectly aligned parti-
cles following Equation 2.43
including the elastic constants for the
components listed in Table 4.2. In
Figure 4.19 the calculated CTEs for
the through-plane (black lines) and
in-plane directions (gray lines) are
presented. Additionally, the CTE was
calculated following the rule of
mixture (see Equation 2.42). The
calculations predict that the CTE of
the composite in the through-plane
direction is increasing with increasing graphite concentration and is expected to have a
value of around 22 ppmK-1 for a graphite concentration of 50 vol%, i.e., the
Cu/G300 composite with the highest in-plane thermal conductivity. Consequently, the
in-plane CTE decreases with increasing graphite content towards the in-plane value of
graphite with a value of around 12 ppmK-1 for a graphite concentration of 50 vol%.
Unfortunately, this would not be beneficiary for the heat sink configuration described in
the last section (compare Figure 4.18), because the thermal expansion mismatch increased
at the interface between the Si chip and the heat sink.

The thermal expansion of the Cu/G300 composites as well as pure copper were
measured with a horizontal dilatometer parallel and perpendicular to the platelet align-

 Figure 4.19 Theoretical prediction for the coef-
ficient of thermal expansion in Cu/Gr composite
with fully aligned graphite platelets calculated
for the through-plane (black lines) and the
in-plane direction (gray line).
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ment on samples with a typical size of 5×5×5 mm. To account for the expansion of the
different parts in the dilatometer, e.g., quartz piston, sample holder (see also inset in
Figure 3.5), the measured displacement curves were calibrated with a correction measure-
ment obtained by an empty dilatometer measurement. Figure 4.20a shows a typical
measurement of the temperature dependence of the length change for a pure copper
sample. The temperature was changed with a heating rate of 2 Kmin-1, as shown by the
dotted line in Figure 4.20a. In addition to the heating phase the length change was also
recorded after the heating was switched off. The hysteresis at the turning point of the

Table 4.2 Parameters for the thermal expansion calculations with coefficient of thermal 
expansion, elastic modulus (E), bulk modulus (B), shear modulus (G), and Poisson’s 
ratio (ν).

Material
CTE

[ppmK-1]
E

[GPa]
B

[GPa]
G

[GPa] ν

copper 17.5a 124b 140b 44b 0.35b

graphite a-b plane
c axis

-1.5c

28c
1109d

38.7d 36.4d 485d

5d
0.12d

0.01d

a. measured in this study
b. Reference [18]
c. Reference [19]
d. Calculated from the stiffness constants of Reference [20] using Equations 4.8 and 4.11

 Figure 4.20 (a) Length change in dependence of the temperature of a pure copper sample (left
axis). The black/orange curve represents the heating/cooling phase. The dotted line shows the
heating rate measured at the thermocouple (right axis). (b) Length change of a 50vol% Cu/G300
sample where the temperature was cycled 5 times between 30 and 150°C with a heating rate of
2 K/min.

a b
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temperature is negligible. Over the entire temperature range the length change follows the
same temperature dependence for the heating and the cooling phase. However, at the
lowest temperatures there is a noticeable difference between heating and cooling. This is
due to the slow reaction of the furnace when the heating is started, i.e., when the heating
rate changes from zero to 2 Kmin-1 (see dotted line in Figure 4.20a). Moreover, the
temperature is measured by a thermocouple, which is close to the specimen but not in
direct contact with it. That is the reason why there is a difference between the measured
temperature and the actual temperature of the specimen. However, this is only influencing
the measurement if the heating/cooling rate varies, because then the temperature differ-
ence changes as well. Therefore, the first data points are neglected in the evaluation of the
CTE. A second important aspect for dilatometer measurements is the repeatability when
the temperature is cycled multiple times. Especially for composites that consist of mate-
rials with a large CTE mismatch plastic deformations might occur that manifests in an
altered length change. Figure 4.20b shows the length change for a 50 vol% Cu/G300
sample, where the temperature was cycled 5 times without removing the specimen from
the sample holder. Typically, the first run differs from the following measurements for
such dilatometer experiment. This is due to the fact that during the first run the quartz
piston, that is pushing with a constant force on the specimen, is adjusting and improving
the contact to the specimen. The subsequent runs show very similar length change trends.
We conclude that the used measurement technique produces very repeatable and reliable
results. Irreversible structural changes such as plastic deformation during the temperature
cycling can be excluded.

As discussed before the thermal expansion was measured for pure copper as well as the
Cu/G300 composites for the different graphite concentrations five times in a temperature
range from 30 to 150°C. Temperatures beyond this range were avoided to prevent oxida-
tion of the specimen, since the measurements are carried out under ambient conditions.
The resulting displacement curves were calibrated and evaluated for a temperature range
from 40 to 150°C for reasons discussed in the previous paragraph. The relative length
change for the in-plane direction (following Equation 2.40) is presented in Figure 4.21a.
With increasing graphite concentration the length change gets successively smaller. This
was expected from the theoretical predictions shown in Figure 4.19. For the relative
length change in the through-plane direction the 8 and 20 vol% Cu/G300 composites
show very similar expansion behavior as pure copper, as presented in Figure 4.21b.
Considering the high thermal expansion of graphite along the c axis an increase of the
thermal expansion was expected. However, the model assumed fully aligned graphite
platelets, which is not the case for the composites with low graphite concentration (see
also Section 4.2).

The most surprising observation in Figure 4.21b is the dramatically lowered expansion
for 40 and 50 vol% graphite concentration. The relative length change was transfered to
the CTE following Equation 2.39 and plotted in Figure 4.21c and d for the in-plane (αip)
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and through-plane direction (αtp), respectively. For the in-plane direction the CTE lies
below Cu and decreased to a value around 12 ppmK-1 for a graphite concentration of
50 vol%. In general, the CTE was constant over the observed temperature range showing
only a small dip at low temperatures, which was due to the changing heating rate at the
beginning of the measurements (compare Figure 4.20a). The magnitude of the CTE
decrease compared well to the predictions made by Shapery’s model (see Figure 4.19).
For the 8 and 20 vol% composites the CTE in the through-plane direction was very similar
to pure Cu, in line with the relative length change, as displayed in Figure 4.21d. However,
it dropped dramatically to values around 5 and 2 ppmK-1 for a graphite concentrations of
40 and 50 vol%, respectively. Thus, the expansion is similar to semiconductors and up to
a factor nine smaller than the CTE of Cu. This is a totally counterintuitive behavior

 Figure 4.21 Relative  length  change  of  pure  copper  and  Cu/G300 composites  measured  in
(a) in-plane and (b) through-plane direction. Coefficient of thermal expansion for the
(c) in-plane and (d) through-plane direction.

a b

c d
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compared to the modeled through-plane CTE shown in Figure 4.19. To exclude the influ-
ence of sample oxidation and to expand the temperature range, the thermal expansion
measurements were repeated by an external institution (Netzsch, Dil 402 C) under
nitrogen atmosphere from -50 to 200°C. The measurements confirmed the extremely low
CTE values for the Cu/G300 composites with high platelet concentration. Oxidation of
the specimen could be excluded as influence on the thermal expansion. These observa-
tions indicate that embedding graphite platelets into a copper matrix alternates the
intrinsic thermal expansion behavior of the components. To explain this phenomenon
further investigations are necessary and will be discussed within the framework of elas-
ticity theory in the next section. The combination of superior thermal conductivity in the
in-plane direction (kip = 503 Wm-1K-1) and low thermal expansion in the perpendicular
direction (αtp = 2 ppmK-1) in the Cu/G300 composite with 50 vol% graphite concentra-
tion meets all the requirements for an excellent heat sink material, as discussed in the
previous section (see also Figure 4.18). Thus, this composite will be named SuCoLEx
(Superior Conductivity Low Expansion) in the following.

 4.4.1 Elasticity theory for CTE of graphite under strain

We now derive how the presence of thermally induced stress alters the thermal expan-
sion of the embedded graphite platelets and, thus, of SuCoLEx. Strain and stress are
connected via Hooke’s law, which may be written in two different forms [21]

where ε  and σ  are the strain and stress tensor and S and C are the compliance and stiff-
ness tensor, respectively. In the so-called Voigt notation strain and stress tensors are
written as six dimensional vectors

Since graphite is a transversely isotropic material the stiffness and compliance tensors are
expressed as [21]

ε S σ   and   σ⋅ C ε   with   C 1–⋅ S,= = =  (Eq.  4.8) 

ε

ε11

ε22

ε33

ε44

ε55

ε66

    and    σ

σ11

σ22

σ33

σ44

σ55

σ66

.= =  (Eq.  4.9) 
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The engineering notation is useful to calculate the Young’s and shear modulus as well as
the Poisson’s ratio for the corresponding directions and is given by [21]

To understand the change of the intrinsic thermal expansion of graphite when embedded
in copper one has to consider the presence of internal stress. The assumption of internal
stress is reasonable, since the composite is consolidated at elevated temperatures (see also
Section 3.2). When cooled down to room temperature the two components shrink at
different rates, which yields the thermal strain m at ambient conditions under zero external
stress. Following Hooke’s law (see Equation 4.8) the equation of state is then given
by [22]

With a good interface between the two components, the graphite platelets follow the
thermal expansion of the composite along the in-plane direction. In SuCoLEx the differ-
ence between the intrinsic CTE of graphite and the CTE of the composite in the in-plane
direction is , which causes a strain ε11 = ε22 in the
a-b plane of graphite. The temperature derivative of the strain is connected to the CTE
difference as

C

C11 C12 C13 0 0 0
C12 C11 C13 0 0 0
C13 C13 C33 0 0 0
0 0 0 C44 0 0
0 0 0 0 C44 0
0 0 0 0 0 C66

   and   S

S11 S12 S13 0 0 0
S12 S11 S13 0 0 0
S13 S13 S33 0 0 0
0 0 0 S44 0 0
0 0 0 0 S44 0
0 0 0 0 0 S66

.= =  (Eq.  4.10) 

S C 1–

1 Ex⁄ νyx– Ex⁄ νzx– Ez⁄ 0 0 0
νxy– Ex⁄ 1 Ex⁄ νzx– Ez⁄ 0 0 0
νxz– Ex⁄ νxz– Ex⁄ 1 Ez⁄ 0 0 0

0 0 0 1 Gyz⁄ 0 0
0 0 0 0 1 Gyz⁄ 0
0 0 0 0 0 2 1 νxy–( ) Ex⁄

.= =  (Eq.  4.11) 

ε S σ⋅ m.+=  (Eq.  4.12) 

αipΔ αip αGr ab,– 13.5 ppmK 1–= =

Td
dε11

Td
dε22 αip.Δ= =  (Eq.  4.13) 
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Moreover, the biaxial stress σ11  = σ22 = σ  is connected to the strain following
Equation 4.8

where Sii are the components of the compliance tensor of graphite. With elasticity theory
the strain along the c axis of a hexagonal crystal is obtained [23,24]

with Cii being the components of the stiffness tensor of graphite. For the c direction
Equation 4.12 may be rewritten as

by inserting Equation 4.15. Here m33(T) is the thermal strain under ambient conditions
along the c axis and its temperature derivative is the CTE of graphite along the same axis.
The temperature derivative of Equation 4.16 yields the CTE of graphite along the c axis

with

and

being the two-dimensional equivalent of Poisson’s ratio and its temperature derivative,
respectively. The elastic constants and their temperature derivatives are C13 = 15 GPa,
C33 = 36 GPa, dC13/dT = -0.8 GPaK-1, and dC33/dT = -0.05 GPaK-1 [25]. The residual
in-plane strain after SPS was estimated from the effective sintering temperature of a
copper matrix (i.e., 400°C) [26] to = α ΔT ≈ -10-3. This leads to a thermal expansion
of graphite along the c axis of α33 = -27 ppmK-1 when embedded in copper. Thus, the
thermal expansion behavior of graphite along the c axis was reversed from expanding
stronger than copper to shrinking stronger than graphite along the a-b plane. This effect
is a direct result of the strong temperature-dependence of the elastic constants in this mate-

ε11 ε22 S11 S12+( )σ,= =  (Eq.  4.14) 

ε33 2S13σ
2S13

S11 S12+
--------------------ε11

2C13

C33
-----------ε11,–= = =  (Eq.  4.15) 

ε33 T( )
2C13

C33
-----------ε11 T( )– m33 T( ),+=  (Eq.  4.16) 

α33 Td
dε33 ν2D αipΔ Td
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rial and the temperature dependent in-plane strain in graphite, which is introduced during
the consolidation process. In the following section, these results will be used to compare
the theoretical modulation of the thermal expansion to the experimental findings for the
Cu/G300 composites.

 4.4.2 Theoretic predictions for the thermal expansion

The findings in the last section open
the possibility to modulate the thermal
expansion of such composite by
replacing αGr,c = 27.1 ppmK-1 with
α33 = -27 ppmK-1. For composites
containing aligned particles one may
calculate the CTE using Shapery’s
model for longitudinal as well as trans-
versal expansion (see Equations 2.46
and 2.47), with the parameters summa-
rized in Table 4.2 and the assumption
of fully aligned particles. The expan-
sion coefficients of the Cu/G300
composites are summarized in
Figure 4.22. Moreover, the modulated
CTE for the in-plane as well as
through-plane direction are plotted
together with the measured data. As
can be seen, for both directions the
measured CTE is in very good agreement with Shapery’s model for anisotropic two-phase
composites, if one uses the derived negative CTE for graphite along the c axis. This unex-
pected expansion behavior could not be explained with the intrinsic CTE of the compo-
nents (see also Figure 4.19).

 Figure 4.22 Measured coefficient of thermal ex-
pansion (symbols) as well as modulated CTE
(solid lines) for the in-plane (black) and
through-plane (gray) direction of Cu/G300 com-
posites in dependence of the platelet concentra-
tion.
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 4.5 Strain induced in silicon in different heat sink assemblies

SuCoLEx is expanding with
12 ppmK-1 in the in-plane and
2 ppmK-1 in the through-plane
direction. The later matches the
thermal expansion of silicon [27].
Thus, a reduction of thermal stress
induced in silicon is expected when
attached to a SuCoLEx heat sink
compared to metal heat sinks with
higher CTE. As introduced in
Section 2.5.3, the Raman spectrum
of Si is sensitive to temperature
changes and external stress. To
investigate the reaction of Si to
temperature change and thermal
stress small pieces of Si (001) were glued on heat sinks made of Al, Cu and SuCoLEx.
Figure 4.23 shows a scheme of the measurement setup. The silicon-heat sink assembly
was repeatedly cooled down to 83 K and then heated up to room temperature, while the
Raman spectra of Si were taken every 5 K.

 4.5.1 Free standing silicon

Obviously, free standing Si is not subjected to thermal strain and has a Raman peak
around 520 cm-1 with a linewidth of 4 cm-1corresponding to the optical phonon for zero
wave vector [28,29]. Thus, comparing the peak position of free standing Si to Si attached
to the different heat sinks allows to extract the peak shift caused by thermal strain, which
is induced by the thermal expansion mismatch at the interface. The temperature dependent
Raman spectra for Si are presented in Figure 4.24a. The peak position shifts from
520 cm-1 for room temperature to around 523 cm-1 at 80 K due to anharmonic
effects [28]. Following Balkanski et al., the phonon frequency as a function of the
temperature were fitted to the following expression [28]

 Figure 4.23 Cross-section of the setup for the tem-
perature dependent Raman spectroscopy of Si at-
tached to different heat sinks. The inset shows a
photograph of Si glued to Cu (scale bar 5 mm).

10×
objective

heat sink
glue

532 nm
Si (001)
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where Ω , C, and D are the fitting parameters. The peak position fitted to Equation 4.20
resulted in Ω = 528.6 cm-1, C = -3.64 cm-1, and D = -0.016 cm-1, as presented in
Figure 4.24b.

 4.5.2 Silicon attached to aluminum, copper, and SuCoLEx

The same Raman spectra were taken for Si attached to Al, Cu, and SuCoLEx heat sinks.
The peak shifts are shown in Figure 4.25. Compared to free standing Si the shift of the
phonon frequency with decreasing temperature was stronger. At 80 K the frequency
difference reached values of 2.0 cm-1 for Al, 1.3 cm-1 for Cu, and 0.6 cm-1 for SuCoLEx.
The additional shift originated from the thermal strain of the attached Cu and Al heat sink
is more than 2 and 3 times higher compared to Si attached to SuCoLEx. This difference
is in line with the CTE mismatch between Si and the corresponding heat sink. How the
magnitude of the shift and the CTE mismatch are correlated will be derived in the next
paragraph.

When Si is in contact with the different heat sinks there will be stress induced in the
in-plane direction resulting in an in-plane strain. The temperature derivative of this strain
is the difference in thermal expansion between Si and heat sink. Cu and Al cause biaxial
strain (ε11 = ε22 = ε), since their expansion is isotropic. The expansion of SuCoLEx in

 Figure 4.24 (a) Raman spectra of Si for different temperatures and (b) average peak
position of the Raman mode in dependence of the temperature (black symbols). The
error bars represent the standard deviation of the single measurements. The mea-
sured data are fitted to Equation 4.20 (black line).
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through-plane direction is close to the expansion in Si. Therefore, the induced strain is
uniaxial (ε11 = 0, ε22 = ε), caused by the difference between the in-plane CTE of
SuCoLEx and the CTE of Si. The induced strain along the z axis is given by

Following Equation 2.61 the frequency shift of the phonon, which is polarized along the
z axis, is given by

where the factor F = 1/2 for SuCoLEx and F = 1 for Cu and Al, accounting for uniaxial
and biaxial strain, respectively. Assuming that the elastic constants and the phonon defor-
mation potentials are temperature independent one may write down the Raman frequency
in dependence of the temperature including the shift caused by strain as

with , [30], C11 = 165.7 GPa, and C12 = 63.9 GPa [31].

ε33
C12

C11
-------- ε11 ε12+( ).–=

 (Eq.  4.21) 

 Figure 4.25 Raman spectra of silicon attached to (a) Al, (b) Cu, and (c) SuCoLEx heat sinks for
different temperatures (colored lines). The black dashed-dotted line shows the peak of free stand-
ing Si at 80 K.
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ω0(T) is given by Equation 4.20 and αx is the CTE of Cu, Al or the in-plane direction of
SuCoLEx.

The phonon frequency shift predicted by Equation 4.23 is -1.7×10-2 cm-1K-1,
-1.2×10-2 cm-1K-1, and -4.0×10-3 cm-1K-1 for the Si/Al, the Si/Cu, and the Si/SuCoLEx
interface, respectively. The experimental values are obtained by fitting the measured peak
positions to Equation 4.23. Figure 4.26a summarizes the measured average peak shifts for
Si attached to different heat sinks in comparison to free standing Si obtained by cycling
the temperature multiple times. The repeatability of the measurement is represented by
error bars. Moreover, the experimental data were fitted to Equation 4.23, which yielded a
phonon frequency shift by strain of -1.05×10-2 cm-1K-1, -0.87×10-2 cm-1K-1, and
-0.27×10-2 cm-1K-1 for the Si/Al, the Si/Cu, and the Si/SuCoLEx interface, respectively.
These values are lower than the predictions made with the phonon deformation potentials
and the elastic constants and may be attributed to the slipping at the interface due to the
epoxy glue. The difference between predicted and observed frequency shift is highest for
the Al heat sink, since the thermal strain is higher than for the Cu and the SuCoLEx inter-
face.

From the measured phonon frequency shift the average thermal stress was calculated
following Equations 2.62 and 2.64 to dσ / dT = 2.3, 1.9, and 1.1 MPaK-1 for the Al, Cu,
and SuCoLEx interface, respectively. Typically Si dies break, if the stress exceeds
200 - 400 MPa (depending on the processing conditions) [32]. For an operating tempera-

 Figure 4.26 (a) Average frequency shift of the Si Raman peak in dependence of the temperature
for free standing Si, Si attached to Al, Si attached to Cu, and Si attached to SuCoLEx (symbols).
The error bars correspond to the standard deviation of the measurements. The data are fitted to
Equation 4.23 (solid lines). The scheme shows how Si is attached to SuCoLEx with respect to the
platelet alignment. (b) Thermal stress calculated from the Raman shift for Si attached to Al, Cu
and SuCoLEx. The red area marks the region where the thermal stress exceeds the fracture
strength of Si.
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ture range of -50 to 200°C the resulting thermal stress is shown in Figure 4.26b. Within
this range the thermal stress induced by the SuCoLEx heat sink does not exceed 200 MPa
and stays below the fracture strength of Si dies. However, the thermal stress induced by
Al and Cu reaches critical values when the temperature increases above 100°C. Thus, the
larger expansion mismatch could lead to failures in such Si/metal assemblies. These find-
ings underline the advantage of the low expansion in SuCoLEx.

 4.6 SuCoLEx as heat sink for high power LEDs

The final test for SuCoLEx is the operation as a heat sink in a every day application in
comparison to a copper heat sink. One area where the importance of thermal management
increased over the past years is the lighting industry. As the luminous efficacy of light
emitting diodes (LED) is vastly increasing, conventional incandescent light bulbs are
replaced by LEDs in many areas, e.g. displays, households, and cars [33]. Still the opera-
tion of LEDs generates a large amount of heat. In contrast to incandescent light bulbs the
majority of the heat is not lost by radiation (mostly infrared) but has to be removed by
thermal conduction [34]. Mainly because the LED operating temperature (~100°C) is
much lower than the temperature of the filament in a light bulb. Implementing conduc-
tion-based heat transfer is one of the key challenges in the design of LED based lighting
systems [34]. Clearly, advanced heat conducting materials are an important aspect in this
context.

To compare the cooling performance of SuCoLEx to a conventional heat sink made of
Cu two high-power LEDs were attached to equally sized heat sinks (5×5×20 mm) made
of SuCoLEx and Cu, as show in Figure 4.27a. The LED-heat sink assemblies were
attached to an aluminum block. Since the thermal conductivity of SuCoLEx is around

 Figure 4.27 (a) Photograph of the LED heat sink setup. The LEDs are attached to a Cu and a
SuCoLEx heat sink. Emission tape (emission factor 0.95) is attached to the heat sinks to so all
components have the same emission factor. (b) Thermographic image of the LED-heat sink as-
semblies under operation (5 min after LEDs were switched on).
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50% higher than in Cu the SuCoLEx heat sink is expected to outperform the Cu heat sink.
The temperature development of the two LEDs was observed with an infrared camera.
Figure 4.27b shows a thermographic image of the temperature distribution on the LEDs
and the heat sinks. The SuCoLEx heat sink reduces the temperature of the LED more effi-
ciently. In particular, the temperature of the LED base plate is significantly reduced thanks
to the higher thermal conductivity of SuCoLEx. The overall temperature on the surfaces
of the heat sinks is lower for SuCoLEx compared to Cu underlining the superior ability to
transfer heat. Reducing the operating temperature of LEDs is of significant importance.
Studies showed that too high temperatures reduce the light output and the lifetime of
LEDs significantly [35-38]. SuCoLEx can help increasing the light output and the lifetime
of LEDs and gives more freedom to the design of the conduction-based cooling of the
LED packaging.
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Chapter 5
Summary and Outlook

The central objective of this thesis were the fabrication and characterization of metal
matrix composites with enhanced thermal conductivity and silicon-like thermal expan-
sion. This goal was realized by incorporating graphite platelets within a copper matrix. A
key characteristic of the produced material, called SuCoLEx, was the anisotropic nature
of its thermal conductivity and thermal expansion. In particular, the directions of high
thermal conductivity (503 Wm-1K-1) and low thermal expansion (2 ppmK-1) were
perpendicular to each other – an essential configuration in heat-sink applications. The
origin of such directional thermophysical properties was accounted for by the high degree
of platelet orientation produced by spark plasma sintering.

Spark plasma sintering proved to be a very suitable consolidation technique to obtain
highly densified bulk materials (densification > 98%) within a very short time frame,
while maintaining the structural properties of the graphite filler. The unidirectional force
applied during the sintering was indispensable to align the platelets within the composite
material. The analysis of the morphology of the copper/graphite composites revealed that
size and shape of the platelets had a huge impact on the degree of alignment, which was
quantified by polarization-dependent Raman spectroscopy. It could be shown that the
alignment increased with the lateral size of the graphite platelets as well as with filler
concentration for the largest particles (300 µm).

The analysis of the thermal transport properties confirmed the anisotropic nature of the
copper/graphite composites. For the composites with the best alignment a thermal diffu-
sivity value of 208 mm2s-1 was observed parallel to the direction of platelet alignment,
which is twice as high as the value measured for pure copper. Perpendicular to the align-
ment the thermal diffusivity decreased with graphite concentration and was up to a factor
eleven smaller than the corresponding diffusivity along the alignment direction.

The thermal transport properties of the copper/graphite composites were compared to a
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theoretical model based on effective medium approximation. This underlined the impor-
tance of the platelet orientation on the thermal conductivity enhancement. In addition, the
thermal interface resistance between copper and graphite could be derived from the EMA
calculation and was found to be around 10-9 m2KW-1. The excellent applicability of the
EMA was used predict the additional potential of copper/graphite composites and similar
systems (e.g., MMCs with different metal matrix).

The thermal expansion investigation revealed a surprising behavior of SuCoLEx. As
expected, the CTE of the composite parallel to the direction of alignment was decreased
to a value of 12 ppmK-1, very much in line with the predictions from theoretical models.
The negative expansion of graphite along the basal planes was transfered to the composite
material. Since the CTE of graphite along the c axis is higher than the value for copper the
composite was expected to have an increased CTE perpendicular to the platelet alignment.
Remarkably, measurements showed that the CTE in that direction was significantly
decreased to 2 ppmK-1 for 50 vol% graphite concentration. It could be shown that residual
as well as thermal strain reversed the intrinsic thermal expansion behavior of graphite
along the c axis to a negative CTE when embedded in a copper matrix. These results
showed that by engineering strain in such composite system the thermal expansion can be
tailored.

The major aim of this work was to develop a new generation heat sink material with
improved thermal transport properties and a tailored thermal expansion to minimize
thermal stress in the device. The thermal stress reduction of SuCoLEx was demonstrated
by attaching the composite material to a Si wafer. The induced thermal stress was
measured by temperature-dependent Raman spectroscopy and compared to the thermal
stress induced by conventional heat sink materials, i.e., copper and aluminum. The
thermal stress was strongly reduced by using SuCoLEx as the heat sink material. Within
the typical operating temperature range of electronic devices the thermal stress induced
by SuCoLEx remains below the fracture strength of silicon (i.e., 200 MPa). For the same
temperature range heat sinks made of copper and aluminum induced stress as high as
400 MPa. The improved cooling capability of a SuCoLEx heat sink was convincingly
demonstrated on high power LEDs. Compared to an identically constructed copper heat
sink the operating temperature of the LED was reduced, which is crucial for extending its
lifetime.

SuCoLEx fills a gab for thermal management materials. As can be seen from the Ashby
plot in Figure 5.1, conventional heat sink materials usually combine high thermal conduc-
tivity with high thermal expansion. There are very few materials with low CTE and decent
thermal transport capability. This correlation is disrupted in SuCoLEx. Highly conductive
semiconductors, such as diamond and boron nitride, are the materials that can compete
with the heat sink performance of SuCoLEx. These materials, however, are very expen-
sive and difficult to process and manufacture in bulk quantities. The starting materials of
SuCoLEx, on the other hand, are commercially available in huge quantities and are
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comparably inexpensive. In addition, the fabrication process is well established and can
be conducted at an industrial scale.

Another key advantage of
SuCoLEx over traditional
thermal management materials
is its low density - a desirable
feature in weight-critical appli-
cations. Along with the high
thermal conductivity, the
SuCoLEx material posses high
specific thermal conductivity,
which is defined as the ratio
between thermal conductivity
and density. In fact, compared
to copper, the specific thermal
conductivity of SuCoLEx is
more than two times higher.
With the value of
930 Wcm-2K-1kg-1, SuCoLEx
exceeds even aluminum
(850 Wcm-2K-1kg-1), which is the major heat sink material of choice for lightweight
devices.

The results presented in this thesis demonstrate the advantage of using anisotropic
fillers, like graphite, to create superior materials for thermal management with strongly
reduced weight and enhanced cost effectiveness. We believe that the knowledge gained
from our SuCoLEx composite material may significantly change the design of thermal
packaging. With the silicon-like expansion, which keeps the strain below the fracture
strength of the semiconductor chip, one could directly attach the SuCoLEx heat sink to
the CPU without the risk of malfunctions or defects. This eliminates the biggest weak spot
in a thermal management package, i.e., the number of interfaces between the single
components, which as a consequence would reduce the thermal resistance of the cooling
system.

 Figure 5.1 Ashby plot of key thermal management ma-
terials. The desired region for heat sinks materials used
for cooling of semiconductor devices is marked in green
(the darker the better).
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