THE FLORIDA STATE UNIVERSITY
COLLEGE OF ENGINEERING

THERMAL CONDUCTIVITY AND COEFFICIENTS OF THERMAL
EXPANSION OF SWNTS/EPOXY NANOCOMPOSITES

By
Philippe Gonnet

A Thesis submitted to the
Department of Industrial Engineering
in partial fulfillment of the
requirements for the degree of
Master of Science

Degree Awarded:
Summer Semester, 2004

The members of the Committee approve the thesis of Philippe Gonnet defended on July
12th, 2004.

Zhiyong Liang
Professor Directing Thesis

James Brooks
Committee Member

Ben Wang
Committee Member

Chuck Zhang
Committee Member

Approved:

Ben Wang, Chair, Department of Industrial Engineering
Ching-Jen Chen, Dean, FAMU-FSU College of Engineering

The Office of Graduate Studies has verified and approved the above named committee
members

ii

ACKNOWLEDGEMENTS

I would like to express my sincere gratitude and thanks to Dr. Zhiyong Liang, for his
extensive support through out this research work. I would also like to thank my
committee members, Dr. Ben Wang and Dr. Chuck Zhang for their suggestions and
assistance during the preparation of this thesis. I would like to thank Dr. James Brooks,
outside committee member and Dr. Eun Sang Choi and their coworkers for their help and
their patience in the measurements and analysis of the thermal conductivity data. A
sincere appreciation goes to all my co-workers of Florida Advanced Center for
Composite Technologies (FAC2T) especially Ravi Shankar Kadambala, Edward Wang
and Yu-Hsuan Liao for their help and meaningful contribution to this thesis. Finally, I
would like to thank my parents and my friends for their encouragement and support
throughout my life and education.

iii

TABLE OF CONTENTS

LIST OF TABLES……………………………………………………………………

vi

LIST OF FIGURES…………………………………………………………………..

vii

ABSTRACT………………………………………………………………………….

xi

1 MOTIVATION AND OBJECTIVES……………………………………………...

1

1.1 Motivation…………………………………………………………………...
1.2 Problem Statement…………………………………………………….……...
1.3 Objectives…………………………………………………..………………..

1
4
6

2 LITERATURE REVIEW FOR THERMAL CONDUCTIVITY………….………

8

2.1 Electronic Structure of Nanotubes.…………………………….…………….
2.2 Nanotubes Ropes……………………………………………………………..
2.3 Nanotube Thermal Conductivity Temperature Dependence Simulations.…...
2.4 Temperature Dependence and Chirality Simulation.…………………………
2.5 Influence of Nanotube Length on Thermal Conductivity…..………………..
2.6 Influence of Defects and Vacancies in Nanotubes…………………….…...
2.7 Temperature Dependence of Thermal Conductivity of Buckypaper……..…
2.8 Influence of Magnetic Strength……………………………………………..
2.9 Diameter of Nanotubes and Annealing Effects……………………………..
2.10 Nanotube Composites………………………………………………………
2.11 Carbon Fibers and Composites…………………………………………….
2.12 Conclusion…………………………………………………………………

8
13
14
16
19
20
21
24
25
27
30
32

3 THERMAL CONDUCTIVITY PRINCIPALS.……………….………………….

33

3.1 Introduction …………………………………………………………………
3.2 Convection…………………………………………………………………..
3.3 Radiation…………………………………………………………………….
3.4 Conduction…………………………………………………………………..
3.5 Relationship between Electrical and Thermal Conduction………………….
3.6 Thermal Conductivity……………………………………………………….
3.7 Comparative-Longitudinal Heat Flow System………………………………
3.8 Laser Flash Technique………………………………………………………

33
33
34
36
37
39
40
41

iv

4 THERMAL CONDUCTIVITY EXPERIMENT OF BUCKYPAPERS AND
NANOCOMPOSITES.……………………………………..…….…….…………..

44

4.1 Components of the Experiment…………...
4.1.1 The Fixture………………………….……………………………….….
4.1.2 The Thermocouples…….….………………………………..………….
4.1.3 Set-up the Experiment...………...………………….…………………..
4.1.4 Radiation Shield……………………………………...…………..……..
4.2 Conducting the Experiment…………………………………………………..
4.3 Measurement Analysis……………………………………………………….
4.4 Results Analysis………………………………………………………………
4.5 Temperature Dependence…………………………………………………….
4.6 Modeling and Prediction……………………………………………………...
4.7 Conclusion……………………………………………………………………

44
44
46
46
48
49
51
53
56
58
60

5 THERMAL EXPANSION OF NANOTUBE-REINFORCED COMPOSITES....

62

5.1 Thermal Expansion Description………………………………………...……
5.2 Thermal Expansion of Composites...…………………………………...….…
5.3 Thermal Expansion of Nanotubes..…………………………...……………...
5.4 Thermal Expansion of Nanotube Composites………………………………..
5.5 CTE Prediction of nanotube-reinforced composites..………………….….…
5.6 Thermal Expansion Measurement……………...………………………...…..
5.7 Influence of Thermal Stress on Thermal Expansion..……………………......
5.8 Results and Analysis of the CTEs for the Nanocomposites.………………....
5.8.1 Presentation of the Results……….……………………………………..
5.8.2 CTE before Tg…………………...……………………………………...
5.8.3 Reduction of Tg…………………………………………………………
5.8.4 CTE after Tg…………………………………………………………….
5.8.5 Nanotube Treatment Analysis………………………………………….
5.8.6 Exceptional Result……………………………………………………...
5.9 Applications for Composites with Low CTE.…………………..……………
5.10 Conclusion…………………………………………………………………..

62
64
66
68
70
71
74
78
78
81
82
83
83
84
86
86

6 CONCLUSION…………………………………………………………………….

88

6.1 Conclusion for the Thermal Conductivity.………………………...………....
6.2 Conclusion for the Thermal Expansion………………………………………
6.3 Future Work…………………………………………………………………..

88
89
90

APPENDIX A THERMAL CONDUCTIVITY MEASUREMENTS…………...…..

91

APPENDIX B THERMAL EXPANSION CURVES……….....….…..……………..

95

REFERENCES………………………………………………………………………

102

BIOGRAPHICAL SKETCH…………………………………………………………

106

v

LIST OF TABLES

3.1: Emissivity data for material in different state…………………………………

35

3.2: Lorenz number of common metals……………………………………………

38

4.1: Characteristics of the aligned nanocomposites………………………………..

55

5.1: Coefficient of thermal linear expansion for reference materials………………

63

5.2: CTE for plastics and glass-reinforced plastics…………………………………

64

5.3: In-plane room temperature thermal conductivities, densities, and CTE of
VGCF/epoxy composites…………………………………………….…………

65

5.4: CTE estimation for nanotube epoxy composite at 1% and 5% loading, using
different nanotube CTE prediction…………………………………………….

70

5.5: Listing of the sample measured……………………………………………….

75

5.6: Coefficient of thermal expansion before and after Tg…………………………

79

5.7: Results of exceptional measurements for sample A3………………………….

85

vi

LIST OF FIGURES

2.1: Illustration of the chiral vector on a graphene sheet……………………………

8

2.2: (5, 5) armchair nanotube (top), a (9, 0) zigzag nanotube (middle) and a
(10, 5) chiral nanotube. The diameter of the nanotubes depends on the
values of n and m……………………………………………………………….

9

2.3: Band structure of a 2D graphene sheet………………………………………….

10

2.4: Nanotubes structure according to their chirality and electronic behavior:
semiconducting (dot) or metallic (circled dot)………………………………….

12

2.5: Temperature dependence of the thermal conductivity λ of an isolated (10,10)
nanotube…………………………………………………………………………

14

2.6: Thermal conductivity for a (10, 10) nanotube (solid line), in comparison to a
constrained graphite monolayer (dash-dotted line), and the basal plane of AA
graphite (dotted line) at temperatures between 200 and 400 K. The inset
reproduces the graphite data on an expanded scale…………………………….

16

2.7: Thermal conductivity of a (10,10) nanotube (black line) and of a single
graphene layer (dotted line) containing the same number of atoms…………….

17

2.8: Temperature dependence for the thermal conductivity of nanotubes with same
chirality: (5,5) (dotted line), (10,10) (black line) and (15,15) (dash line)………

18

2.9: Temperature dependence of nanotubes with same diameter but different
chirality: (5,5) (dotted line) and (10,0) (dash line)…………………………….

18

2.10: Dependence of thermal conductivity on length of nanotubes at 300 K……….

19

2.11: Temperature dependence of the thermal conductivity. The inset shows the low
temperature behavior…………………………………………………………. 22
2.12: Thermal conductivity of annealed sample in the alignment direction…………

23

2.13: Thermal conductivity for a 7 T and 26 T Buckypaper in direction parallel and
perpendicular to the magnetic field…………………………………………...

24

vii

2.14: Normalized data for κ/T. The arrows indicate the two crossover temperatures
at 35 K and 42 K for the 1.4 nm and 1.2 nm samples, respectively…………..

25

2.15: Effect of annealing on thermal conductivity for both a) random sample and b)
magnetically aligned buckypapers sample…………………………………….

27

2.16: Enhancement in the thermal conductivity for SWNT and VGCF reinforcement
at room temperature according to the volume filling fraction………………… 28
2.17: Temperature dependence of the thermal conductivity for the pristine epoxy
and a sample with 1 wt% SWNT loading……………………………………..

29

2.18: Enhancement in thermal conductivity for composites loaded with 1 wt%
SWNT and VGCF……………………………………….……………………

29

2.19: Comparison of thermal conductivity and electrical resistivity for carbon fibers
and metals……………………………………………….……………………
31
3.1: Scheme of free convection due by a heater…………………………………….

34

3.2: Illustration of the parameters in the Fourier’s law of conduction………………

39

3.3: Scheme of the comparative method principal…………………………………..

40

3.4: Laser flash apparatus LFA 427………………………………………………….

42

4.1: Scheme of the fixture……………………………………………………………

45

4.2: Picture of the cold finger……………………………………………………….

45

4.3: Apparatus to make thermocouples……………………………………………...

46

4.4: Scheme of the contact between sample and references…………………………

47

4.5: Scheme of the position of the thermocouples on the sample and references…...

48

4.6: The fixture with its thermal shield plugged on the probe………………………

48

4.7: The fixture without thermal shield……………………………………………..

49

4.8: Scheme of the heat loss during a measurement………………………………...

51

4.9: Temperature dependence of the thermal conductivity for Buckypaper in the
aligned direction……………………………………………………………….

52

viii

4.10: Temperature dependence of the thermal conductivity of the samples tested…

54

4.11: Thermal anisotropy ratio for the buckypaper according to temperature……...

56

4.12.Thermal conductivities normalized by the value at 270 K…………………….

57

4.13: Thermal conductivity of the random buckypaper, its nanocomposite and
model predictions……………………………………………………………..

59

4.14: Thermal conductivity of the aligned buckypaper in the alignment direction,
its nanocomposite and model predictions……………………………………..

59

5.1: CTE of VGCF/resin composites according to volume fraction………………..

66

5.2: (a) Relative length change of a (10,10) nanotube. (b) linear CTE
temperature dependence………………………………………………………

67

5.3: (a) Relative volume change of a (10,10) nanotube. (b) volumetric CTE
temperature dependence……………………………………………………….

67

5.4 CTE of nanotube epoxy composites estimated by finite element for (a) fully
aligned nanotube composite, (b) in-plane oriented nanotubes composite and (c)
for three-dimensional randomly oriented nanotube composite………………..

70

5.5: CTE estimation for aligned nanotubes composite according to its volume
fraction……………………………………………………………………….

71

5.6: TMA electromechanical system……………………………………………..

72

5.7: Sample set up with the expansion probe……………………………………..

73

5.8: Measurement of Tg of epoxy printed circuit board…………………………..

74

5.9: Thermal linear expansion of the samples at 1 wt% SWNT loading………….

75

5.10: Thermal linear expansion of the samples at 5 wt% SWNT loading………...

76

5.11: Epon 862 Epoxy resin expansion for 2 warming up and 1 cooling down…...

77

5.12: Epon 862 epoxy resin expansion without thermal stress (3 replicated
measurements)………………………………………………………………

78

5.13: CTE before Tg for the different nanotube treatment………………………..

80

5.14: Tg of the different nanotube composite samples……………………………

80

ix

5.15: CTE after Tg for the different nanotube treatment………………………….

81

5.16: Proposed reaction mechanism between nanotubes and amines……………..

82

5.17: Exceptional measurements of the sample A3………………………………..

84

5.18: Regular measurements of the sample A3……………………………………

85

x

ABSTRACT

Since their discovery in 1991, carbon nanotubes have undergone intensive research. The
single-walled carbon nanotube, or SWNT, has a unique electronic structure. According to
their chirality, they can be either metallic or semiconductors with various band gaps.
These different electronic structures influence their electrical and thermal properties.
Studies have been conducted to understand, model and measure their electrical and
thermal properties by computer simulation and experimental measurements. Even though
current research shows inconsistent results, all studies show that SWNTs have
phenomenal electrical and thermal properties.
To take advantage of these unique properties of nanotubes requires properly
incorporating SWNTs into a matrix as a reinforcement or filler to form nanocomposites
with desired properties. Carbon nanotube reinforced composites are still under
development. The mechanical properties of these materials have been intensively
explored; however, the electrical and thermal properties still require further study.
The main objective of this thesis was to measure and understand the thermal behavior of
SWNT-reinforced composites. This thesis focuses on 1) the thermal conductivity of
buckypapers (aligned or random SWNT network from filtration of well-dispersed
nanotube suspension) and the nanocomposites produced from the buckypapers, and 2) the
influence of nanotubes on thermal expansion by direct mixing and casting samples of
SWNT/epoxy nanocomposites.
Thermal conductivity was measured using a comparative method, with a constantan foil
as a reference. The temperature dependence of the thermal conductivity was measured
from 115 K to room temperature. Magnetically aligned buckypapers produced with 17.3
Tesla magnetic field showed the highest thermal conductivity at room temperature, with a
maximum value of 41.5 W/mK in the aligned direction. The coefficient of thermal
xi

expansion (CTE) was measured using the Thermomechanical Analyzer (TMA). The
influence of nanotube functionalization and loading on the CTE of the epoxies revealed
that adding 1 wt% nanotubes in the epoxy resin could reduce the CTE of the resin as
much as 35.5%. The mechanisms of thermal conductivity variation and CTE reduction in
the buckypapers and nanocomposites are also discussed.

xii

CHAPTER 1: MOTIVATION AND OBJECTIVES

1.1: Intoduction
Since their discovery in 1991 by Sumio Ijima [1], carbon nanotubes have been the focus
of much research and many publications. Their tremendous mechanical properties have
been proven and measured many times, especially for single-walled nanotube (SWNT)
that exhibits calculated values as high as 200 giga Pascal for tensile strength [2] and more
than 1.4 tera Pascal of modulus [3]. The electronic structure of these SWNTs is also
unique. According to their chirality, they could have a metallic or a semiconductor
character. Studies have been undertaken to understand, model and measure these
phenomena by computer simulations and electrical and thermal properties measurements.
Even though the results currently published are not in good consistency, all studies show
their excellent electrical and thermal properties. For example, SWNTs have a thermal
conductivity as high as 6600 W/mK at room temperature, 3 times that of diamond, the
material with the highest thermal conductivity known [4].
Engineering applications for nanotubes require incorporating them as reinforcement or
filler in a matrix, creating a new material that forms a nanocomposite with specific
properties. Carbon nanotube nanocomposites are still under development. Mechanical
properties of the material have been intensively measured, but electrical and thermal
properties still need to be studied. Thus, the main objective of this thesis is to measure
and understand the thermal behavior of SWNT-reinforced composites. The focus selected
for this thesis is, in one part, the thermal conductivity of Buckypapers (SWNT network
from filtration of aligned or random nanotube suspension) and their composites by epoxy
resin infusion, as this method allows obtainment of a very high volume fraction for the
composite. Secondly, the influence of nanotubes on thermal expansion in an epoxy
matrix for direct mixing and casting samples will be studied.
1

1.2: Motivation
Carbon nanotubes can be described as a sheet of carbon graphite rolled into a tube. An
ideal nanotube can be thought of as a hexagonal network of carbon atoms that has been
rolled in a cylinder. This cylinder can be several microns long and covered at each end
with a cap that has the structure of a half-fullerene molecule. Fullerenes are closed,
convex cages of carbon atoms whose structure forms a pattern of pentagons and
hexagons. But rolling a sheet of graphite, so that each end matches with a carbon atom,
can be done in several ways. These different ways produce a different configuration of
arrangement of carbon atoms along the tube, giving a different structure. This atomic
r
structure of carbon nanotubes is expressed in terms of chirality. A chiral vector, C h , and
a chiral angle, θ, can define the chirality of a nanotube [5]; the resulting structure will
have a zigzag, armchair or chiral pattern.
Despite structural similarity to a single sheet of graphite, which is a semiconductor with a
zero band gap, nanotubes may be either metallic or semiconducting, depending on their
chirality. So nanotubes have a structure define by a 2-D structure (graphite) and chirality,
resulting in a quasi-1D structure [6]. In comparison, diamond has a defined 3-D crystal
structure where each carbon atom has four nearest neighbors. It is then interesting to
compare carbon nanotubes with a 2-D structure (carbon graphite) and a 3-D crystal
(diamond).
Moreover, some nanotubes are composed of several nanotubes assembled together in a
concentric pattern. These nanotubes are called multi-walled carbon nanotubes (MWNTs),
in opposition to single walled carbon nanotubes (SWNTs), commonly referred as
nanotubes in this thesis. MWNTs and SWNTs have different properties [5, 7]. However,
the electronic properties of perfect MWNTs are theoretically rather similar to those of
perfect SWNTs, because the coupling between the cylinders is weak in MWNT. Because
of the nearly one-dimensional electronic structure, electronic transport in metallic SWNT
and MWNT occurs ballistically, or without scattering, over the nanotube length. This
enables them to carry high currents with essentially no heating. Phonons also propagate
2

easily along the nanotube, providing it with a high thermal conductivity value. Diamond,
with a thermal conductivity of 2000 W/mK, is the material currently recognized as
having the highest thermal conductivity. Nanotubes have the potential to outreach the
thermal conductivity of diamond. However, the tendency of nanotubes to assemble itself
in bundles of parallel tubes, called rope, decreases the available potential of the
nanotubes.
If the thermal properties of the nanotubes are important, some significant inconsistencies
exist in the published research. To be able to correctly read the results, it is important to
make a distinction between the diverse forms of nanotubes. Besides the distinction
between single-walled and multi-walled tubes, SWNT can appear in packs of several
nanotubes, commonly called nanotube ropes, and further form rope network or porous
membranes, called Buckypapers. The first results published relating to the thermal
conductivity of nanotubes came from simulations. A Molecular Dynamic (MD)
simulation [8] produced the value κ= 2980 W/mK for the thermal conductivity of a
(10,10) SWNT at 300K, when a different MD simulation published κ=6600 W/mK for a
same (10,10) SWNT at room temperature [4]. Measurements of random Buckypapers
estimated the thermal conductivity of a nanotube rope at room temperature between 1750
and 5780 W/mK [9], according to a measurement done on electrical conductivity [10]. In
comparison, a measurement of a multi-walled nanotube observed a thermal conductivity
higher than 3000 W/mK at room temperature [11].
Experiments to test these remarkable theoretical predictions have been extremely difficult
to carry out, largely because the electronic properties are expected to depend strongly on
the diameter and chirality of the nanotube. The published results for Buckypapers thermal
conductivity suffer from the same inconsistencies. First estimated as high as 35 W/mK
for a random sample [9] and up to 200 W/mK for an aligned sample at room temperature
[12], the value published afterwards is 5 times lower with a maximum of 40 W/mK at
room temperature for a sample aligned at 26 T [13]. The temperature dependence of the
thermal conductivity is, however, more consistent in the results published. The thermal
conductivity of Buckypapers is linear from 7 K to 25 K. Its slope increases from 25 K to
40 K and arises monotonically. This research does not provide the thermal conductivity
of aligned Buckypapers composites, which is one of the main motivations of this thesis.
3

However, the thermal conductivity of some nanotube composites samples has been
measured and gives promising results. Single-wall carbon nanotubes were used to
augment the thermal transport properties of industrial epoxy [14]. Samples loaded with 1
wt% unpurified SWNT material showed a 70% increase in thermal conductivity at 40 K,
rising to 125% at room temperature. In comparison, the enhancement due to 1 wt%
loading of vapor grown carbon fibers was three times smaller. Some research indicates
that the measured values were so far lower than that of calculated estimations [15]. This
could be corrected with the improvement of carbon nanocomposites processing and the
quality of carbon nanotubes used.
Buckypapers and composites should retain the properties of the individual nanotubes as
far as possible. A generic problem is that impurities coat the surface of nanotubes. Even
nanometer-thick coatings can affect dispersibility, binding in the matrix, and the
electronic and mechanical properties of junctions between nanotubes.
Eventually, since nanotubes are anisotropic in nature, the alignment principal permits the
increase of Buckypaper and composites properties. Some techniques exist to produce
aligned nanocomposites. Aligned SWNT composites were also produced by melt
processing methods [16]. For example, composites made by melt spinning can have
nanotubes aligned by drawing. However, the melt viscosity becomes too high for
conventional melt spinning when the nanotube content is more than 10%. The electrical
conductivity of the nanocomposites films is higher along the processing direction. The
conductivity measured changed from 0.118 S/m in the alignment direction to 0.078 S/m
in the perpendicular direction for a sample loaded at 1.33 wt% and from 11.5 S/m to 7.0
S/m for a sample loaded at 6.6 wt%. The anisotropy ratio measured was then only
between 1.5 and 1.6. For Buckypapers, the alignment could be realized using the
magnetic susceptibility of nanotubes. If the filtration of nanotube suspension is conducted
under magnetic field, the nanotubes will be aligned according to the direction and the
strength of the magnetic field. The resulting Buckypaper will have anisotropic properties.
From this aligned Buckypaper, it is the possible to produce an aligned Buckypaper
composite that will inherit the anisotropic behavior of its Buckypaper. Therefore, we
could go one more step toward the realization of nanotubes materials with exceptional
properties for thermal management applications.
4

Engineering applications often need more than just high thermal conductivities.
Subjected to temperature change, the equipment must stay reliable and efficient. For this
goal, it is important that the different components constitutive of the thermal management
system expand at the same rate as their support and the components they are cooling
down. Thus, the thermal expansion is a determining factor in structural and electronic
applications to prevent mismatch and damage of the part during operation. Polymers have
high coefficient of thermal expansion (CTE) that can be decreased and controlled in a
composite using proper reinforcement materials. Although little data is available for the
CTE of carbon nanotubes, it is expected that nanotubes have a negative CTE due to their
sp2 carbon atoms network [17]. Nanotube composites could present low CTE able to
match those of traditional materials, such as metal or silicon.
Eventually, the difference of CTE between matrix and reinforcement material is a
problem in many polymeric composites. The different expansions can provoke thermal
stresses and cracks in the matrix. For traditional carbon fiber and glass fiber composites,
because their fiber and porous structure are microscale, only very small parts of the resin
molecules can be directly in contact with the reinforcement material. However, nanotubes
have the same scale of the resin molecule. Nanotubes can then be used in small amounts
to reduce the CTE of the resin and make it closer to their reinforcement fibers. This
would reduce CTE mismatch and internal stress in fiber-reinforced composites. For that
purpose, the CTE of nanotube composites of 1 wt% and 5 wt% will be investigated.

1.3: Problem Statement
Many different methods are available to measure thermal conductivity. These tests can be
distinguished into two groups: steady state and dynamic method. Steady state methods
are measures realized when the system reaches equilibrium. For thermal conductivity, the
most common steady state methods are the heat flow meter (ASTM C518), the hot plate
(ASTM C177), the comparative technique and the Kohlrausch method. The first two
techniques use a hot plate to produce a heat flow through the sample and measure the
difference of temperature thus produced. However, they require a significant thickness of
5

the sample (several centimeters), which is not available for the Buckypapers and their
nanocomposites we want to measure. The comparative method uses a reference material
to measure the heat flow input in a sample. This technique is more flexible and can be
adapted by changing the geometry and the material used as reference. This method was
employed in the published results of thermal conductivity [9, 12, 13, 18] but is
nevertheless very sensitive to noise for small sample. Eventually, the Kohlrausch method
is a self-heating technique using a constant current to heat the sample. This technique was
also used in the result published for the Buckypaper to measure the thermal conductivity
at temperatures higher than 300K [12]. The second group, the dynamic methods,
measures the thermal conductivity when the system is not at equilibrium. Some common
dynamic methods are the hot wire technique, the laser flash technique and the 3ϖ
method. The 3ϖ method was used to measure the thermal conductivity of ropes of
MWCNT [11].
For the experiment described further in this thesis, the method used to measure the
thermal conductivity is the comparative method. This method has many advantages: it is
reliable with less assumptions needed than for other techniques, like the laser flash; it is
easily adapted to the geometry of our sample; and it is a reference method used in the
previous published result for Buckypaper [9, 12, 13, 18]. Challenges exist nevertheless,
since it requires high precision in the preparation of the sample on the fixture, and this
method is sensitive to noise. These challenges are those commonly encountered by
techniques measuring the thermal conductivity of thin films, and must be controlled to
make a successful measurement [19].
The coefficients of thermal expansion can be obtained using the Thermomechanical
Analyzer 2940 (TMA) from TA Instruments. As this instrument can measure the
expansion of a material subjected to heat, the challenge for the measurements will reside
in the analysis of the results and the determination of the factors influencing the thermal
expansion of the nanocomposites. Since different treatments were applied to the
nanotubes used, the most effective treatments to reduce the CTE of epoxy Epon 862 will
be determined. The challenge will lay in differentiating nanotube treatment effects on the
CTE from the other process parameters such, as nanotube dispersion.

6

1.4 Objectives
The following steps in the characterization of Buckypapers and nanotubes composites
can summarize the objectives for this thesis:
•

Thermal conductivity measurements and temperature dependence of random and
aligned Buckypapers and Buckypapers composites

•

Characterization and modeling of thermal conductivity of random and aligned
Buckypapers and Buckypapers composites

•

Thermal expansion measurement of nanotubes casting samples with 1 wt% and 5
wt% SWNT loading

•

Characterization and modeling of thermal expansion in nanotubes direct mixing
composites

•

Investigation of the feasibility of industrial applications that would benefit the
thermal properties of these nanocomposites

7

CHAPTER 2: LITERATURE REVIEW FOR THERMAL
CONDUCTIVITY
2.1 Electronic Structure of Nanotubes

As described in Chapter 1, a single walled nanotube is conceptually a piece of a graphene
sheet rolled up into a tube. The nanotube retains part of the electronic structure of
graphite. If we cut a nanotube in the perpendicular plan to its axis, the nanotube circular
cross-section represents the chiral vector, also called wrapping vector. In the planar
development of the (n,m) nanotube, the circumference is the chiral vector
r
r
r
r
r
C h = na1 + ma 2 , where a1 and a 2 are two primitive translation vectors of graphene,
which by convention make an angle of 60° between them.

Figure 2.1: Illustration of the chiral vector on a graphene sheet
8

The chiral angle, θ, is the angle between Ch and a1. For symmetry reasons, θ has its value
between 0° and 30°. Armchair nanotubes are formed when n=m, when the chiral angle is
equal to 30°. Zigzag nanotubes are formed when either n or m are equal to zero, when the
chiral angle is 0°. All other nanotubes, with chiral angles intermediate between 0° and
30°, are known as chiral nanotubes.

Figure 2.2: (5, 5) armchair nanotube (top), a (9, 0) zigzag nanotube (middle) and a (10,
5) chiral nanotube. The diameter of the nanotubes depends on the values of n and m.

Moreover, the choice of n and m determines whether the nanotube is metallic or
semiconducting, even though the chemical bonding between the carbon atoms is exactly
the same in both cases. This surprising result is due to the very special electronic
structure of a two-dimensional graphene sheet, which is a semiconductor with a zero
band gap. Close to the Fermi energy level from where a material is electrically
conductive, the band structure of graphene is dominated by the π states formed by the
interacting 2pz orbital normal to the graphene sheet [21]. Since there are two atoms in the
unit cell of graphene, there are two π bands, a bonding (π) one and an anti-bonding (π*)
9

one. These bands cross each other at the corners of the hexagonal first-Brillouin zone, the
so-called K points, of the corner point of the hexagonal unit cell in reciprocal space. For
symmetry reasons, the Fermi level coincides with the energy of the crossing. The electron
movement in two dimensions can be described by the wavevector k. A two-dimensional
field of allowed energy regions, which corresponds to the allowed energy bands, is
obtained. They are called Brillouin zones. The electrons can only arrive by jumps from
one energy band to the next or from one Brillouin zone to the next [22]. In most
directions of the wavevector k, the electrons encounter a semiconductor-like band gap.
But along directions that pass through the Fermi points (K points), the electrons are free
and the graphene behaves as a metal. Graphene is a zero-gap semiconductor; its density
of states (DOS) at the Fermi energy EF is zero and increases linearly on both sides of EF.
In this case, the top of the valence band has the same energy as the bottom of the
conduction band, and this energy equals the Fermi energy for one special wavevector, the
K-point of the two-dimensional Brillouin zone.

Figure 2.3: Band structure of a 2D graphene sheet
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In Figure 2.3, the valence and conduction bands meet at six points (K points) lying at the
Fermi energy. The hexagon at the bottom of the figure represents the first Brillouin zone
of graphene. In a nanotube, since it is a rolled up sheet of graphite, cyclic boundary
conditions apply around the circumference. Theory states that a nanotube becomes
metallic when one of the few allowed wavevectors in the circumferential direction passes
through this K-point. In Figure 2.3, the black lines represent the state of a (3,3) nanotube.
If they pass through a K-point (as in this case), the nanotube is metallic; otherwise it is
semiconductor [6]. In the two-dimensional graphene sheet, the wave function at the end
point of the chiral vector is the one at the origin multiplied by the Bloch factor
r r
exp ik ⋅ C h . Assuming that the graphene wavefunctions remain valid in the rolled up
r r
structure, the cyclic boundary conditions impose exp ik ⋅ C h = 1. That condition
r
r r
r
discretizes the Bloch vector k along equidistant lines C h ⋅ k = l2π perpendicular to C h ,

(

)

(

)

and therefore parallel to the nanotube axis, where l is an integer number. These two bands
are always separated by a gap unless one of the discretization line passes through a corner
K of the first-Brillouin zone. The nanotube is then a metal because it contains two bands
that cross the Fermi level. This happens when nK1 + mK2 = l, where K1 and K2 are the
coordinates of a K point in the basis of the reciprocal unit vectors of graphene. For
instance, if K1 = 1/3 and K2 =−1/3 leads to the condition that n − m must be a multiple
of 3 to obtain a metallic nanotube; otherwise, it is a semiconductor. Figure 2.4 presents
the electronic nature of nanotube for different (n,m) combination.
The properties of nanotubes can also be determined by their diameter and chiral angle,
since both of them define n and m. The diameter, dt, is simply the length of the chiral
vector divided by 1/4. If ac-c represents the distance between neighboring carbon atoms in
the flat sheet, the diameter of the nanotube is dt = (√3/π)ac-c(m2+mn+n2)1/2. In turn, the
chiral angle is given by θ = tan-1(√3n/(2m+n)). Measurements of the nanotube diameter
and the chiral angle have been made with scanning tunneling microscopy and
transmission electron microscopy. However, it remains a major challenge to determine dt
and θ at the same time when measuring a physical property such as conductivity.
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Figure 2.4: Nanotubes structure according to their chirality and electronic behavior:
semiconducting (dot) or metallic (circled dot)

The unique electronic properties of carbon nanotubes are due to the quantum confinement
of electrons normal to the nanotube axis. In the radial direction, electrons are confined by
the monolayer thickness of the graphene sheet. Around the circumference of the
nanotube, periodic boundary conditions come into play. For example, if a zigzag or
armchair nanotube has 10 hexagons around its circumference, the 11th hexagonal will
coincide with the first. Going around the cylinder once introduces a phase difference of
2π. Because of this quantum confinement, electrons can only propagate along the
nanotube axis, and so their wavevectors point in this direction. The resulting number of
one-dimensional conduction and valence bands effectively depends on the standing
waves that are set up around the circumference of the nanotube. These simple ideas can
be used to calculate the dispersion relations of the one-dimensional bands, which link
wavevector to energy, from the well-known dispersion relation in a graphene sheet.
Experiments to test these remarkable theoretical predictions have been extremely difficult
to carry out, largely because the electronic properties are expected to depend strongly on
the diameter and chirality of the nanotube. Apart from the problems associated with
making electronic or optical measurements on structures just a nanometer across, it is
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also important to gain information on the symmetry of the nanotube (i.e. its n and m
values). Despite these difficulties, pioneering experimental work has confirmed the main
theoretical predictions about the electronic structure of nanotubes.

2.2 Nanotubes Ropes

Self-organization during the growth of SWNT into crystalline bundles or ropes is a
common feature for nanotubes synthesized by laser ablation or arc discharge. Tens to
hundreds of SWNTs can be found in a rope. The effect of intertube coupling on the
phonon structure and the thermal properties must be considered. A few resistivity
measurements have been made on single rope, with results qualitatively equivalent to
those of high quality bulk material [23]. Important structural and electronic issues remain
to be solved. For example, the nature of inter-tube interactions will depend critically on
whether the coupling is coherent or incoherent. Little is known about the distribution of
diameters and chiralities of nanotubes within a rope. A rope consisting of some metallic
and some semiconducting nanotubes would be a complicated object to study. Many of the
structural properties of ropes can be understood in terms of a simple model of
homogeneous cylinders interacting via an averaged Van der Waals potential, such that
the specific relative orientations of neighboring nanotubes is not important.
The difference of diameters and chiralities of nanotubes in a rope implies a dramatic
mechanical weakening of the rope structure. Tubes in a real rope may slide or twist more
freely than what is calculated in idealized models [24]. The observation of the nanotube
phonon spectrum, according to its diameter and chirality, has implications for
applications and theoretical understanding of nanotubes. The weak tube-tube coupling
implies that mechanical strength of nanotube ropes will be relatively poor. A solution
could be to cross-link nanotubes within a rope or to separate them completely, and so
obtained a single tube dispersion. However, weak coupling may be an advantage for high
thermal conductivity [24]. When strong tube-tube coupling decreases high temperature
thermal conductivity of ropes, weak coupling may imply no substantial reduction in the
thermal conductivity [4, 24]. This phenomenon should also occur in the multi-wall
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nanotubes and, more generally, any time a nanotube is brought into contact with other
systems. Similarly, in composites, the inner tubes in a rope without matrix interaction
may be unperturbed by the matrix and therefore keep high thermal conductivity.

2.3 Nanotube Thermal Conductivity Temperature Dependence
Simulations

Molecular dynamics simulations have been performed to estimate the thermal
conductivity of nanotubes [4, 8, 25, 26]. The simulations study different parameters as
the chirality, the temperature dependence, the size of ropes, the length of nanotubes, and
the defects and vacancies. For an isolated (10, 10) nanotube, the temperature dependence
calculated reflects the fact that the thermal conductivity is proportional to the heat
capacity C, and the phonon mean free path l [4].

Figure 2.5: Temperature dependence of the thermal conductivity λ of an isolated (10,10)
nanotube [4]
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At high temperatures (T superior than the Debye temperature θD), the heat capacity is
almost constant. The thermal conductivity is therefore proportional to the mean free path
l. The mean free path, on the other hand, is inversely proportional to the number of
phonons presents, and since the number of phonons excited is proportional to T, l and the
thermal conductivity is proportional to 1/T [27]. The phonon means free path becomes
smaller due to the Umklapp process. The Umklapp (from the German ‘flipping over’)
happen when two phonons collide. The collision creates a third phonon in a proper
manner to conserve the momentum. This phonon can have a resultant wavevector outside
the Brillouin zone and is so translated back inside by a translational vector G [22]. As a
consequence, the resultant phonon proceeds in a direction opposite to the flow of phonon
(from hot to cold), which slows down the heat transportation and, consequently, the
thermal conductivity. Near the Debye temperature, the heat capacity begins to decrease.
The thermal conductivity is less than the value extrapolated by using the 1/T law. At very
low temperatures (T< θD), few phonons are excited, and their mean free path increases
until it is limited by the imperfections in the lattice and the size of the nanotube. The
mean free path l is then nearly constant and the temperature dependence follows that of
specific heat.
The simulation observes a peak in the thermal conductivity of the isolated (10,10)
nanotube at T=100K. The value, 37.000 W/mK, is unusually high and lies very close to
the highest value observed in any solid (41,000 W/mK for a 99.9% pure C crystal at
104K). In spite of the decrease of the thermal conductivity after 100K, the room
temperature is still very high (6600 W/mK), exceeding the value for a nearly isotopically
pure diamond (3,320 W/mK). The comparison with the graphene monolayer
corresponding to the unrolled nanotube presents a very similar thermal transport behavior
with an even higher thermal conductivity. However, unlike a nanotube, an isolated
graphene monolayer is not self-supporting in vacuum. Once graphene layers are stacked
into graphite, the interlayer interactions decrease the thermal conductivity of the system
by nearly 1 order of magnitude. A similar reduction of thermal conductivity should
happen for a nanotube when it is brought into contact with other systems, as it happens in
a nanotube rope, in a MWNT, a Buckypaper or a composite.
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Figure 2.6: Thermal conductivity for a (10, 10) nanotube (solid line), in comparison to a
constrained graphite monolayer (dash-dotted line), and the basal plane of AA graphite
(dotted line) at temperatures between 200 and 400 K. The inset reproduces the graphite
data on an expanded scale.

2.4 Temperature Dependence and Chirality Simulation

A second MD simulation of the temperature dependence of thermal conductivity of
nanotubes presents different results [25]. The lengths of the nanotubes and graphene
sheet were between 15.1 nm and 22.1 nm, which correspond to a number of atoms
between 1800 and 5400. If they also observed a peaking behavior, the peak position is
located at higher temperature than the first simulation, at temperatures higher than room
temperature. They observed that the peak temperature increases with the diameter of the
nanotube, but is not dependent on the chirality. The range of value for the thermal
conductivity is also lower and reaches 2750 W/mK at its peak. The temperature behavior
of a (10,10) nanotube and the comparison with the same carbon structure in a graphene
shape (unrolled nanotube) is presented in Figure 2.7.
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Figure 2.7: Thermal conductivity of a (10,10) nanotube (black line) and of a single
graphene layer (dotted line) containing the same number of atoms

The dependence of the thermal conductivity on the radii of nanotubes of same chirality
was investigated by the simulation of (5,5), (10,10) and (15,15) nanotubes, which have all
armchair structure. As shown in Figure 2.8, they present similar temperature dependence
with a peak behavior, but the temperature of the peak is different. This phenomenon is
explained by the Umklapp scattering, which should happen at higher temperature for
nanotubes with bigger diameters. This can be simply explained by the fact that since the
phonons have a ballistic behavior in the nanotube, their collisions will happen at higher
temperatures where there are more phonons in a nanotube, where there is more space.
The dependence of thermal conductivity on the tube chirality was realized via a
comparison of (5,5) and (10,0) nanotubes. These nanotubes have the same diameter and
so are not affected by the diameter dependence. As expected, the thermal conductivities
of both peaks are at the same temperature, as shown in Figure 2.9. At lower temperatures,
the thermal conductivity of the (5,5) nanotube drops faster than that of the (10,0). This
difference can be explained by the stretching strain behavior of sigma bonds as a
graphene sheet is rolled up to make a nanotube. In armchair nanotubes the sigma bond
along the circumference is strongly strained, while in zigzag nanotubes the sigma bond
along the tube axis has the least strain. The excess strain along the circumference in
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armchair nanotubes can limit the phonon mean free path due to scattering and lower the
thermal conductivity.

Figure 2.8: Temperature dependence for the thermal conductivity of nanotubes with
same chirality: (5,5) (dotted line), (10,10) (black line) and (15,15) (dash line)

Figure 2.9: Temperature dependence of nanotubes with same diameter but different
chirality: (5,5) (dotted line) and (10,0) (dash line)
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2.5 Influence of Nanotube Length on Thermal Conductivity

Another factor simulated using MD simulation is the relationship between the nanotubes
length and their thermal conductivity [26]. Since the phonon mean free path is estimated
to be of the order of 100 nm to 1 µm, thermal conductivity of nanotubes shorter than a
few micrometers should have the nearly “ballistic” features with much less apparent
thermal conductivity compared to infinitely long nanotubes. The simulation was run at
room temeprature for two armchair nanotubes with chiralty (5,5) and (10,10). The length
of the nanotubes was varied from 6 to 404 nm and the results are represented in Figure
2.10.

Figure 2.10: Dependence of thermal conductivity on length of nanotubes at 300 K
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It appears that even though the thermal conductivity is almost constant for the (10,10)
nanotube, it is diverging for the (5,5), which has a smaller diameter. The behavior of the
small diameter nanotube is similar to 1D model calculations of thermal conductivity.
Since the divergence of the largest nanotube is not apparent or very weak, the reason for
the divergence may not simply be the short length compared to the phonon mean free
path, but the limited freedom of motion for thin nanotube.

2.6 Influence of Defects and Vacancies in Nanotubes

Eventually a simulation for the thermal conductivity of nanotubes was realized to study
the consequences on the thermal conductivity of defects and vacancies in the nanotube
structure [8]. However, it didn’t study the temperature dependence of the thermal
conductivity of nanotubes, but only gave a value for a (10,10) nanotubes at room
temperature: 2980 W/mK. As expected, the thermal conductivity decreases as the
vacancy concentration increases. However, the rate of decrease in the thermal
conductivity is lower than expected. The calculation shows that the vacancies in the
nanotubes are less influential than in the case of diamond. This result is surprising since
diamond has a 3 D structure when nanotube has a quasi 1 D structure. Therefore a
stronger dependence between vacancies concentration and thermal conductivity could
have been expected. This is probably due to the fact that the strong valence double bond
network of the nanotube provides effective additional channels for phonon to bypass the
vacancy sites. The dependence to conformational defects was also studied through the
defect where 4 hexagons change into 2 pentagons and 2 heptagons. Compared with
vacancies, this defect is milder, since it doesn’t change the basic bonding characteristic
and causes much less overall structural deformation. So both the rate and absolute
amount of decrease of thermal conductivity is less than in the case of vacancies.
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2.7 Temperature Dependence of Thermal Conductivity of Buckypaper

For SWNTs, the thermal conductivities measured are the thermal conductivity of SWNT
Buckypapers [9, 12, 18, 13]. The first measurement was realized on non-aligned
Buckypaper from 350K to 8K [9]. The data was obtained using a comparative method
with samples mounted in series with a constantan rod used as reference. The sample size
was relatively big (5 mm × 2mm × 2mm) compared to the samples measured in this
thesis due to the very low density of their sample (2% of the theoretical density [9]). The
thermal conductivity of a dense-packed mat of nanotube ropes was measured using the
sample’s dimensions, then corrected with the volume filling fraction of the sample. At
room temperature, the thermal conductivity for the bulk sample is 0.7 W/mK [18],
whereas the corrected value for a dense packed is 35 W/mK for the as-grown sample, but
only 2.3 W/mK for the sintered sample. The sintering was realized by heating under
moderate pressure in order to increase the density of the sample and possibly improve the
contacts between nanotube bundles. The density of the as-grown mat was approximately
2% of the theoretical density of a close-packed bundle of 1.4 nm nanotubes, whereas the
sintering raised the filling fraction to 70%. This phenomenon in the lesser thermal
conductivity value for the sintered sample is in accordance with the results of the
simulation of S. Berber [4], which explains that a nanotube in contact with another
system should have a lower thermal conductivity than an isolated nanotube. From the
measurement, a value for the thermal conductivity of a rope is deduced from some results
established in electrical conductivity [10]. According to the high entanglement of the
nanotubes in their sample, the longitudinal electrical conductivity of a rope is 50 to 150
times grater than for the mat sample. Applying a similar relationship for thermal
conductivity, the value for a rope should be 1750-5800 W/mK. Apart from the absolute
magnitude for the thermal conductivity, the temperature dependence of the thermal
conductivity was observed. From 350 K to 40 K, the thermal conductivity decreases
smoothly with the temperature with very little curvature. Then, near 30 K and below, the
slope changes and the thermal conductivity is strictly linear in temperature with an
extrapolation to 0 W/mK at 0 K.
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Figure 2.11: Temperature dependence of the thermal conductivity. The inset shows the
low temperature behavior.

The temperature dependence measured is in accordance with the simulation of Osman
and Srivastava [25], but without the presence of a peak that may occur at higher
temperature. At low temperature, in a metal, the thermal conductivity is due to electrons
since there are very few phonons. A metal follows the Wiedemann-Franz law

κ
≈
σT L0

where σ is the electrical conductivity and L0 is the Lorenz number equal to 2.45 × 10-8
(V/K) 2. For the samples measured, the thermal conductivity divided by the electrical
conductivity times the temperature gives a larger number: 2-7 × 10-6 (V/K) 2. This result
is two magnitudes higher than the Lorenz number. This is proof that the thermal
conductivity is due to phonons more than electrons at all temperatures.
A similar measurement was then done with magnetically aligned samples [12]. The
effective thicknesses of the samples were 1.3 µm and 5 µm. Moreover, some samples
were annealed at 1200 °C to remove acid and surfactant residue and improve
crystallinity. However, the annealing in the experiment didn’t improve the anisotropy,
which suggests that large-scale movement such as straightening bent nanotubes or
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correcting the alignment does not occur at 1200 °C at the opposite to smaller-scale
motion, as required in crystallizing imperfect ropes.
The temperature dependence of the aligned samples presents similar behavior to that of
the random sample. At room temperature, the thermal conductivity in the aligned
direction is greater than 200 W/mK. Above 300 K, the results were performed using a
self-heating technique. The thermal conductivity curves measured using both techniques
match well at 300 K. After 300 K, the thermal conductivity increases and then levels off
at 400 K, whereas graphite and diamond show a decreasing thermal conductivity with
increasing temperature above 150K due to phonon-phonon Umklapp processes. This can
be explained by the fact that a 1 D system should have significantly reduced Umklapp
scattering, because it is impossible to conserve both energy and momentum if there is any
nonlinearity in the phonon dispersion relation. Since nanotubes are quasi 1D, their
reduced dimensionality could still have the effect of suppressing Umklapp processes [18].

Figure 2.12: Thermal conductivity of annealed sample in the alignment direction
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2.8 Influence of Magnetic Strength

The latest measure performed on aligned Buckypapers had a high and low magnetic field
(7 Tesla and 26 Tesla) [13]. The measure was run from 10 to 300 K with the same
comparative technique used in the previous experiments. The results display a smoothly
increasing thermal conductivity with temperature for both samples, with a similar
behavior as described in [12]. However the actual thermal conductivity displayed is about
5 times lower than the previous measurement. This may be the result of some correction
applied on the results of J. Hone [12, 18].

Figure 2.13: Thermal conductivity for a 7 T and 26 T Buckypaper in direction parallel
and perpendicular to the magnetic field

The anisotropy of the samples is in the range of 6, with similar values at 300 K for the
thermal conductivity in the aligned direction for both samples. This result is surprising, as
we would have expect a higher conductivity for the sample with higher magnetic field,
since the alignment should be better.
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2.9 Diameter of Nanotubes and Annealing Effects

The effect of diameter of nanotube and annealing was also studied on nanotubes paper
and mat [29]. To produce the sample with determined diameter, the growth temperature
was carefully set for the laser ablation method. As higher temperatures give rise to larger
tubes, samples with average diameter of 1.2 nm were synthesized at 1100 °C and samples
with average diameter of 1.4 nm were synthesized at 1200 °C. On the other hand, the
annealing of the sample was done by vacuum heating for each batch of nanotubes. The
thermal conductivity of the different samples was measured from 10 to 100 K with the
same comparative method described above. The low temperature of the measure allows
neglecting radiation losses with less error. The two steps of temperature dependence
observed previously [9] near 30 K occur at different temperatures, according to the
average diameter of the nanotubes. The 1.2 nm sample shows an upturn in the slope of
κ(T) at about 42 K, while the 1.4 nm samples show an upturn near 35 K.

Figure 2.14: Normalized data for κ/T. The arrows indicate the two crossover
temperatures at 35 K and 42 K for the 1.4 nm and 1.2 nm samples, respectively.
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This is a proof of the quantization effects. A single graphene sheet is a 2-D system with 3
acoustic modes: 2 have a very high sound velocity and linear dispersion (a longitudinal,
LA, mode with v= 24 km/s, and an in-plane transverse, TA, mode with v= 18 km/s) and a
third out of plane transverse (ZA) mode that is described by a parabolic dispersion
relation. Rolling a graphene sheet into a nanotube has two major effects on the phonon
dispersion. First, the two-dimensional band-structure of the sheet is collapsed onto one
dimension: because of the periodic boundary conditions on the tube, the circumferential
wavevector is quantized and discrete ‘subbands’ develop. The second effect of rolling the
graphene sheet is to rearrange the low-energy acoustic modes. In an isolated SWNT,
there are now four, rather than three, acoustic phonon modes: an LA mode,
corresponding to the motion of the atoms along the tube axis, two degenerate TA modes,
corresponding to atomic displacements perpendicular to the nanotube axis, and a ‘twist’
mode, corresponding to a torsion of the tube around its axis [28]. These acoustic branches
have linear dispersions with phonon energy E following the equation E = hvq , where

h is the Planck’s constant, v is the phonon velocity and q is the wavevector. The periodic
boundary condition on the circumferential wavevector splits each of these modes into 1 D
subbands and the splitting between the subbands is at the location of the first optical
subband (E>0 at q=0) given by E sub ≈

hv
, where R is the radius of the nanotube. A small
R

R and a large v lead to a measurably large subband splitting and so larger nanotubes will
have a smaller subband splitting and approach 2D behavior as the radius increases [24].
The magnitude of the temperature shift (~15%) of the upturn on Figure 2.13 is consistent
with the relative change of diameter, as predicted by the quantization picture. However,
the limitations of the folding scheme and the unknown energy dependence of the
scattering times necessitate a more detailed modeling of the thermal conductivity in
nanotube bundles.
The annealing leads to a more rapid increase in κ(T) above the crossover temperature
[29]. Upon annealing at 1200 °C, rope lattice peaks are evident, implying increased
crystallinity. The thermal conductivity is thus enhanced at high temperature due to
defects healing, removal of impurities such as C60 and improved alignment within
individual bundles.
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Figure 2.15: Effect of annealing on thermal conductivity for both a) random sample and
b) magnetically aligned buckypapers samples

The data presented on Figure 2.15 suggests that at low temperatures, the thermal
conductivity is less sensitive to intertube scattering and defects than the one at high
temperatures. Indeed, the difference between annealed and non-annealed samples is not
significant. Another important feature is that upon annealing or magnetic alignment, the
crossover temperature does not change. This is an indication that the upturn in κ(T) is
intrinsic to the nanotubes and not to the bundle. Before the crossover, only the acoustic
modes of the tube carry any heat flow.

2.10 Nanotube Composites

Composites of SWNT and vapor grown carbon fibers (VGCF) were used as
reinforcement in an epoxy matrix (Epon 862) to enhance the thermal conductivity of the
matrix [30]. If both types of samples present thermal conductivities well below the rule of
mixtures prediction, the enhancement relative to the volume fraction is better for the
nanotube composite.
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Figure 2.16: Enhancement in the thermal conductivity for SWNT and VGCF
reinforcement at room temperature according to the volume filling fraction

The samples were produced by mixing and sonication to uniformly disperse the
reinforcement in the matrix. This process tends to break the VGCF length below 100 µm,
whereas their average diameter is 200 nm. The SWNTs used were as grown material with
Fe impurities that were not taken into account for the loading values. The nanotube
diameter was estimated around 1.1 nm and the bundles were between 3 to 30 nm. The
thermal conductivity of the VGCF at room temperature is 1900 W/mK, below the
prediction for nanotube ropes. The bulk epoxy has a thermal conductivity around 0.2
W/mK, which give the low final conductivity of the composites. With a SWNT loading at
1 wt%, an enhancement of 125% of the thermal conductivity of epoxy was measured at
room temperature, while equal loading of VGCF produces a 45 % increase. The
temperature dependence of the thermal conductivity of the composite was measured from
20 K to room temperature with a comparative method similar to the one used for
Buckypapers [12]. The nanotube composite produced the highest enhancement of the
thermal conductivity at all temperatures.
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Figure 2.17: Temperature dependence of the thermal conductivity for the pristine epoxy
and a sample with 1 wt% SWNT loading

Figure 2.18: Enhancement in thermal conductivity for composites loaded with 1 wt%
SWNT and VGCF

29

These results show that a small fraction of SWNT enhances more effectively the thermal
conductivity of an epoxy matrix than chopped VGCF. As nanotubes have a smaller
diameter and a larger aspect ratio, they can develop a more extensive network for the
same weight loading. This network is efficient in thermal transport in a matrix with very
low thermal conductivity. However, direct mixing cannot allow higher weight fraction
for nanotubes, this is why this research focuses on composites by resin infiltration of
nanotube Buckypaper.

2.11 Carbon Fibers and Composites

Carbon fibers may be manufactured from polyacrylonitrile (PAN), petroleum pitch, or
rayon precursor materials by high-temperature (2000 to 3500° F) carbonization or
graphitization processes. The PAN-based carbon fibers are the dominant class of
structural carbon fibers and are widely used in military aircraft, missile, and spacecraft
structures. Pitch based carbon fibers generally have higher stiffness and thermal
conductivities, which make them uniquely useful in satellite structures and thermal
management applications, such as space radiators and battery sleeves. Their thermal
conductivity can be very high with products up to 1000 W/mK. The major market for
pitch carbon fibers is for aircraft brake discs and other carbon-carbon composite
applications. Satellite manufacturers also use pitch-based fibers for their high modulus
and high thermal conductivity for heat dissipation in space radiators or electronic
enclosures.
Research and development of pitch-based carbon fibers is resulting in their increased use
in spacecraft structural and thermal management applications. There is only one U.S.
supplier (Amoco) of these fibers. Mitsubishi and Nippon are the leading Japanese
suppliers. The following figure presents the thermal conductivity and electrical
conductivity for Amoco products in comparison with metals.
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Figure 2.19: Comparison of thermal conductivity and electrical resistivity for carbon
fibers and metals

The T series is constituted by PAN based carbon fibers. We can notice their lower
thermal conductivity compared to the Pitch based Carbon fibers (P and K series). The
fibers produced by Amoco with the highest thermal conductivity are the K-1100 with a
thermal conductivity up to 1000 W/mK at room temperature, almost 3 times the thermal
conductivity of copper. These carbon fibers are usually used to reinforce metal matrix
(aluminum) or carbon matrix. For epoxy matrix, a composite with 62% volume fraction
of continuous carbon fiber P-120 produced a thermal conductivity of 400 W/mK [31],
which follow the prediction by the rule of mixture. Vapor grown carbon fibers (VGCF)
have even a higher thermal conductivity with a published value of 1900 W/mK [30].
Highly-oriented pyrolytic graphite (HOPG) offers an even higher in-plane thermal
conductivity value of 1350 W/mK, minimum (1550 W/mK typical) and can be
manufactured in sizes measuring from 0.25" x 0.25" to larger sheets, including sizes of
6.0" x 10.0" and larger. Its through-thickness thermal conductivity of only 10 W/mK
makes it an excellent heat spreader [32]. These HOPG wafers of extremely high thermal
conductivity are inserted into a pre-form, in a predetermined location within the AlSiC
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component being manufactured. The finished component, for example a large flat
conduction cold plate designed for use within an avionics or shipboard radar system
module, will then offer an overall thermal conductivity value in plane in the specified
location, in excess of 1000 W/mK.

2.12 Conclusion

Carbon nanotubes present very high thermal conductivity according to the simulations of
individual tubes. Several parameters studied (length, defects and vacancies) allow
expecting a good conformity between simulation results and actual measures. Thermal
conductivity measures have been realized on Buckypapers (random and magnetically
aligned) and composites with low loading. Even though the results are lower than the
individual tubes simulations, we can expect to be able to produce a nanocomposite with
polymeric matrix which has high thermal conductivity. It could then produce a material
able to challenge the high performance carbon fiber composites and find applications in
electronic, thermal management or aerospace.
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CHAPTER 3: THERMAL CONDUCTIVITY PRINCIPALS
3.1 Introduction

Heat transfer consists in the flow of heat from a region of higher temperature to a region
of lower temperature next to it. This heat transfer can occur through three different
media: convection, radiation and conduction. In many cases, these three modes of heat
transfer happen in the same time but it is important to differentiate them. Measuring the
thermal conductivity imply being able to measure the heat transport by conduction only.
This is possible only if a certain control can be done on radiation and convection.

3.2 Convection

The convection is the heat transfer due to the bulk movement of a fluid, usually between
a solid and a fluid. This heat transfer uses the heat conduction of the fluid particles by the
fluid motion itself. The fluid can be a liquid or a gas and must be able to withstand the
heat involved. If the fluid is forced to move by a pump or a blower, the convection is
known as forced convection. The simplest illustration of this case is the use of the fan:
the movement of air generated by the fan motion increases the heat conduction of the air
itself. If the fluid move is due to difference in density, the convection is known as natural
or free convection. An example of free convection could be the use of a heater in a room,
as presented in Figure 3.1 [33].
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Figure 3.1: Scheme of free convection due by a heater

The same quantity of warm air, n, takes a bigger volume V than cold air, according to the
ideal gas low (PV = nRT) with P constant. The density of the warmer air is less than cold
air. The warmer air rises, which gives the fluid motion. For the measurement of thermal
conductivity, this very phenomenon can occur as a heat flow is commonly created in
every method. The common control of the convection is realized by setting the fixture in
a high vacuum. If no gas is in the environment of the sample, no free convection is
possible.

3.3 Radiation

The radiation is a transfer of energy by electromagnetic wave motion with a defined
range of wavelengths, typically infrared. All surfaces emit radiant heat. The dominant
wavelength of the emitted radiation decreases with increasing temperature of the body.
The higher the temperature is, the greater the rate of emission of radiant energy per unit
area of the surface. The relationship governing radiation from hot objects is called the
Stefan-Boltzmann law: P = e σ A (T4-Tc4), where P is the radiated power, A is the
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radiating area, σ (5.6703 10-8 W/m2K4) is Stefan’s constant, e is the emissivity of the
material, T is the temperature of the radiator and Tc the temperature of the surroundings.
To account for a body's outgoing radiation or its emissive power, which is defined as the
heat flux per unit time, one makes a comparison to a perfect body that emits as much
thermal radiation as possible. Such an object is known as a blackbody, and the ratio of the
actual emissive power E to the emissive power of a blackbody is defined as the surface
emissivity e = E / Eblackbody. A blackbody is then a material with an emissivity e equal to
1. The following table presents some values of emissivity for different material.

Table 3.1: Emissivity data for material in different state
MATERIAL

˚C

EMISSIVITY

G-10 Epoxy Resin

---

0.95

20-100

0.94-0.91

Filament

1000-1400

0.53

Graphite

0-3600

0.7-0.8

Lamp Black

20-400

0.96

Soot Applied to Solid

50-1000

0.96

Soot with Water Glass

20-200

0.96

Polished

50-500

0.04-0.06

Rough Surfaces

20-50

0.06-0.07

Strongly Oxidized

55-500

0.2-0.3

200

0.11

Glass
Carbon:

Aluminum:

Oxidized

The control of radiation is more difficult than the control of convection. Indeed, the
radiation occurs even without any gas. The radiation cannot be eliminated but different
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precautions can be set to diminish it. According to the Stefan-Boltzmann law, the
conduction can be lower by two ways. The radiating surface can be set as small as
possible. For that, the sample size is as small as possible. More important in the relation
is the difference of temperature between the sample and its surroundings. This parameter
is to the power 4 and can vary along the measure. The best protection against radiation is
then to set a radiation shield around the sample. A radiation shield is a material of high
thermal conductivity in thermal contact with the fixture. Its high thermal conductivity
allow it to follow the difference of temperature during the measurements in order to
create a surrounding of the sample with a temperature close to the sample itself. This
shield cannot however be perfect and the heat loss by radiation must be taken into
account.

3.4 Conduction

The conduction can be defined as the transmission of heat within a material without
perceptible motion of the substance. The heat transfer goes from higher to lower
temperature regions in a material. The ability of a substance to conduct heat is
characterized by its thermal conductivity κ or λ, which in turn is defined by the atomic
structure of the substance. Conduction is more tied to material development than
convection or radiation. Gases transfer heat by direct collisions between molecules. Their
thermal conductivity is low compared to most solids since they are dilute media.
Thermal conduction can involve electrons, ions, and/or phonons. Electrons and ions
move from a point of higher temperature to a point of lower temperature, thereby
transporting heat. Due to the high mass of ions compared to electrons, electrons move
much more easily. In a crystal, the thermal agitation of atoms creates spontaneously
vibrational waves. Their amplitude increases as the temperature rises. These elastic
waves are called phonons in the Einstein model. Einstein postulated the existence of
phonons as lattice vibration quanta, which are thought to be created in large numbers in
the hot part of a solid and partially eliminated in the cold part. He also postulated their
particle-wave duality. For a lattice such as one defined by a metal or a crystal, the
36

vibration at a certain frequency υ and at temperature T give the energy state of the
phonon: E = h υ, where h is the Planck constant. It is conceivable that the lattice
frequency υ increases with the temperature. So the energy of the phonon increases with
the temperature. Energy transport can be thought as a consequence of a series of phonon
collisions. In successive collisions, energy is transferred between phonon by change of
vibration frequency. The free path is the distance traveled by a phonon between two
collisions. The notion of mean free path l is thus defined by the algebraic mean of these
free paths. This notion is tightly related to the thermal conductivity of the material: the
longer the mean free path, the faster the energy can be transmitted so the greater the
thermal conductivity. Metals conduct by electrons because they have free electrons.
Diamond conducts by phonons because free electrons are not available, and the low
atomic weight of carbon intensifies the lattice vibrations. Usually, electrons provide the
best heat transfer via conduction and therefore normally good thermal conductors are also
good electrical conductors. For example, typical κ(T) values in metals are hundreds times
higher that in other solids or liquids and gases.
Diamond is the material with the highest thermal conductivity, exception made for the
carbon nanotube. In contrast, polymers are poor conductors because free electrons are not
available and the weak secondary bonding (van der Waals’ forces) between the molecules
makes it difficult for the phonons to move from one molecule to another. Ceramics tend
to be more conductive than polymers due to ionic and covalent bonding, making it
possible for the phonons to propagate. Moreover, ceramics tend to have more mobile
electrons or ions than polymers, and the movement of electrons and/or ions contributes to
thermal conduction. On the other hand, ceramics tend to be poorer than metals in thermal
conductivity because of the low concentration of free electrons (if any) in ceramics
compared to metals.

3.5 Relationship between Electrical and Thermal Conduction

As, in metals, electrical and thermal conductivities both involve electrons, a relation
between the two can be expressed. Both thermal and electrical conductivity depend in the
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same way on the free path but also on other properties such as electron mass and the
number of free electrons per unit volume. The thermal conductivity increases with the
average particle velocity since it increases the forward transport of energy. However, the
electrical conductivity decreases with particle velocity increases because the collisions
divert the electrons from forward transport of charge (since the charge, on the opposite of
the energy, is not transmitted by the collision). This means that the ratio of thermal to
electrical conductivity depends upon the average velocity of particles and so the
temperature. Wiedemann-Franz Ratio or the Lorenz constant describes the ratio of
thermal to electrical conductivity of metals:

L=

κ
π 2k 2
=
= 2.45 ⋅ 10 −8 WΩ / K 2
2
σT
3e

(1)

where k is Boltzmann constant and e the electron mass.
In the following table is expressed the Lorenz number of common metals. The difference
between the value of the metal and the absolute value of the Lorenz number is the
contribution of phonons in the thermal conductivity of the metal.

Table 3.2 : Lorenz number of common metals
Lorenz number in 10-8 WΩ/K2
Metal

273K

373K

Ag

2.31

2.37

Au

2.35

2.40

Cu

2.23

2.33

Mo

2.61

2.79

Pb

2.47

2.56

Pt

2.51

2.60

Sn

2.52

2.49

W

3.04

3.20

Zn

2.31

2.33
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3.6 Thermal Conductivity

The coefficient of thermal conductivity κ of a material can be determined using Fourier’s
Law of conduction:

Q = −κA

∆T
L

(2)

where Q is heat flow in watt per surface area generated by the temperature gradient ∆T
over the thickness L with cross-section area A

T+∆T
T
A

L

Q

Figure 3.2: Illustration of the parameters in the Fourier’s law of conduction

Thermal conductivity can also be obtained by other properties of the material:

κ = ρ ⋅ CP ⋅ h

(3)

where Cp is the heat capacity at constant pressure, ρ is the density of the material and h is
the thermal diffusivity [cm2/s]. This relation is used to calculate the thermal conductivity
with the laser flash technique.
The difficulty of the calculation of the thermal conductivity is also associated with the
heat flux measurement. Where the measurement of the heat flux is done directly (for
example, by measuring the electrical power going into the heater), the measurement is
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called absolute. Where the flux measurement is done indirectly (by comparison), the
method is called comparative.

3.7 Comparative-Longitudinal Heat Flow System

Also known as comparative method, this system can be used for evaluating materials in
the moderate to high conductivity range (between 0.02 and 250 W/mK). It conforms to
ASTM E1225-99: Standard Test Method for Thermal Conductivity of Solids by Means of
the Guarded-Comparative-Longitudinal Heat Flow Technique.
The principle of the measurement lies with passing the heat flux through a known sample
and an unknown sample and comparing the respective thermal gradients, which will be
inversely proportional to their thermal conductivities. Most commonly, the sample to
measure is sandwiched between two known samples, “the references”, to further account
for heat losses that are very difficult to eliminate.

Figure 3.3: Scheme of the comparative method principal
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The equation
∆T
∆T + ∆T2 1
Q
=κ S S =κ R 1
A
L
L
2

(3)

where κS is the thermal conductivity of the sample and κR the thermal conductivity of the
references, state the conservation of the heat flow and allow to find the thermal
conductivity of the samples.
The design of the sample used to measure the thermal conductivity depends on the
magnitude of its thermal conductivity. For high thermal conductivity material, the shape
of the sample will be long (for example cylinder), whereas for low thermal conductivity
material, it will be flat like a plate or disk. Indeed, if the thermal conductivity is high, the
heat flux will also be high, so the heat losses from the lateral surface area will be small.
As our sample is expected to have a high thermal conductivity, the best shape would be a
cylinder, but since the thickness is determined by the production process, a rectangular
strip is chosen. The inconvenient of such a shape is the high surface to volume ratio. As
we have seen, the radiation occurs at the surface of the material. So with a high surface to
volume ratio, we have a potential high radiation as compared to volume where the
conduction takes place.
Moreover, the cross section of the references and the sample may be different. So we
used the following equation to measure the thermal conductivity:

κ =κ
S

R

1  ∆TR1 AR1 ∆TR 2 AR 2  LS


+
2  LR1
LR 2  ∆TS AS

(4)

3.8 Laser Flash Technique

The laser flash technique allows measuring the thermal diffusivity (and hence the thermal
conductivity) of solid materials over the temperature range –180°C to 2000°C. The laser
flash (or heat pulse) technique consists of applying a short duration (<1 ms) heat pulse to
one face of a parallel sided, homogeneous sample and monitoring the temperature rise on
the opposite face as a function of time. This temperature rise is measured versus time
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with an infrared detector. It is important to note that only the time-dependent behavior of
the measuring signal is decisive, not its height.
A laser or high power photographic flash tube is used to provide the heat pulse.
The thermal diffusivity (h) measured is:

h=

ϖ L2
π 2 t1 2

(5)

where ϖ is a constant, L is the thickness of the specimen and t1/2 is the time for the rear
surface temperature to reach half it's maximum value. Thermal conductivity can be
derived from the measured thermal diffusivity using equation (3). As in the laser flash
technique the heat pulse travels right through the specimen, its use is limited to relatively
thin specimens [34].

Figure 3.4: Laser flash apparatus LFA 427 [34]
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The sample is located on a sample holder in the center of a tube furnace. Depending on
the furnace type, the sample can be run at temperatures up to 2000°C (graphite furnace).
The temperature rise at the rear surface is determined using an InSb-detector, which is
located on top of the system. The vertical construction allows a good signal-to-noise
ratio, as well as a high flexibility in the sample shape. The design of this instrument
enables it to measure liquids and powders, as well as solid samples with different
geometries.
A different technique known as pulsed photothermal radiometry or more simply as the
front surface flash technique can also be used to measure the thermal diffusivity. This is a
single sided method that involves monitoring the temperature decay at the surface of a
specimen (or component) after a heat pulse has been applied. Provided that there is a
significant difference in the thermal properties across the coating/substrate interface, this
method is well suited to measuring the thermal diffusivity of a thin coating on a thick
substrate. Translucent films or coatings are covered with a thin opaque layer before the
measurement. However limitations exist to the use of this technique. During the
experiment, the temperature rise follows the propagation pattern of pulse. It is therefore a
qualitative and not quantitative heat transfer measurement. The mathematical solutions
all assume homogeneous materials. Composites have not been universally analyzed and
very often yield erroneous data especially when converted into conductivity. Also highly
porous insulators should not be tested by this method. The Flash Method, perhaps the
fastest growing segment of testing in the thermo physical properties measurement field,
doesn’t solve all problems encountered in the measurement of thermal conductivity, and
its applicability is very strictly limited.
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CHAPTER4: THERMAL CONDUCTIVITY EXPERIMENT
OF BUCKYPAPERS AND NANOCOMPOSITES
4.1 Components of the Experiment

4.1.1 The Fixture
The thermal conductivity was measured with a comparative method. The reference used
is constantan. The material was selected according to the geometry of the Buckypapers. It
was so purchase as a foil as rolled from the company Goodfellow. Its thickness is
0.02mm to be comparable with Buckypapers thickness. The composition of this alloy is
Cu55/Ni45. The thermocouples were realized from chromel and constantan wires with a
diameter of 0.0005 inch (0.0127 mm) and purchased from Omega.
Several improvements in the fixture were needed to decrease the noise on the signal and
the heat loss by radiation across the sample. The final fixture is divided into two parts: a
rectangular piece of copper, which is used as support for the experiment and copper used
to control the temperature of the fixture. Isolated wires were fixed on the rectangular
support to provide the electricity for the heater of the sample and collect the voltage
produced by the different thermocouples, as shown on Figure 4.1. The heater is a small
chip resistor suspended in the air by the wires on which it was connected at one end of
the rectangular piece of copper.
To measure the temperature dependence of the sample, a system to control the
temperature of the sample was set. The system used is based on the cold finger technique.
A copper rod whose diameter is close to the size of the fixture width was screwed on the
fixture in order to have a large contact surface between the cold finger and the fixture, as
shown on Figure 4.2. On the copper rod was pasted with GE Vanish a manganin heater
wire. A small hole was drilled in the copper rod to place a thermometer and estimate the
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temperature of the fixture. To decrease the heat loss, the cold finger was placed on the
side of the heater of the fixture. The temperature of the fixture was assumed to be the
same as the temperature of the cold finger due to the high conductivity of copper. The
manganin wire was plugged with the thermometer to a temperature controller. The
temperature controller set the current in the manganin wire to reach the temperature
desired.

Wires

Piece of
copper
Thermocouples
Figure 4.1: Scheme of the fixture

Heater
wire

Figure 4.2: Picture of the cold finger
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4.1.2 The Thermocouples
The thermocouples are differential thermocouples made with chromel and constantan
wires of 0.0005’ diameter. The junction was done in a nitrogen atmosphere by electric
contact with a gold foil. A picture of the set up is presented in Figure 4.3. The nitrogen
was used to remove the oxygen and prevent oxidation during the melting of the junction.
The wires were first twisted together and the electric current was applied on the twist to
melt it and ensure a good junction between the chromel and the constantan wires.

Gold foil
Nitrogen atmosphere
Chromel and constantan

Figure 4.3: Apparatus to make thermocouples

A coil was form on each wire after making the junction to increase the length of the wires
and decrease the space occupied by the thermocouples. The extremities of the
thermocouples were then bonded by silver paste on the wires of the fixture (Figure 4.1).

4.1.3 Set-up the Experiment
In the rectangular fixture support, the first reference was pasted on the heater using GE
vanish. Then the sample was bonded on the other hand of the reference using a thin layer
of silver paste and a second reference is similarly bonded on the other end of the sample.
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The second reference was mechanically pressed at the end of the piece of copper to
ensure a thermal contact between the end of the reference and the fixture support. Since
the cross section area was very small (around 0.008 mm2 according to the sample) due to
the low thickness of the sample, the contact between the reference and the sample was
done on the surface with diluted silver paste on a surface significant enough to ensure the
conduction of heat flow, as shown in Figure 4.4. The surface contact was considered big
enough when the contact surface was at least 10 times bigger than the cross section area.

Figure 4.4: Scheme of the contact between sample and references

Since the reference and the sample are electrically conductive, some electrical isolation
was done between the material and the thermocouples. If electrical contact occurred
between the junctions of the thermocouples, the electrical signal produced by the
difference of temperatures between the two junctions would be changed and the
measurement would be impossible. For the reference, a layer of thermal epoxy, with
high thermal conductivity, was applied on the surface where the junctions of the
thermocouples were bonded. For the sample, a layer a GE Vanish was applied similarly.
This second technique was less reliable and tests for shortcut between the junctions of the
thermocouple were done several times as shortcuts occur during the drying of the GE
Vanish, but had the advantage to globally take less time. The junctions were placed on
the reference and the sample so that the distance between the junctions of the
thermocouples was almost the same for each thermocouple. As the contact between the
reference and the sample were on the surface, the junction was placed some distance
from the contact in the direction of the heat flow, as shown in Figure 4.5.
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Figure 4.5: Scheme of the position of the thermocouples on the sample and references

4.1.4 Radiation Shield
The last component of the fixture is the radiation shield. A thermal shield constituted of a
high conductive polymer sheet was rolled around the fixture to decrease the heat loss. It
was held on the fixture with Teflon tape, as presented on Figure 4.6. The radiation shield
was set after the set up of the experiment since it closes the fixture. The wires were then
connected to a probe and the probe was sealed into a vacuum can.

Thermal
shield

Teflon tape

Thermometer

Pin connector

Figure 4.6: The fixture with its thermal shield plugged on the probe
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Probe

The thermocouples and the heater are plugged to the probe with pin connectors and the
signals are then carried to the instruments. The signal from the thermocouples was
measured by two nanovoltmeters as their voltage required a precision of 10 nV. The
heater on the fixture support was powered with a programmable power supply and the
heater of the cold finger and its thermometer was connected to the temperature controller.
All instruments (nanovoltmeters, power supply and temperature controller) are also
connected to the computer with GPIB cables and are used by a Labview program to run
the experiment.

4.2 Conducting the Experiment

Before conducting the experiment, the GE Vanish applied to bond the thermocouples on
the sample has to be completely dry. In natural conduction, the curing time is 6 hours.
However, to diminish the time needed for each experiment, the fixture was placed under
the heat of a light bulb for one hour.

Figure 4.7: The fixture without thermal shield
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After checking if there were any shortcut between the bonded thermocouples and the
sample, the fixture was heated using the cold finger by programming the temperature
controller at 50°C for 30 minutes. This process was done systematically when the fixture
couldn’t dry overnight but the heating time was adjusted to ensure complete curing. The
temperature applied was kept not too high in order to prevent any degradation of the
sample. The vacuum was then set with a diffusion pump that could reach 10-6 torr. When
room temperature was reach again by the fixture, some measurements were first done.
The voltage of the thermocouples was monitored on the Labview program according to
parameters. The measure operates by current steps: a current step is applied to the heater
on the reference in order to create a difference of temperature between each end of the
reference. This difference of temperature can be interpreted as a heat flow that was
transmitted from the first reference, to the sample and then to the second reference, which
end was kept at constant temperature by contact with the fixture. After a time step of few
seconds, the equilibrium should be reached and the voltage produced by each
thermocouple was measured to produce a point in the measurement. The measurements
were so steady state, since the equilibrium was reached before the value was saved. Once
the values saved, a current step is added to the current applied to the heater on the
reference in order to increase the temperature of the heater. The current step is a
parameter on Labview that was sent on the programmable power supply until the
temperature maximum was reached. Another heat flow is again produce and a second set
of values is saved in order to make a point in the measurement. This cycle keep going
until the sum of difference of temperature reached a defined temperature maximum, set
on Labview. The current step and the temperature maximum are related parameters. They
both contributed to the number of measurements for each data point. The current step has
to be high enough so that the temperature difference will be high enough to allow a
measure with the precision of the instrument and despite the heat loss, as explained in
Figure 4.8. However if the current step is too high, the temperature maximum will be
reached in two or three steps. A good measurement has to contain five to ten sets of
values that are averaged to make one data point. The maximum of temperature was
usually set to 0.3 K to allow the number of values required for the measurement but not
too high to prevent important heat loss and error on the measure. When the maximum
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temperature was reached, the thermal conductivity was computed according to the
comparative technique. The heat flow taken into account for the sample was the average
of the heat flow measured on each reference to estimate the heat loss. This assumption
was made possible by keeping the same distance for each thermocouple and the same
geometry and lengths for the references and the samples.

Figure 4.8: Scheme of the heat loss during a measurement

After each measurement, a defined waiting time was set to allow cooling down the
heater, the references and the sample so that they reached again the temperature of the
fixture. Then a new measurement was done at the same temperature until the desired
number of measurement was obtained.

4.3 Measurement Analysis
The first measurements were realized at room temperature by keeping the vacuum can at
ambient temperature (circles in Figure 4.9). The vacuum can was then dipped into liquid
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nitrogen and the temperature was set with the temperature controller. The time to set the
temperature was kept long enough to ensure temperature stability. It varied from 20
minutes to 90 minutes for lower temperature, where the cooling down took more time as
the difference of temperature between liquid nitrogen and the fixture decreases. For the
measurements outside liquid nitrogen, it appears that, when applying the heating method
for fast curing of the GE Vanish, consecutive measurements gave decreasing values.
Once set into the liquid nitrogen, the value for room temperature obtained by the
temperature controller gave stable value, lower than the measurements outside the liquid
nitrogen (arrows on Figure 4.9). This phenomenon was interpreted as some out gassing.
Some gases trapped into the buckypaper produced some heat transport by conduction that
artificially increases the thermal conductivity measured. The gases froze on the wall of
the vacuum can, when the vacuum can was set in liquid nitrogen.

Figure 4.9: Temperature dependence of the thermal conductivity for Buckypaper in the
aligned direction
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The values presented in Figure 4.9 are the results for the aligned buckypaper in the
aligned direction. The Buckypapers used was A-4-6, which had been aligned at 17.3 T
using a suspension concentration of 20 mg/L and Triton X100 as surfactant. The
buckypaper thickness was 0.02mm. The three sets of values represent the thermal
conductivity of the sample calculated using the heat flow measured on the first reference,
the heat flow measured on the second reference and an average of the heat flow of both
references. The points represent the actual value measured and the lines join the point in
the consecutive order of the process of measure. The first measurements are the circled
values at room temperature. Then the vacuum can was dipped in the liquid nitrogen and
the temperature was set at 270 K. The measurement continue in the cooling down by
different step in temperature until 120K and then a value at room temperature was
measured by heating the fixture with the cold finger until 300 K. This last value is the
correct value for room temperature since it matches the linear temperature dependence
described in the literature.
The difference between the value with reference 1 and reference 2 represents the heat
loss. Their values decrease with temperature, which proves that these losses are due to
radiation. As the temperature of the fixture is closer to the temperature of liquid nitrogen,
the radiation decreases. This system is particularly sensitive to radiation because of the
very high surface to volume ratio, due to the small thickness of the samples. The average
value is the one that is to be kept as measured value of the thermal conductivity of the
sample.

4.4 Results Analysis
The set of results is presented in Figure 4.10. The numerical values are reported in
Appendix A. As expected, the thermal conductivity of the aligned buckypaper in the
aligned direction is the highest at all temperature. The thermal conductivity of the random
buckypaper and the aligned one in the perpendicular direction are in the same order of
value while a higher value for the random could have been expected. This may be the
consequence from differences between samples, such as the quality of the nanotubes or
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the size of the ropes or even some local variations on the buckypaper as the size of the
samples are very small. The linear temperature dependence is more regular for the
aligned direction and the random buckypaper than for the perpendicular direction where a
curvature in the values is visible.

bucky paper parallel
bucky paper random
bucky paper perp.
composite parallel
composite random
composite perp.

40
35

K (W/m/K)

30
25
20
15
10
5
100

150

200

250

300

T (K)

Figure 4.10: Temperature dependence of the thermal conductivity of the samples tested

The buckypaper thickness was 0.02 mm while the composite was 0.15 mm for the
aligned nanocomposites samples and 0.2 mm for the random one. As expected, the
thermal conductivity along the SWNT aligned direction of the magnetically aligned
buckypaper provides the highest value and follows the results of Fisher et al. [13]. We
observed the same quasi-linear temperature relationship of the buckypaper thermal
conductivity from 100 K to room temperature. However, the temperature dependence of
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the aligned buckypaper in the perpendicular direction does not show the same monotonic
dependence, but rather, exhibits an upturn in the slope at 200K. We can notice that the
buckypaper composite samples present the same quasi-linear temperature dependence.
This may be due to the fact that epoxy has a very low thermal conductivity that stay
stable between 100K and room temperature [14]. It may also suggest that the matrix does
not influence the thermal transport across the buckypaper in the composites. For the
aligned composite samples, it appears that the values in the aligned and perpendicular
directions are the same. This is explained by the fact that the samples come from different
composites (A-4-6C for the aligned direction and A-4-3C for the perpendicular direction)
and may have different microstructure. The characteristics of the composites are reported
in Table 4.1. This difference of result was already observed in the measurement of the
storage modulus by DMA. A-4-6C has a storage modulus of 40 GPa, while A-4-3C has
only 18 GPa.

Table 4.1: Characteristics of the aligned nanocomposites
Name
Composite parallel
Composite
perpendicular
Random composite

Magnetic strength
for the buckypaper

SWNT weight
fraction

17.3

54.5 %

Storage modulus in
the alignment
direction (GPa)
40

17.3

47.9 %

18

0

25 – 31 %

NA

At the opposite, the measurements for the aligned buckypaper in the aligned and
perpendicular direction come from the same Buckypaper. The anisotropy for the
composites is not significant but the anisotropy for the buckypapers is calculated with the
ratio of the thermal conductivity in the aligned direction by the value in the perpendicular
direction (Figure 4.11).
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Figure 4.11: Thermal anisotropy ratio for the buckypaper according to temperature

This anisotropy is lower than expected and decreases as the temperature increases. This
phenomenon is the same as the curvature observed on the thermal conductivity of the
buckypaper in the perpendicular direction. If this curvature is the results of some heat
losses, then the actual anisotropy of the sample is the one measured at low temperature
where the heat losses are less important. The anisotropy is then 3.5 so less than half the
value measured for the electrical conductivity [35].

4.5: Temperature Dependence
To compare the temperature dependence of all samples, the values were normalized by
their thermal conductivity at 270 K. This temperature was chosen since the conductivity
is the highest close to room temperature, but the measure is less sensitive to noise from
out gassing than at room temperature. The temperature dependence of the normalized
thermal conductivity is presented in Figure 4.12. All samples, random or magnetically
aligned Buckypapers and composites, have almost the same quasi-linear relation with
temperature, except for the measurement of the aligned buckypaper sample in the
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perpendicular direction. This measurement may have been subjected to some noise, as
even the aligned Buckypaper composite sample in the perpendicular direction exhibits
the same temperature dependence.

Buckypaper parallel
Buckypaper perpendicular
Random buckypaper
Composite parallel
Composite perpendicular
Random composite

1.4
1.2

κ(T)/κ(270K)

1.0

(b)

0.8
0.6
0.4
0.2
0.0

100

150

200

250

300

Temperature in K
Figure 4.12.Thermal conductivities normalized by the value at 270 K

Buckypapers exhibit the same temperature dependence between 110 K until room
temperature, whether the nanotubes have been magnetically aligned or infused with resin.
Only the absolute value of the thermal conductivity differs between Buckypapers. This
factor may be the result of the characteristics of the nanotube networks in the
Buckypapers, such as nanotubes ropes sizes, alignment or entanglement. Further studies
on the nanotube network may then be able to predict the thermal conductivity. We can so
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far estimate the thermal conductivity of any buckypaper or buckypaper composite sample
between 100 K and room temperature from a single reading in this temperature range.
The temperature dependence was characterized by fitting a polynomial in temperature T
to an average of the quasi-linear regressions for all samples (except for the perpendicular
thermal transport result), as shown in Equation (1):

κ (T )
= 4.74 ⋅ 10-3 × T - 2.82 ⋅ 10-1
κ (270)

(1)

Here, κ(T) is the thermal conductivity in W/mK, κ(270) is the value of the thermal
conductivity at 270 K, and T is the temperature in Kelvin.
Equation (1) can be used to predict the thermal conductivity of buckypapers and
buckypaper-Epon 862 composites from room temperature to 100 K, with the
measurement of the thermal conductivity at only one temperature.

4.6: Modeling and Prediction
Several models were considered to describe the thermal conductivity of the Buckypapers
and their composites. Since the Buckypapers formed a continuous SWNT network in the
nanocomposite, the Rule of Mixture (Equation 2) should provide a good prediction.

κ n = VSWNT κ b + (1 − VSWNT )κ e

(2)

Here κn is the thermal conductivity of the nanocomposite, κb is the thermal conductivity
of the buckypaper used for the composites, κe is the thermal conductivity of the matrix,
and VSWNT is the volume fraction of SWNT in the composite.
The predicted results are shown in Figures 4.13 and 4.14 for random buckypaperreinforced and aligned buckypaper-reinforced nanocomposites. However, this model
apparently overestimates the thermal conductivity of the nanocomposites, especially for
the aligned sample. This may be due to the fact that the negative effects of the nanotube
contact with epoxy resin with relatively good interfacial bonding is not taken into account
in the Rule of Mixture [4]. This overestimation of the thermal conductivity using the Rule
of Mixture was also noted in the properties of other nanotube nanocomposite samples
[14].
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Figure 4.13: Thermal conductivity of the random buckypaper, its nanocomposite and
model predictions
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Figure 4.14: Thermal conductivity of the aligned buckypaper in the alignment direction,
its nanocomposite and model predictions
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The model for randomly oriented nanotubes in a composite presented by Nan et al. was
also considered [15]:

κn =

3κ e + VSWNT κ SWNT
3 − 2VSWNT

(3)

Here κSWNT is the thermal conductivity of an individual nanotube.
Even though this model was designed to predict the thermal conductivity of randomly
dispersed nanotubes in a matrix, a modified form has been considered to attempt to
model the buckypaper composite behavior. The thermal conductivity (κSWNT) of isolated
and individual nanotubes would greatly overestimate the conductivity of the resultant
composite. The large interface-resistance to heat flow and interfacial contact in SWNT
nanocomposites may explain the overestimation previously reported [4, 36]. These
effects could be taken into account by instead using the thermal conductivity of the
buckypaper, since some tube-tube contacts and interface resistance are already taken into
account in the buckypaper thermal properties. Therefore, κSWNT is changed to κb in
Equation (3) to obtain the following modified model:

κn =

3κ e + VSWNT κ b
3 − 2VSWNT

(4)

This model predicts a lower thermal conductivity than the simple Rule of Mixtue model
and more closely follows the experimental results.
In Figures 4.13 and 4.14, the experimental data and predictions from the theoretical
models are shown for random and aligned nanocomposites. For random composites, the
thermal conductivity values are between two different theoretical predictions, while those
of aligned composites are smaller by a factor of two or four.

4.7 Conclusion

The thermal conductivity of aligned and random Buckypapers and their composites has
been measured. The thermal conductivity was recorded from 110K to room temperature
and their temperature dependence was studied. In the pristine aligned buckypaper mats,
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the thermal conductivity is relatively low with a maximum value of 41.5 W/m/K at room
temperature in the alignment direction. The thermal conductivity of Buckypaper
composites drops significantly by almost an order of magnitude. The results for the
aligned sample become comparable to the value for the random composite. This low
conductivity does not allow Buckypaper composite to be used as thermal management
material as expected. The temperature dependence of the pristine and composite systems
follows a quasi-linear temperature dependence, except for the aligned Buckypaper
sample in the perpendicular direction. This allows predicting the thermal conductivity of
a Buckypaper or composite sample between 110K and room temperature from a single
reading. Eventually two models were studied in order to estimate the thermal
conductivity of a buckypaper composite according to the type of Buckypaper used
(random or aligned) and its volume fraction.
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CHAPTER 5: THERMAL EXPANSION OF NANOTUBEREINFORCED COMPOSITES

5.1: Thermal Expansion Description

Most solids increase their dimensions when heated at constant pressure [37]. This
phenomenon is called the thermal expansion. However, some substances contract when
heated and thus present a negative coefficient of thermal expansion (CTE). Moreover, the
thermal expansion of a solid can be anisotropic if the solid presents different properties
according to direction. This situation occurs in composites materials with a directional
reinforcement. Thermal expansion is commonly explained as a change of dimension
according to temperature due to atoms interactions. When heated, the energy brought to
the atoms increases their vibrations, causing the mean distance between the atoms to
increase. However, this model only takes into account the longitudinal component of
vibrational motion along the line joining two atoms. In solids, there are also components
of relative motion transverse to this line that can pull the atoms toward each other,
decreasing the distance between atoms. When this pulling force is stronger than the
longitudinal component, it produces a material with negative CTE. These two
mechanisms have opposite effects and the expansion will be positive or negative
depending upon which is larger.
The coefficient of thermal expansion quantified the thermal expansion of the solid. This
coefficient can be volumetric or linear according to the fact that the measurement is done
on the change of volume or length of the sample. The equations to calculate the
volumetric (β) and linear (α) coefficient of thermal expansion are the following [37]:
 ∂V  1

 ∂T  P V

β =

(1)
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 ∂L  1

 ∂T  P L

α =

(2)

Where V is the volume, L is the length, T is the temperature and the derivative is at
constant pressure P.
However, the usual technical values, such as the values presented in Tables 5.1 and 5.2,
use the volume (VRT) or length (LRT) at room temperature as reference, instead of using
the volume or length at temperature measured.
 ∂V  1

 ∂T  P V RT

(3)

 ∂L  1

 ∂T  P LRT

(4)

β =

α =

Table 5.1: Coefficient of thermal linear expansion for reference materials [38]
Material

Thermal expansion 10-6 º C-1

Glass, ordinary
Glass, pyrex
Quartz, fused
Aluminum
Brass
Copper
Iron
Steel
Platinum
Gold
Silver

9
4
0.59
24
19
17
12
13
9
14
18

For polymer, such as epoxy, the coefficients of thermal expansion are divided in
two parts: before and after the temperature of glass transition Tg. The most useful
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coefficient concerns the temperature before Tg as the polymer or composite lost most of
its mechanical properties after Tg. By comparing table 5.1 and 5.2, we can notice that
polymer and polymer composite have a higher CTE than metals. However, by
reinforcement with a material of lower CTE (such as glass fiber), the CTE of the
composites are reduced, as shown in Table 5.2.

Table 5.2: CTE for plastics and glass-reinforced plastics [39]
Material

Thermal expansion in 10-6 ºC-1

Epoxy

54

Polypropylene

86

TP Polyester

124

Polyethylene

130

Polycarbonate (glass reinforced)

22

TP Polyester (glass reinforced)

25

Polypropylene (glass reinforced)

32

Epoxy (glass reinforced)
Polyphenylene sulfide (glass
reinforced)

36
36

5.2: Thermal Expansion of Composites
Different models exist to calculate the thermal expansion of a composite from the
properties of its components. The Rule of Mixture can obtain a first approximation if the
components have nearly equal elastic properties and if thermal stresses do not arise [37]:
αc= αfVf + αm(1-Vf)

(5)

Where αc is the CTE of the composite, αf is the CTE of the reinforcement material, αm is
the CTE of the matrix and Vf is the volume fraction.
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If the components have different properties, the equation can be adjusted by using the
modulus (E) of each component [40]:

αc =

α f V f E f + α m (1 − V f ) E m

(6)

V f E f + (1 − V f ) E m

Where Ef is the modulus of the reinforcement material and Em is the modulus of the
matrix.
In composites, the reinforcement has usually a lower thermal expansion than the matrix.
Carbon fiber composites are a good example as the carbon fiber can sometimes have a
negative thermal expansion in the fiber axial direction (-0.5 to -1.0 10-6 °C-1) [41]. The
resultant composite will then have an expansion significantly decreased.
For example, Vapor Grown Carbon Fibers (VGCF) present very high thermal
conductivity (1950 W/mK) and negative thermal expansion (-1.5×10-6 °C-1) [42]. Their
composites get the benefit of those properties according to the volume fraction used, as
shown in Table 5.3.

Table 5.3: In-plane room temperature thermal conductivities, densities, and CTE of
VGCF/epoxy composites

a

X represents the primary fiber direction and Y is in-plane normal to X
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The composite filled at 56% with VGCF can present a negative coefficient of thermal
expansion in the primary fiber direction with a value almost equal to the one of the
pristine fiber.
A model also was established to predict the influence f the fiber volume fraction on the
CTE of the composite. The predicted results are shown in Figure 5.1. The composite CTE
will dramatically decrease with the increase of the fiber volume. The model was obtained
using an exponential fitting of the experimental data.

Figure 5.1: CTE of VGCF/resin composites according to volume fraction [42]

5.3: Thermal Expansion of Nanotubes
Few data are available for the CTE of carbon nanotubes. It is however expected that
nanotubes have a negative CTE due to their sp2 carbon atoms network [17]. Simulations
expect a longitudinal CTE as low as -12×10-6 °C-1 at 400 K [17]. Moreover, the
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simulation suggests not only a contraction in the nanotubes axis (Figure 5.2) but also in
volume (Figure 5.3).

Figure 5.2: (a) Relative length change of a (10,10) nanotube. (b) linear CTE temperature
dependence

Figure 5.3: (a) Relative volume change of a (10,10) nanotube. (b) volumetric CTE
temperature dependence

A measurement of nanotubes CTE was also performed by X-ray diffraction [45]. By
measuring the diffraction at several temperatures, the CTE of nanotube diameter was
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estimated at –1.5 ± 2 ×10-6 °C-1 and a triangular lattice or bundle is expected to present a
CTE of 7.5 ± 2.5 ×10-6 °C-1 between room temperature and 900 K. This difference
provides for the augmentation of the intertube gap, which is expected to have an
expansion of 42 ± 14 ×10-6 °C-1. We can conclude that a smaller rope size may provide a
nanocomposite with lower CTE. Theses results are confirmed by the CTE measurement
of SWNT bundles with X-ray diffraction [46]. The value reported for the perpendicular
direction to the bundle axis was –1.5 ± 0.1 ×10-6 °C-1.

5.4: Thermal Expansion of Nanotube Composites
As the modulus of nanotubes is expected to be very high, according to Equation 6, a
composite with even a low volume fraction of nanotubes should have a low CTE if the
dispersion and the interface are good. For nanotube composites with epoxy matrix, the
CTE is expected to be lower than pristine epoxy. A finite element study estimated the
nanotube epoxy CTEs according to the nanotube distribution in the matrix and the
nanotube aspect ratio (a) [47]. The values used for the model were 70 ×10-6 °C-1 for the
CTE of epoxy and –1.5 ×10-6 °C-1 for the nanotube CTE. The results according to the
volume fraction are presented in Figure 5.4 (a) for fully aligned nanotube, (b) for the
transverse CTE random in-plane oriented nanotubes and (c) for three dimensional
randomly oriented nanotubes.
It appears that the nanotube aspect ratio do not have a large influence on the resulting
CTE of the composite. The difference is a little bit more significant for unidirectional
aligned nanotube and it decreases as the dispersion of the nanotubes become random.
Surprisingly, the difference between continuous SWNT and short ones is not significant
either. This phenomenon can allow us to expect a similar CTE for composites made of
shorten nanotubes as the one obtained for longer ones.
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Figure 5.4: CTE of nanotube epoxy composites estimated by finite element for (a) fully
aligned nanotube composite, (b) in-plane oriented nanotubes composite and (c) for threedimensional randomly oriented nanotube composite.
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We can notice that the CTE decreases with the increase of volume fraction but always
remains positive, even at 10% with fully aligned nanotubes. As the volume fraction
reaches 10%, the CTE asymptotically approach zero for fully aligned and in-plane
nanotubes distribution. The comparison with aligned carbon fibers (HM370 α=-1.3×10-6
°C-1) shows a better reduction for CTE for nanotube composite. For example, a fully
aligned nanotubes composite at 0.75% loading and of nanotube aspect ratio 100 reveals a
longitudinal CTE α = 23×10-6 °C-1, which is equal to the CTE of pure aluminum and
corresponds to a 67% decrease compared to the CTE of pure epoxy. With continuous
conventional carbon fibers, the volume fraction needed to reach the CTE of aluminum
would be about a three times larger.

5.5: CTE Prediction of nanotube-reinforced composites
We can use Equation 6 to predict the CTE of a SWNT epoxy composite when the
nanotubes are fully aligned., assuming that (10,10) nanotube modulus is 662 GPa [48]
and the epoxy has a CTE of 60 ×10-6 °C-1 for a modulus of 2.5 GPa. Figure 5.5 presents
the CTE in the parallel and perpendicular direction to the nanotube axis for a composite
with a volume fraction between 0 and 10%. The CTE at 1% and 5% nanotube loading are
reported in Table 5.4.

Table 5.4: CTE estimation for nanotube epoxy composite at 1% and 5% loading, using
different nanotube CTE prediction
Nanotube CTE
Vf
Composite CTE
-6
Value in the direction
–12 ×10 /°C
1%
7.6 ×10-6 °C-1
-6
parrallel to tube axis
5%
-7.2 ×10-6 °C-1
–12 ×10 /°C
Value in the direction
–1.5 ×10-6/°C
1%
15.2 ×10-6 °C-1
-6
perpendicular to tube axis
5%
2.6 ×10-6 °C-1
–1.5 ×10 /°C

70

Figure 5.5: CTE estimation for aligned nanotubes composite according to its volume
fraction

The results obtained with Equation 6 are lower than the results from the finite element
study [47]. Equation 6 do not take into account the distribution of the nanotubes, but
assume a perfect reinforcement of the matrix with perfect alignment and interfacial
bonding of the nanotubes.

5.6: Thermal Expansion Measurement
Several methods exist to measure the thermal expansion. In this study we used the
Thermomechanical Analyzer (TMA 2940) of TA Instruments, as presented in Figures 5.6
and 5.7. The TMA allows measuring the difference of length according to temperature.
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The samples measured were SWNT/Epon 862 casting nanocomposite samples [49].
Since the nanotubes are randomly oriented and distributed in the composite, we can
assume that the composites have isotropic properties.

Figure 5.6: TMA electromechanical system
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The sample is positioned on the sample stage and the probe is placed in contact with the
surface of the sample. It is important that both surface of the sample are flat as the
measurement would otherwise be incorrect. The sample size was 5mm*5mm*0.5mm.
Several probes are available, but to measure the thermal expansion we used the expansion
probe, which has a flat tip. Figure 5.7 represents the setup before the measurement.

Probe
Sample
Sample
Stage

Thermocouple

Figure 5.7: Sample set up with the expansion probe

The measurement begins at room temperature where the thickness of the sample is saved
as reference. Then the furnace is lowered around the sample stage and we applied a heat
ramp with a heat flow of 10°C/min. As the heat is applied, the TMA measures the linear
expansion of the sample.
For thermosetting polymer, the TMA can also determine the glass transition temperature
Tg, as the thermal expansion increases after Tg Figure 5.8 presents how to determine Tg
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from the thermal expansion curve [43].Tg is the temperature where the CTE dramatically,
change. It is the temperature where the expansion begins to increase significantly.

Figure 5.8: Measurement of Tg of epoxy printed circuit board [43]

The coefficient of linear expansion can be calculated using equation 4. It corresponds to
the slope of the expansion divided by the thickness at room temperature. For the epoxy
presented in Figure 5.8, we can see the CTE is constant from room temperature until Tg,
then increases at Tg and again stays constant after Tg.

5.7: Influence of Thermal Stress on Thermal Expansion
The method described was applied to the 12 different nanotubes casting samples, which
are listed in Table 5.5. The nanotubes used came from two different batches: batch # 12,
which is regular purified SWNTs, and batch # 13, which is short SWNT. Different
treatments were also performed on the SWNT (oxidation, GA wrapping, mechanical cut)
and two different loading were used for the composites: 5 wt% and 1 wt%. The samples
were named by giving a letter to their nanotube volume fraction (A for 5 wt% and B for 1
74

wt%) and a number according to the type of nanotubes used. Table 5.5 presents the
description of each sample according to its name.

Table 5.5: Listing of the sample measured

1 wt%
5 wt %

Regular
SWNT
(batch 12)
B1
A1

Cut
SWNT
(batch 13)
B2
A2

Oxidized
SWNT
B3
A3

Oxidized
Cut
SWNT
B4
A4

GA
Wrapped
SWNT
B5
A5

Mech.
Cut
SWNT
B6
A6

Figures 5.9 and 5.10 present the thermal linear expansion from the preliminary
measurements for each series of samples. The thermal linear expansion was calculated by
dividing the expansion of each sample by its thickness at room temperature.

Figure 5.9: Thermal linear expansion of the samples at 1 wt% SWNT loading
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Figure 5.10: Thermal linear expansion of the samples at 5 wt% SWNT loading

It appears that the samples have an important contraction at Tg, which was unexpected.
This contraction however was not an influence from the SWNT and seemed to have a
relationship with the thickness of the sample, as thicker samples presented a more
important contraction. The measurement was then performed on the neat resin sample,
which presented the same pattern. This pattern was found to be the result of a fast cooling
down when the resin had been heated past Tg. As it is presented in Figure 5.8, the
coefficient of thermal expansion of polymer increases after Tg. When heated, the sample
size expands. To get back to its original state, the sample needs to shrink by adjusting
molecular interaction gradually. Below Tg, the resin molecules can’t move as they could
at higher temperature so that the contraction after Tg is very slow. If the sample is cooled
down too quickly, its temperature reaches Tg before it had time to shrink. The sample is
then fixed at Tg with a higher free volume than it should be. This phenomenon causes
thermal stresses in the composite. When the sample is heated again and reaches Tg, the
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polymer molecules get back their freedom and the sample size decreases quickly. The
sample is then relieved from its thermal stress. If the sample is cool down slowly
(experimentally around 10°C/min), it had time to decrease its size before reaching Tg.
The sample is then free of thermal stress and its warming up will follow the behavior
presented in Figure 5.8. Figure 5.11 present the 2 heating cycle for the neat resin sample,
with first the stress relaxation at Tg, then the slow cooling down and the warming up as
presented in Figure 5.8. Figure 5.12 presents 3 CTE measurements of the same neat resin
sample after removal of its original thermal stress. The measurement gives a good
repeatability for the neat resin.

1st warming up
Cooling down

2nd warming up

Figure 5.11: Epon 862 Epoxy resin expansion for 2 warming up and 1 cooling down
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Figure 5.12: Epon 862 epoxy resin expansion without thermal stress (3 replicated
measurements)

5.8 Results and Analysis of the CTEs for the Nanocomposites

5.8.1: Presentation of the Results

The slow cooling down was realized by leaving the furnace of the TMA around the
sample while it naturally cool down from the first run of heating up as shown in Figures
5.10 and 5.11. This was done by adding the command “Equilibrate = 40°C” in the
procedure between the two heat ramp at 10°C/min. A similar result was observed by
heating and cooling down samples inside an oven. This new procedure was then
performed on all nanotube composite samples. They presented the same behavior as the
resin in Figures 5.11 and 5.12 but with different coefficient of thermal expansion. The
results are presented in Table 5.6 and Figures 5.13, 5.14 and 5.15. The thermal expansion
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curves of each measurement are displayed in Appendix B by sample type, compared with
a neat resin measurement. The CTE change was estimated using equation 7:
CTE change = (CTEsample -CTEresin)/ CTEresin

(7)

The values used were obtained from the curves of the second warming up, as the data
presented in Figure 5.12. Each value is an average of 3 measurements. The standard
deviation of the CTE before Tg is reported in Table 5.6. The value before Tg was
measured between 60 and 110°C for all samples as some samples have a low Tg. This
was decided to reduce the variability, as the CTE is not perfectly constant before Tg but
slightly increases with temperature. The CTE after Tg is constant, so the measurement
after Tg was realized from the temperature where the CTE is stable.

Table 5.6: Coefficient of thermal expansion before and after Tg

Standard
CTE
CTE before CTE change
CTE change
Sample
Deviation
after
T
Tg
in percent
in percent
g
Name
CTE before
before Tg
after Tg
(10-6 °C-1)
(10-6 °C-1)
Tg
Neat resin
59.32
0.00
0.31
197.40
0.00
B1
58.17
-1.95
3.55
286.43
45.10
B2
51.14
-13.78
2.36
245.94
24.59
B3
50.94
-14.13
10.12
283.96
43.85
B4
44.79
-24.50
5.80
192.20
-2.63
B5
53.31
-10.13
6.96
213.60
8.20
B6
40.64
-31.50
6.92
201.74
2.20
A1
52.91
-10.81
7.59
300.86
52.41
A2
49.81
-16.04
5.04
228.45
15.73
A3
47.11
-20.59
2.66
221.88
12.40
A4
42.99
-27.52
3.47
277.05
40.35
A5
51.31
-13.50
8.80
246.97
25.11
A6
55.55
-6.35
8.19
300.78
52.37
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Tg
(°C)
151.53
132.86
141.49
148.86
133.26
127.98
142.46
129.44
130.01
139.90
117.22
123.07
131.25

CTE (10-6 °C-1)
Tg in °C

Figure 5.13: CTE before Tg for the different nanotube treatment

Figure 5.14: Tg of the different nanotube composite samples
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CTE (10-6 °C-1)

Figure 5.15: CTE after Tg for the different nanotube treatment

5.8.2: CTE before Tg

The CTE before Tg of the composite sample are all lower in average to the neat resin
sample, which proves the nanotube potential to decrease the CTE of an epoxy matrix. If
on average, the CTE of composite at 5 wt% nanotubes loading are lower than those at 1
wt%, except for 5 wt% mechanical cut nanotube sample, the difference is not significant
enough considering the range obtained in the values. These phenomena may be the result
of a distribution issue of the nanotubes, due to their high loading in the matrix. This
phenomenon was observed on SEM pictures, especially for the samples at 5 wt% [49].
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5.8.3: Reduction of Tg

The glass transition temperatures of the composites were lower than the one of the neat
resin. Moreover, the samples at 5 wt% present a lower Tg than the samples at 1 wt%. The
reduction of the glass transition temperature may come from a interaction between the
nanotubes and the epoxy molecules. The Epon 862 molecules have a size of
2.3nm×0.9nm×6nm, which is in the same range as nanotube size. The presence of
nanotubes may create intensive molecular interaction between tubes and resin molecules.
This may disturb the formation and processing of final cross-link network structure of
resin matrix during the curing [49]. It would reduce the cross-link density of the epoxy
molecules, which would decrease the Tg [50]. An other explanation possible can be
established from the production process of the composites. The nanotubes are first
dispersed in the hardener, because of the affinity of nanotubes with the hardener
molecules. This affinity is due to the fact that nanotube should be a good electron
acceptor [49]. At elevated temperatures, nanotubes and the aniline molecules present in
the hardener may form a charge-transfer complex in its ground state. The mechanism of
this proton transfer from aniline to the nanotube is presented in Figure 5.16.

Figure 5.16: Proposed reaction mechanism between nanotubes and amines

Even if this mechanism eases the dispersion of nanotubes, it may also prevent the
hardener molecules to react with the epoxy during the curing reaction. This would also
result in a reduction of the cross-link density in the composite.
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5.8.4: CTE after Tg

The CTE after Tg of the composites is higher than the one for the neat resin. This may
also be explained by a reduction of the cross-linking density. Indeed, after Tg, the matrix
is in a rubber state and the material properties are determined by its cross-link density.
The CTE should then be close to the neat resin. If the composite expands more than the
pristine epoxy, this is the result of more freedom in the epoxy molecules. This can be the
result of a reduction of the cross linking density in the composite.

5.8.5: Nanotube Treatment Analysis

On average, all treatments of this study give a lower CTE before Tg than the regular
nanotubes (SWNT 12) with respect to volume fraction. However, the 2 treatments the
most effective are chopping and oxidation of nanotubes. Their effects seem to be
complementary as the oxidized chopped nanotubes (O13) samples give the lower CTE.
Chopped nanotube composites present however a lower Tg compare to oxidized samples
(O12). This can be explained by the fact that hardener molecules can enter the nanotubes
[51]. As described above, the affinity nanotube-hardener may block the curing reaction,
which would reduce Tg.
The GA wrapping samples present a reduction of CTE, but with a relatively high range of
results and a significant drop of Tg. These two drawbacks make it a less effective
nanotube treatment than oxidation and chopping.
On the same way, mechanical cut of nanotubes do no give consistent results between the
1 and 5 wt% samples. If the sample at 1 wt% gives very good results with a low CTE and
a relatively high Tg, the sample at 5 wt% presents the opposite results. This may be due to
a dispersion issue [49].
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5.8.6: Exceptional Result

We noticed an exceptional behavior for the oxidized sample at 5 wt% loading, as it
presented a negative CTE before Tg , as presented in Table 5.7 and Figure 5.17. This
result supports the MD simulation expectations [17]. This phenomenon was obtained for
only 5 wt% loading, which is far less than the 56 % loading in VGCF required to obtain a
negative CTE [42]. Nanotube oxidation appears in this case the most promising solution
to increase the load transfer of the composite but seems to be subjected to others
constraints that need to be investigated.

Figure 5.17: Exceptional measurements of the sample A3

84

Table 5.7: Results of exceptional measurements for sample A3

Neat Resin
A3: measurement 1
A3: measurement 2
A3: measurement 3

CTE
CTE
CTE
CTE
before Tg change in after Tg change in
in 10-6 °C-1 percent in 10-6 °C-1 percent
59.3
0
197.4
0
-6.1
- 109.33
202.7
3.47
6.4
-90.21
206.72
5.52
-3.2
-104.89
203.89
4.08

The low CTE measurement of this sample was however not repeatable. The same sample
was tested later, along with other samples from the same composite and did not present
this exceptional behavior, as shown in Figure 5.18.

Figure 5.18: Regular measurements of the sample A3
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Some parameters out of our control may have affected the composite. Further studies
concerning nanotube oxidation and its influence on epoxy molecules may reveal this
phenomenon.

5.9 Applications for Composites with Low CTE
Several applications require using composites materials with a very low and tailorable
CTE. Aerospace industry requires thermal shock resistant composites for thermal
management and thermal protection systems for critical propulsion components. In many
precision processes with heat production, such as laser cut, several critical parts need to
keep their dimension as their temperature changes. But probably the highest needs in
thermal management and low CTE composites concern electronics systems. Coefficient
of thermal expansion is a critical material property for microelectronic, optoelectronic
and microelectromechanical systems (MEMS) packaging. CTE differences between
parts give rise to thermal stresses that can cause a variety of undesirable effects, including
component and solder joint failure, warpage and misalignment in optoelectronic devices.
It may also prove itself valuable in printed circuit board manufacturing where thermal
stresses arise.

5.10 Conclusion
Nanotubes appears to be a good material to decrease the thermal expansion of polymer.
Their CTE is expected to be negative in the tube axis (–12 ×10-6 °C-1 [17]) as well as in
diameter (–1.5 ± 2 ×10-6 °C-1 [45]). Nanotubes ropes may however present a higher CTE
due to the inter-tube distance that should increase with temperature with a coefficient of
42 ± 14 ×10-6 °C-1. For composites, an equation (Equation 6) allows us to estimate the
CTE of aligned nanotube composites. Composites samples have been measured with
various nanotubes reinforcement. The attempt to increase the load transfer was
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successfully observed for all nanotube treatment (cutting, oxidation, GA wrapping), as
they resulted in a decreased CTE compared to regular nanotube. The most effective
nanotube treatments were found to be oxidation and nanotube chopping. A negative CTE
was observed for the oxidized nanotube composite at 5 wt% loading. However, as this
phenomenon is not repeatable, further study must be done on nanotube functionalization
and interface of nanotube-matrix. The functionalization of nanotubes for enhancing tube
dispersion and interfacial bonding has impact on CTE reduction of nanotube-reinforced
composites. Nanotubes can then be used to tailor the CTE of composites.
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CHAPTER 6: CONCLUSION
6.1: Conclusion for the Thermal Conductivity
Carbon nanotubes especially SWNTs are expected to present very high thermal
conductivity from simulation results. However, several issues prevent to obtain this high
thermal conductivity at a macro scale level. Although individual nanotubes present high
thermal conductivity, as it was measured for multi-walled, the thermal conductivity of
nanotube bundles or ropes decreases drastically. As the thermal conductivity is mainly
due to phonons and not electrons, the contact of nanotube with a different system, such as
different nanotubes or a matrix in a composite, may reduce the phonon mean free path,
decreasing the thermal conductivity. Moreover the thermal interface resistance of
nanotube is expected to be very high. This phenomenon would slow down the heat
transport from nanotube to another. The thermal conductivity at macro scale level would
be all the more diminished. The measurements of random Buckypapers showed a poor
thermal conductivity at room temperature with a maximum of 18.7W/mK. The magnetic
alignment of nanotubes in the Buckypaper process allows obtaining a higher thermal
conductivity in the alignment direction and an anisotropy of 3.5 was observed between
the alignment and the perpendicular direction. However, the conductivity obtained, which
reaches 41.5 W/mK at room temperature in the alignment direction, remains inferior to
the thermal conductivity of most metals. For the Buckypaper composites, the thermal
conductivity is very low due to the non-conductivity of the epoxy matrix. It is to notice
however that the temperature dependence of Buckypapers and their composite with Epon
862 are the same and is not subjected to the magnetic alignment of the nanotubes in the
Buckypaper. The linear equation characterizing this temperature dependence normalized
by the value at 270K was presented. Eventually, two models were tested to determine the
thermal conductivity of Buckypapers composites according to its volume fraction and the
type of Buckypaper used.
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To make this process competitive in thermal management applications, such as
applications in electronic devices, the thermal conductivity of the composites has to be
higher. If a thermal bridge between tubes could be performed, the thermal conductivity of
Buckypapers would increase. Buckypapers composites would also present higher thermal
conductivity, which may make then be suitable for thermal management applications.

6.2: Conclusion for the Thermal Expansion

Nanotubes have a negative coefficient of thermal expansion (CTE). They can effectively
reduce the CTE of composites by adding a small amount in the resin. Different nanotubes
treatments have been studied for their influence on the CTE of the nanocomposites.
Nanotube chopping and oxidization were found to be the most effective treatments for
composite CTE reduction. These treatments allow increasing the interface between the
nanotubes and the matrix. The use of nanotubes to decrease the CTE of composites is
proved to be effective. A sample at 1wt % nanotube loading had its CTE reduce by
31.5% compared to the pristine epoxy. Samples at 5wt% didn’t present a CTE reduction
higher than 27.5%. This may come from the problem of nanotube dispersion and rope
size as the volume fraction increases.
Since nanotubes have the same scale size as epoxy molecules, they could be used to
decrease the CTE of polymer matrices in processes of fiber reinforced composites. This
would allow matching the CTE of the matrix to the fiber reinforcement material. The
problems generated by CTE mismatch, such as thermal stress and matrix crack, would
then be reduced. Further studies in the functionalization of nanotubes and their dispersion
will create composites with tailorable CTE. Microelectronics applications require this
type of material, as they are especially sensitive to CTE mismatch between components.
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6.3: Future work
The functionalization of nanotubes has been proved to increase the properties of direct
mixing and casting samples. These processes can further be improved. These techniques
may also appear beneficial for Buckypapers and their composites.
The electrical resistivity needs to be studied. Nanotube electrical resistivity is expected to
be dependent of different factors, such has temperature and strain. Nanotube composite
may also present these same dependences. They could then be used as sensor in different
applications.
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APPENDIX A:
THERMAL CONDUCTIVITY MEASUREMENTS
Table A1: Buckypapers Measurements
A-4-6 parrallel

A-4-6 perpendicular

4-16

Thermal
Thermal
Temperature Conductivity Temperature Conductivity Temperature
in K
in W/mK
in K
in W/mK
in K
295
41.3448
270.002
19.8838
294.998
294.996
41.5319
270.001
19.5904
294.997
294.996
41.4129
270
19.4903
294.997
294.995
41.3699
269.999
19.3028
294.993
294.983
41.8561
250.022
15.3122
294.992
270.002
35.9164
250.002
15.2978
294.989
270.001
35.8098
249.997
15.3822
294.988
270
36.4446
249.993
15.7852
270.005
269.999
36.0183
230.004
11.9817
269.998
269.995
36.6439
230.001
11.6306
269.997
269.991
35.8329
229.998
11.8578
269.995
269.991
36.16
229.997
12.25
250.001
269.989
36.3909
216.341
9.86872
250
250.003
32.1365
210.007
9.24378
249.998
250.003
32.1722
210
9.44626
249.998
250.002
32.2957
209.999
9.21135
230
249.997
32.0512
209.999
9.31666
229.997
240.008
30.5277
208.015
9.02827
229.997
240.007
30.4905
200.856
8.0153
229.989
239.998
30.391
190.01
7.08685
210
230.006
28.5373
190.002
6.96031
209.998
230.002
28.301
189.996
7.43466
209.997
229.995
28.6967
189.994
7.04051
209.989
229.992
28.8135
170.015
5.60318
190.01
210.021
24.8368
170.013
5.4514
189.999
210.004
25.2252
170
5.52534
189.992
210.003
24.998
169.989
5.46137
189.992
210.002
24.9702
150.801
4.31335
170.005
210.001
25.4468
150.022
4.27332
170.005
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Thermal
Conductivity
in W/mK
18.7435
18.5081
18.836
18.5459
18.6778
18.8256
18.7002
16.1716
16.2261
16.291
16.3679
14.4767
14.3528
14.3004
14.4207
12.6214
12.5987
12.596
12.463
10.8763
11.1441
10.9381
10.9421
9.29457
9.40204
9.34385
9.3376
7.9028
7.92079

Table A1 - continued

A-4-6 parrallel
A-4-6 perpendicular
4-16
Thermal
Thermal
Thermal
Temperature Conductivity Temperature Conductivity Temperature Conductivity
in K
in K
in K
in W/mK
in W/mK
in W/mK
210
25.0855
149.998
4.19688
169.995
7.88195
209.998
25.0402
149.994
4.11725
169.994
8.03217
209.995
24.9981
137.318
3.63407
150.004
6.47422
190.016
21.5615
136.471
3.52791
149.997
6.60571
190
21.6731
135.653
3.46599
149.991
6.50626
189.996
21.4378
134.855
3.56507
149.99
6.56801
189.995
21.6832
126.697
3.09999
130.045
5.1886
180.013
19.8627
126.366
3.08459
130.005
5.37387
180.004
19.7064
126.03
3.22019
129.993
5.27908
179.989
19.8801
125.718
3.00252
129.99
5.34763
179.987
19.5157
121.651
2.90343
116.493
4.54416
170.023
18.3186
121.524
3.04417
115.929
4.51303
170.004
18.1307
121.431
2.91135
115.395
4.47112
169.999
17.9452
121.301
2.95805
114.902
4.53342
169.993
18.0664
121.175
2.93591
109.022
4.12226
149.996
14.9557
121.096
2.92184
108.923
4.14928
149.993
14.8405
120.988
2.94096
108.795
4.1706
149.989
14.7379
120.894
2.94164
108.688
4.06537
149.988
14.8892
120.837
2.98167
132.609
12.1441
131.618
11.9573
130.623
11.7338
130.033
11.9534
120.8
10.5513
120.432
10.4367
120.103
10.6515
119.786
10.2342
115.772
9.99953
115.661
9.59211
115.566
9.62826
115.482
9.86659
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Table A2: Buckypaper Composites Measurements
A-4-6cb parrallel

A-4-3c perpendicular

W-13-cb

Thermal
Thermal
Thermal
Temperature Conductivity Temperature Conductivity Temperature Conductivity
in W/mK
in W/mK
in W/mK
in K
in K
in K
295.077
8.92055
319.485
9.04348
295.258
4.20473
295.01
6.80453
298.636
8.28472
295.183
4.28894
295.007
7.29688
297.799
7.67093
295.106
4.08873
294.934
6.85602
297.428
7.64925
295.014
4.23704
270.016
6.03316
295.094
6.9867
294.999
3.93586
270.002
6.08227
295.018
6.80293
294.976
4.15353
269.998
6.25622
295.012
7.57172
294.971
4.07384
269.984
5.87149
295.005
7.42724
294.949
4.00886
250.037
5.65924
295
7.57102
294.929
4.13042
250.01
5.43611
295
7.43636
294.903
4.31536
250.001
5.44858
294.945
7.52639
294.846
3.99341
249.963
5.14093
270.011
6.69177
294.793
4.26698
230.036
5.21635
270.008
6.72242
294.653
4.2804
230.011
4.656
270.004
6.65573
294.651
4.04797
230.01
4.63417
269.995
6.84754
294.484
4.30944
230.001
5.44093
250.02
6.1999
294.328
4.46241
210.081
4.19963
250.008
6.10892
270.004
3.47768
210.015
3.99038
250.005
6.56345
269.964
3.54123
209.972
4.616
250.004
6.06203
269.936
3.51565
209.971
3.89234
229.996
5.42548
269.92
3.56868
190.039
3.38637
229.993
5.34448
250.003
3.06369
190.019
4.01188
229.981
5.43228
249.987
3.02621
189.927
3.6264
229.949
5.41596
249.949
3.06064
170.023
2.93688
209.991
4.75959
249.876
3.07473
170.003
3.30432
209.98
4.72515
230.086
2.76258
169.954
2.86977
209.974
4.61245
230.062
2.79784
169.943
3.02904
209.896
4.35151
230.01
2.79541
150.089
2.49439
190.019
3.89035
230.006
2.73772
150.032
2.65284
189.994
3.89531
210.068
2.432
149.977
2.66774
189.99
3.81825
210.014
2.53842
149.969
2.44572
170.096
3.79385
210.013
2.3784
134.931
2.09403
170.024
3.51517
209.96
2.4072
133.754
2.10311
169.761
3.08442
190.267
2.39356
132.768
2.14332
150.056
3.05338
190.22
2.29303
131.718
2.0968
149.957
2.98569
190.148
2.14358
122.77
1.80629
149.703
2.51872
190.043
2.13439
122.381
1.91848
129.981
2.01555
170.042
1.79304
121.957
1.95501
129.797
1.84903
169.964
1.79868
121.591
1.8956
129.789
1.84077
169.914
1.76792
117.395
1.82922
129.777
1.84827
169.834
1.71804
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Table A2 - Continued
A-4-6cb parrallel
A-4-3c perpendicular
W-13-cb
Thermal
Thermal
Thermal
Temperature Conductivity Temperature Conductivity Temperature Conductivity
in K
in W/mK
in K
in W/mK
in K
in W/mK
117.238
1.73076
110.111
1.76833
150.253
1.67402
94.009
1.59754
150.157
1.59339
93.873
1.56986
150.083
1.53356
93.797
1.56131
149.949
1.50049
93.771
1.51496
130.223
1.35588
130.209
1.34036
130.107
1.34273
130.056
1.31217
111.526
1.08913
110.737
1.11129
110.055
1.09483
109.96
1.10514
102.69
1.00346
102.463
0.96803
102.29
1.00244
102.124
0.99938
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APPENDIX B:
THERMAL EXPANSION CURVES

Table B1: Data for the thermal expansion of nanotube composites

Sample
Name

CTE before
Tg
(10-6 °C-1)

Standard
Deviation
CTE before
Tg

CTE
after Tg
(10-6 °C-1)

Standard
Deviation

Tg

CTE after

(°C)

Tg

Standard
Deviation
of Tg

Neat resin

59.32

0.31

197.40

0.44

151.53

0.08

B1

58.17

3.55

286.43

5.98

132.86

0.24

B2

51.14

2.36

245.94

7.95

141.49

1.05

B3

50.94

10.12

283.96

21.88

148.86

6.77

B4

44.79

5.80

192.20

10.20

133.26

8.56

B5

53.31

6.96

213.60

9.38

127.98

1.99

B6

40.64

6.92

201.74

2.16

142.46

4.57

A1

52.91

7.59

300.86

15.11

129.44

1.41

A2

49.81

5.04

228.45

5.42

130.01

2.24

A3

47.11

2.66

221.88

4.10

139.90

2.21

A4

42.99

3.47

277.05

14.78

117.22

4.25

A5

51.31

8.80

246.97

39.69

123.07

7.36

A6

55.55

8.19

300.78

5.79

131.25

6.89
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Figure B1: Thermal expansion of regular nanotubes (SWNT 12) composite samples at
1wt% nanotube loading

Figure B2: Thermal expansion of chopped nanotubes (SWNT 13) composite samples at
1wt% nanotube loading
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Figure B3: Thermal expansion of oxidized nanotubes (O 12) composite samples at 1wt%
nanotube loading

Figure B4: Thermal expansion of oxidized chopped nanotubes (O 13) composite samples
at 1wt% nanotube loading
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Figure B5: Thermal expansion of GA wrapped nanotubes composite samples at 1wt%
nanotube loading

Figure B6: Thermal expansion of mechanically cut nanotubes composite samples at
1wt% nanotube loading
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Figure B7: Thermal expansion of regular nanotubes (SWNT 12) composite samples at
5wt% nanotube loading

Figure B8: Thermal expansion of chopped nanotubes (SWNT 13) composite samples at
5wt% nanotube loading
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Figure B9: Thermal expansion of oxidized nanotubes (O 12) composite samples at 5wt%
nanotube loading

Figure B10: Thermal expansion of oxidized chopped nanotubes (O 13) composite
samples at 5wt% nanotube loading
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Figure B11: Thermal expansion of GA wrapped nanotubes composite samples at 5wt%
nanotube loading

Figure B12: Thermal expansion of mechanically cut nanotubes composite samples at
5wt% nanotube loading
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