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Application of the Thermal Flash Technique for Characterizing High Thermal Diffusivity

Micro and Nanostructures

Abstract
By
LAURENT ] MAJERUS

Developments in modern electronics are hindered by smaller devices creating
more heat without better cooling methods. Better heat dissipating materials are sought
to lower operating temperatures, and an increasing number of micro and
nanostructures are being developed for such use. Testing these one dimensional
structures is difficult due to their microscopic scale, so a new method is developed for
measuring the thermal properties of high thermal diffusivity micro and nanofibers. This
method builds upon previous techniques to remove inaccuracies and unnecessary
complications. The result is the thermal flash technique used here to measure the
thermal properties of a variety of carbon based structures, focusing on a fiber composed
of polyimide and coal tar pitch developed at the University of Akron. An investigation
into the thermal properties of these fibers as a function of pitch is presented, and the

results compare within +/- 5% to reported values in the literature.



Chapter 1: Introduction

Over the past several decades advances in electronics have come about mainly
due to the miniaturization or scaling of these devices into the nanoscale regime. This
miniaturization has led to faster, denser, and more efficient electronics with wide
ranging application. The field of nanoscience, or the study and control of matter on an
atomic scale, can help bring about greater performance through the development of
unigue nanoscaled structures. Unfortunately, nanoscale research has mainly focused on
studying and improving the electrical, mechanical, and photonic properties of materials,
and an attempt to improve the thermal performance of materials has received very little
attention, thus conventional heat dissipating materials such as copper and aluminum
are no longer good enough. Thermal management is becoming an increasingly serious
problem that is limiting the development of even faster, smaller, denser packed
electronics. The key to addressing this concern for better heat generating materials is to
understand how heat is transported at the nanoscale and then developing materials

that exploit these phenomenon.

Computer chip power densities are increasing at an alarming rate as shown in
Figure 1. Unfortunately the same materials used to cool first generation chips, such as
copper and aluminum, are still being used today, even with the availability of carbon
fibers with thermal conductivities four times higher!* Today’s chips must thus operate at
higher temperatures than those from a decade or more ago, resulting in decreased
lifetimes and reduced reliability. In order to progress to smaller and faster computer

chips, new materials for thermal management must be found.
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Figure 1: According to Moore’s Law, the number of transistors on a computer chip
doubles every two years, which also accounts for a doubling of power consumption
every 18 months. All this power consumed by the chip leads to an ever increasing heat
dissipation problem.2

When examining the literature for heat dissipation solutions, it is clear that
graphite structured materials are the leading candidates for next generation thermal
management materials. The unique structure of graphite allows many carbon materials
to exhibit very high thermal conductivities, especially micro and nanoscaled fibers and
tubes.? However, using such small materials to fabricate bulk thermal conductors is very
complicated. By studying the properties of individual fibers, the performance of thermal
composites may be predicted and could lead to the development of better materials.
Here, a new technique has been developed, improved and employed for use in testing
several high thermal diffusivity fibers. It is a transient technique thus being quick and
not requiring steady-state conditions. For the technique, a fiber is suspended between a
sensor and an insulating prop prior to testing. The sensor is an aluminum wire over

which a current is pulsed. During the pulses the voltage is measured and recorded. A



heater is then brought into contact with the fiber and heat flows into the sensor due to
thermal conduction. As the temperature of the sensor increases, its resistance will
change, as resistance is a function of temperature. This resistance change will cause an
exponential voltage change which is recorded and used to calculate the thermal

diffusivity of the fiber being tested.

Chapter 1 provides the reader with a brief review of thermal conduction,
explains why carbon based materials are the focus of this work, and finally summarizes
the literature studies of thermal conductivity of carbon fibers. Chapter 2 introduces the
materials studied in this work. The measurement technique was first validated using
Mitsubishi K13D2U melt spun carbon fibers, due to availability and size. Next, an
extremely conductive vapor-grown fiber was tested, Pyrograf | from Applied Sciences
Inc. This fiber has an extremely high thermal conductivity that posed as an interesting
measurement challenge as well as further validation of the technique’s accuracy. Finally
a series of newly developed fibers produced at the University of Akron by Han Yan and
Professor Cakmak were studied. These fibers were produced through electrospinning
and were produced for use in next generation thermal management materials. Chapter
3 presents the transient thermal flash method developed to reduce and eliminate
problems of previous techniques. Finally, Chapter 4 is a summary of all measurements

performed and discusses the importance of the results.
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1.1 Introduction to Heat Transfer

Heat transfer is thermal energy in transit due to a temperature difference.*
Whenever a temperature difference exists between two surfaces or media, heat
transfer will occur until a thermal equilibrium is established. Due to the second law of
thermodynamics, heat transfer must always occur from a relatively hot medium to a
colder one. There are three modes of heat transfer including conduction, convection,
and thermal radiation. Conduction refers to heat transfer that occurs within either a
solid or a stationary fluid. Convection is a mode of heat transfer occurring due to the
relative movement of a fluid over another surface. Lastly, thermal radiation is a heat
transfer mode caused by electromagnetic waves. Every surface emits electromagnetic
waves with energy proportional to their temperature, and these waves will cause heat
transfer if a temperature gradient exists between two or more surfaces. The following
section will focus on conduction heat transfer as it is the prevalent heat transfer mode

for this work.

Conduction occurs due to atomic interactions within a solid medium. Heat is
transported in a solid by atomic lattice vibrations and by the motion of free electrons
and holes. In metals, free electrons are the dominant mode of heat transfer, by moving
heat along a temperature gradient. For highly doped semiconductors, holes can provide
a significant form of heat transfer; but typically lattice vibrations are the dominant mode
of heat transfer in non-metals. In order to characterize how well a material conducts

heat a quantity known as thermal conductivity (k) must be defined. Thermal
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conductivity as defined by Fourier’s Law is a measure of how much heat (q) a material

conducts as it is applied to a thermal gradient (VT):
q=-kVT (1.2)

The higher a material’s thermal conductivity, the greater the amount of heat it will
conduct when it encounters a thermal gradient. Another measure of a material’s ability
to transport heat is thermal diffusivity (a) which describes how fast heat moves through
a medium. Thermal diffusivity can be related to thermal conductivity by,

k

a =
p Cp

(1.2)

with p being the density of the material and C, being its specific heat capacity. This
work deals with non-metallic materials, therefore the focus will be on atomic lattice

vibrations.

In order to study atomic lattice vibrations it is useful to picture the atoms in a
lattice connected by springs rather than chemical bonds. This is not a bad model
because in actuality atoms are not rigidly fixed to one another and can move much like a
mass-spring system. Looking at the simplest case first, we can imagine a line of atoms
equally spaced with springs connecting them as in Figure 2. By displacing the atom at
position S, the surrounding atoms must move to balance out the energy, and this
displacement can move through a lattice as a wave. These lattice vibrations are more
formally known as phonons and are analogous to photons in their representation as

wave packets with the properties of particles.
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Figure 2: This cartoon represents atomic vibrations with a one dimensional
mass spring system. The bottom line demonstrates what happens when the ball at S is
disturbed from its equilibrium position.

Atomic displacements along the line can either be up and down or left and right.
By moving an atom left or right, longitudinal waves are formed because the direction of
atomic displacement is in the same direction as wave propagation, while atomic motion
up and down creates transverse waves. In order to determine the angular frequency of
phonon waves we must set up and solve the equations of motion. The first step is to set
up a force balance on one of the atoms in then line, say the atom at point S, to give the
set of difference equations:

d?ug

dc2 = C(ugyq +ug_y — 2uy) (1.3)

—-m

In this equation u is the displacement of the atoms, m is the mass of the atom, C is the
spring constant, and s is merely an index to identify individual atoms. We must then
guess a solution that will solve our equation of motion. Because we know that phonons

move as waves, our guess is of the form:
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U, = uoei(Kna—wt) (1.4)

In this equation K is the phonon’s wavenumber, where K = 2rt/A, and a is the atomic
spacing of the atoms at equilibrium. By plugging this solution into our force balance, we

can solve for the angular frequency:

2C
w? =— (1 —cosKa) (1.5)
m

Now that we know the angular frequency of our phonons we can characterize several
important concepts. The Brillouin zone is defined as the primitive zone of a reciprocal

lattice. Only the frequencies within the first Brillouin zone, where:

(1.6)

=
[
-+

2l

are actually independent. Any other values of K are merely a reflection of lattice motion

within the first Brillouin zone.

The dispersion relation is defined as the correlation between w and K, and is
often plotted similarly to Figure 3. An important quantity which may be found from the
dispersion relation is the group velocity, or the speed of the phonon waves. The group

velocity can be calculated by taking the slope of the dispersion curve, defined as:

dw

= K (1.7)

Vg

For the one-dimensional crystal with the mass spring system, the group velocity
would be?®
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C in K
S (1.8)

g 2m +/1 - cosKa

In crystals with only one atom per primitive cell such as the one we have
constructed, there exist only acoustical branches in the dispersion relation. When a
primitive cell contains two or more atoms, optical branches begin to exist. The optical
branch is the higher curve in Figure 3, and has a lower slope than the acoustical branch.
Because the acoustical branch has a higher slope, it has a higher group velocity, thus

contributing more to the thermal conductivity of the material than the optical branches.

Optical Phonon
Branch

Acoustical
Phonon Branch

K nfa

Figure 3: Example of a dispersion curve showing both acoustic and optical paths. The
slope of the curve is the group velocity.

In order to discuss how phonon transport can deviate from expected and
theoretical predictions the term mean free path must be defined. The mean free path of
a phonon is the average distance it travels before colliding with or scattering off a

defect, another phonon, boundary, etc. The mean free path is defined as:
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l=vt (1.9)

where v is the velocity of the phonon and 7 is the average time between collisions or
scattering. It is often very difficult to calculate a value for 7, and thus a good estimate of

the mean free path of a material can be found using kinetic theory:’

3k

= —
Cv

(1.10)

Here k is the material’s thermal conductivity and C is the heat capacity per unit volume.
It should be realized that this is only an estimate of the mean free path and is not always
accurate for many reasons, mostly due to phonon’s dispersive nature causing group

velocities to vary depending on the frequency.

To make sense of the concept of a phonon’s mean free path, it is best to
examine some of the inelastic scattering mechanisms. Although we conceptualize
phonon motion by balls and springs, in truth the forces between atoms are not purely
harmonic, and the spring constant is a function of the atom’s displacement. Phonon
waves are not said to have any momentum, however, they do still interact with one
another as if they do have momentum. There are two types of phonon-phonon
scattering processes, normal and umklapp processes, which are depicted in Figure 4.
Normal scattering is what you would expect from classical physics and conservation of
momentum, such as two waves with different wave vectors combining to create a wave

with a third wave vector, for example:
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K, +K, = K, (1.11)

The reverse of this process may occur as well, with one phonon wave splitting to form
two different waves. In these normal scattering mechanisms momentum is conserved,

thus not having a serious impact on thermal conduction.

The second scattering process, umklapp, is important for determining a
material’s thermal conductivity, because now momentum is no longer conserved. This
process is a bit more complicated than normal scattering, but occurs similarly to the
normal process described above. Two waves form together to try to create a single
phonon, however, due to the discrete nature of the atomic lattice, if the wavevector of
the combined wave is outside of the Brillouin zone, then this process can only occur by

the addition of the reciprocal lattice vector G:

K+K, =K; +G (1.12)

The addition of the reciprocal lattice vector G only serves to relate a wavenumber
outside of the Brillouin zone to an equivalent one inside of the zone. Essentially this
addition will drop the phonon into a lower frequency and wavevector, but also reverse
the phonon’s direction contributing to the randomness of thermal diffusion. Contrary to
the normal scattering effects, umklapp processes do not conserve momentum and thus

reduce heat flow through a material.
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Brillouin Zones

Mormal Scattering Umklapp Scattering

Figure 4: In normal scattering, two wavevectors collide to create a third wavevector
that falls within the Brillouin zone or one wavevector splits to form two wavevectors
that fall within the Brillouin zone. In umklapp scattering when two wavevectors
collide the formed wavevector falls outside of the Brillouin zone so a reciprocal lattice
vector is needed to create an equivalent wavevector within the zone.

Umklapp processes are not the only scattering mechanisms that will reduce the
thermal conductance of a material. Other scattering effects such as those due to
defects, impurities, dislocations, and boundaries also exist. The mean free path of a
phonon in a material is thus a combination of the phonon-phonon scattering due to
umklapp processes as well as scattering caused by boundaries, defects, dislocations, and

impurities.

In summary, thermal conduction is the dominant focus of this work, and in the
carbonaceous materials studied, phonons are the primary mechanism for heat transfer.
Thermal conduction is directly related to the speed of phonons in a material, or the
group velocity. However, material defects as well as umklapp scattering serve to

18



decrease wave speed and hinder thermal conduction. All the processes mentioned
above were developed for studying bulk materials, but when dealing with nanoscaled

samples heat conduction can change.

1.2 Heat Conduction in Nanomaterials

By reducing the size of a material, the surface area becomes an increasingly
larger percentage of the overall material. In the above description of phonon transport
it was always assumed that the atoms were far inside the boundary of a material, and
the lines of atoms continued infinitely in both directions. For a large bulk sample this is a
valid assumption, but this no longer holds for nanomaterials. The surfaces are now
extremely large compared to the overall volume of the material and the edges cannot
be neglected. Other effects such as phonon confinement and quanitization can cause

decreases in the phonon group velocities.

The increased surface area-to-volume ratio adds additional boundary and
interface scattering mechanisms that do not play a significant role in bulk materials. All
these interactions tend to decrease a material’s thermal conductivity as the size of the
material is reduced. When phonons encounters surface defects they normally interfere
like waves, because the phonon’s wavelength is much greater than the surface
roughness. However, when the wavelength of the phonon becomes smaller or equal to
the average surface roughness, phonons scatter diffusely as particles. This increased

scattering will serve to decrease the thermal conductivity of a material.
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Not all nanomaterials exhibit decreased thermal conductivities. Carbon
nanotubes (CNTs), for example, exhibit extremely high thermal conductivities due their
unigue nanoscale structure. CNTs are comprised of rolls of graphene planes, and for
single walled carbon nanotubes all the atoms located on the surface of the material.
Phonons all move axially in the carbon nanotube because of its seamless structure. With
all the phonons moving on the surface there is no place for them to scatter if the tube is
defect free. The distinctive structure of carbon nanotubes allows extremely high phonon

velocities with very little scattering leading to a very high thermal conductivity.6

1.3 Introduction to Carbon Based Materials

For nonmetals such as carbon based materials, phonons are the dominant heat
carrier. Because phonon transport is closely related to the strength of the bonds in a
material, diamond has historically been considered the best thermal conducting
material. Diamond has stiff sp3 bonds which allow its phonons to have very high
velocities. However, the bonds that make up single carbon sheets, known as graphene,
are sp® bonds that have been shown to be 33% stronger than diamonds sp® bonds.®
Based on this fact, the phonon velocities in graphene are even higher than in diamond.
The reason other carbon materials such as graphite do not exhibit higher thermal
conductivity than diamond is because graphite is composed of many sheets of graphene
with weak Van der Waals forces holding together the various layers. These weak bonds
between the many layers in graphite cause a lot of phonon scattering and decrease its

overall thermal conductance. Graphene sheets are difficult to isolate, and using
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graphene to build a useful heat conducting material is not feasible today. However,
modern graphite based micro and nanomaterials, such as carbon fibers, have been
known since the 1980s to have thermal conductivities much higher than copper and

aluminum.>’®

Carbon nanotubes are today’s ultimate thermal conductors, and have been
found to be comprised of sheets of graphene rolled into tubes. Carbon nanotubes are
thus composed of the very stiff sp2 bond and due to its seamless tubular structure, the
mean free path in carbon nanotubes is very Iong.9 Due to the interesting structure of
carbon nanotubes, they are thought to have the highest known thermal conductivity of
today’s materials. A recent molecular dynamics simulation by Berber et al. found that a
single walled carbon nanotube has a theoretical thermal conductivity of 6600 W/m K.
Experimental studies to confirm this value have been largely unsuccessful due to the

limitations that will be discussed later.

Although carbon nanotubes have impressive thermal properties, using them to
make useful thermal conducting materials has been ineffective due to large amounts of
phonon scattering between the individual nanotubes and the matrix filler material. The
carbon nanotubes have high internal phonon velocities, but when built into a large
matrix of thousands of tubes with an epoxy to hold them together, the phonon
boundary scattering effects reduces the material’s overall thermal conductivity. It is
thought that this is due to carbon nanotubes being too small and the inability to

produce large lengths of tubes.'® The short length and small diameters of carbon
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nanotubes give rise to huge amounts of surface area that when put into a matrix,
provides too many interfaces where phonon scattering dominates. Yet, there is still
hope for other carbon based materials. Producing carbon fibers with larger diameters
and much longer lengths reduces the individual thermal properties of the fibers, but
when placed into a matrix, the drastically reduced interfaces allow for a greater overall

thermal conductivity.

1.3.1 Thermal Conductivity of Carbon Fibers

Carbon fibers, especially those which are highly graphitic, have been shown to
have extremely high thermal conductivities making them well suited for use in thermal
management of composites.1 Carbon fibers may be produced from an organic precursor
or by gas growth. Any fiber-like material that has high carbon content will produce a
carbon fiber through heat treatment; however, most carbon fibers are produced either
from polyacrylonitrile (PAN), rayon, or pitch.'* Studies have been conducted on PAN,
rayon, pitch, and vapor based fibers. This short review will serve to show how the
thermal conductivities of these fibers compare with one another and can be seen

graphically in Figure 5.
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Figure 5: A review of thermal conductivity measurements on multiple types of carbon
fibers. The thermal conductivity is plotted as a function of temperature to show how
increasing the heat treatment temperature improves the thermal performance.

It has been shown over the past three decades by several authors that the
thermal conductivity of carbon fibers can vary greatly depending the microstructure of
the fiber.>”*? Highly oriented pyrolytic graphite has a measured thermal conductivity of
around 1950 W/m K at room temperature,’ and carbon fibers may achieve this same
performance if the fiber is composed entirely of graphite planes oriented axially. Vapor
grown carbon fibers are the most thermally conductive carbon fibers due to their
excellent structural perfection after heat treatment. This perfect graphite structure is
the same as that in pyrolytic graphite. In 1984 Piraux et al. measured the thermal
conductivity of vapor grown carbon fibers to be 1400 W/m K, remarkably high, but not
quite as high as pyrolytic graphite.7 One year later, Heremans et al. studied Pyrograf |
vapor grown carbon fibers provided by Applied Sciences, Inc. and measured a thermal

conductivity of 1950 W/m K, proving the perfect structure of these fibers after heat
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treatment. It is also interesting to see that Heremans measured the thermal
conductivity of the fibers as grown to be only 20 W/m K. This value is the same as that
of graphite measured through the planes, showing that as grown the planes align
radially, but through graphitization at temperatures above 2400° C the planes reorient

axially.!

PAN based carbon fibers generally have the lowest thermal conductivities of
those studied, with a measured value of 175 W/m K by Piraux.”® Carbon fibers produced
from coal tar pitch are the most widely produced and studied of all fibers, and have
displayed thermal conductivities from 123 W/m K to over 1000 W/m K depending on
production methods and heat treatment, making comparisons among measurements

and techniques very difficult.

Most pitch based carbon fibers have thermal conductivities between 440-800
W/m K with heat treatments between 2400° C and 3000° C. Finding studies of pitch
based fibers with heat treatments below graphitization (2400° C) has not been possible,
but it is expected that the thermal conductivity of these fibers will not change much
before graphitization temperatures as the graphite planes will not reorient.* Gallego et
al. studied a ribbon shaped carbon fiber heated only to the onset of graphitization and
measured a thermal conductivity of 442 W/m K.'* This value can be used as a good
approximation for the thermal conductivity of an as grown mesophase pitch carbon
fiber. A summary of all relevant thermal conductivity measurements can be seen

graphically in Figure 7.
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In Figure 7 it can also be seen that as carbon fibers are heated to higher
temperatures their thermal conductivities tend to increase. This is due to graphitization,
where carbon bonds are broken and reformed into ordered graphite planes. As these
planes orient axially and defects are eliminated, the thermal conductivities continue to
increase. Vapor grown carbon fibers are most thermally conductive due to their well
ordered structure but are also the most expensive. PAN based fibers are the cheapest
but are generally disordered keeping their thermal conductivities low even at high heat
treatment temperatures.13 Mesophase pitch based carbon fibers are also quite
conductive, up to two times that of copper, and they are also readily available in large
guantities. The drawback to using any of these fibers is the need to heat them to
extremely high temperatures for graphitization, which substantially increases their cost.
If a fiber is developed which has well oriented graphite planes at low heat treatment

temperatures, cheaper thermal composites could be made.
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Chapter 2 - Materials

Carbon fibers are complicated materials involving many stages in their
processing and production, where small changes to any one step can greatly affect the
properties of the fiber. Carbon fiber precursors are nearly unlimited in number, but the
best fibers come from precursors with a well ordered structure. In the next several
sections it will be shown how coal tar pitch, vapor grown, and electrospun fibers are
produced. Typically the best quality fibers, especially in terms of thermal conduction,

come from these processes which will be described in more detail below.

For this work, fibers are tested from each of the three groups previously listed.
Commercially available melt spun carbon fibers from Mitsubishi were used to validate
the testing method. These fibers are relatively easy to work with due to their microscale
diameter and extremely long lengths. Vapor grown carbon fibers, formally known as
Pyrograf |, were obtained from Applied Sciences Incorporated. These fibers exhibit an
extremely high thermal conductivity due to their highly ordered graphite structure
obtained from their production method. Lastly, the University of Akron provided
electrospun polyimide fibers with the addition of coal tar pitch. The pitch was added in
varying percentages in order to study how the fibers thermal conductivity changes as a
function of pitch content. Working with collaborators from the University of Akron
several attempts were made at how to deposit and manipulate these fibers. Initial

attempts focused on depositing fibers directly onto an SEM stage for testing, but finally
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an alternate deposition method requiring more manipulation was chosen. All of these

materials as well as how they were handled and used will be described subsequently.

2.1 Synthesis of Melt Spun Carbon Fibers

Melt spun carbon fibers have been produced for many decades and now make
up a large bulk of the carbon fiber industry. These fibers have high performance and are
not extremely expensive or difficult to produce. Melt spun fibers are produced from coal
tar pitch precursors, although many forms and compositions exist. Coal tar pitch has a
very complex structure and chemical composition that is a mixture of fused ring
aromatic compounds with alkyl side-chains and heterocyclic compounds. The properties
of a certain pitch, and hence the fibers produced with it, depend on its chemical
composition and molecular weight distribution.™? Typically these pitch based fibers are
produced using melt spinning techniques and fall into two categories, general purpose
and high performance carbon fibers. The difference between these two groups of fibers
is a result of the type of pitch used. General purpose carbon fibers are produced using
an isotropic pitch, whereas high performance fibers are made using mesophase pitch.
The use of mesophase pitch (liquid crystal) allows the structure of the final fiber to be
more oriented and more graphitic than isotropic fibers, which results in stronger, more

thermally conductive fibers, thus making them the focus of this thesis.**?

The first step to producing a pitch suitable for carbon fiber production is the
removal of impurities that purify and modify the pitch allowing it to be melt spun.

Mesophase pitches are able to be melt spun because the pitch softens and melts below
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its degradation temperature. There are many different ways that pitch is modified to

achieve the desired processability, including thermal polymerization, solvent extraction,
catalyst modification, and hydrogenation.'! Each of these techniques attempts to create
an easy-to-spin carbon fiber, and each has its advantages and disadvantages. Mitsubishi
Chemical uses the catalyst modification method to produce their carbon fibers, resulting
in a pitch with a very narrow range of molecular weights.'> After taking one of these

necessary steps to prepare mesophase pitch for production, melt spinning of the carbon

fibers can proceed.

Melt spinning begins with the mesophase pitch being loaded into the hopper of
an extruder as solid chips as shown in Figure 6.2 A rotating screw in the extruder moves
the chips toward the melting section, where the pitch begins to soften and melt. As the
melted pitch is pushed along, it enters an increasingly narrow region where the fluid’s
pressure builds. The melted pitch is then forced into what is known as the metering
pump, whose sole purpose is to reduce pressure variations within the molten pitch.
After the metering pump, the pitch enters the spin pack, which contains a filter to
remove any small particles not removed in previous processing steps. Finally, the pitch is
forced through the spinneret, a plate with very small holes in it, to create the carbon
fiber strands. As the strands exit the spinneret the surrounding atmosphere quickly
cools the pitch to create solid carbon fibers, which can then be wound up on a rotating
wheel or collected on a conveyor belt. Although melt spinning seems like an easy

process, it is actually very complicated, and very small changes in anything from the
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processing conditions to the size of the holes on the spinnerette can completely change

the properties of the carbon fiber.'?

Metering Pump —

Hopper

Extruder

Spinnerette

Carbon Fibers

Winder

Figure 6: A melt spinning apparatus for the production of carbon fibers.

The as-spun carbon fibers are a thermal plastic material that must be thermoset
to prevent future melting and thermal relaxation. However, to convert the fibers from a
thermoplastic to a thermoset material, oxidation of the fibers is necessary. Thus, most

carbon fibers can be exposed to air at 230-280 degrees Celsius to provide oxidative
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stabilization.'? Following the stabilization procedure, carbon fibers can go through
several more post-production steps to alter their physical properties. Carbonization is
typically employed at temperatures below 2000 degrees Celsius in an inert atmosphere
to remove most non-carbon elements, in an effort to enhance the physical properties of
the fibers. Further heat treatment such as graphitization can be conducted at
temperature up to 4500 degrees Celsius to improve the degree of preferred orientation

within the fiber for higher elastic modulus and thermal conductivity.'

The fibers obtained from Mitsubishi are known as DIALEAD K13D2U carbon
fibers. The specifics of their production is not readily available, however it can be
assumed that they are produced quite similarly as described above. The exact coal tar
pitch used in their production is not known, but is likely a mesophase pitch, which leads
to the fibers relatively high thermal conductivity of 800 W/m K.»> After speaking with
Mike Rainaldi, director of Mitsubishi Chemical FP America, it was learned that these
specific fibers are heat treated to just over 3000 degrees Celsius. The fibers used for this
study were all about 11 microns in diameter and had individual lengths of over 10

centimeters.

2.2 Synthesis of Vapor Grown Carbon Fibers

Vapor grown carbon fibers (VGCFs) are a new class of carbon fiber produced
through the pyrolysis of a hydrocarbon containing gas in a hydrogen containing
atmosphere at elevated temperature. The hydrocarbons break down and reform on

ultra-fine transition metal catalyst particles such as nickel, iron, or cobalt. These catalyst
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particles can either be seeded directly onto a substrate such as silicon or quartz (fixed
catalyst method) or injected directly into the gas (floating catalyst method).*® The fibers
used in this study were produced using the fixed catalyst method and methane was
used as the carbon source. VGCFs have been shown to exhibit the highly preferred
orientation of the graphitic basal planes parallel to the fiber’s axis with an annular ring
texture in the cross section. This well oriented structure gives rise to very good
mechanical, electrical, and thermal properties, especially after further processing such

as carbonization and graphitization.™

The vapor grown carbon fibers tested in this work were provided by Applied
Sciences Inc. and are known as Pyrograf | carbon fibers. These fibers are gas grown and
range between 3 and 20 microns in diameter; those used in this study were generally
around 5 or 6 microns. The fibers are grown at an elevated temperature around 1100° C
and are then heat treated to over 3000° C. According to a paper by Heremans et al.,
these fibers have an as-grown thermal conductivity of about 20 W/m K and a heat

treated thermal conductivity of about 1950 W/m K.:

These fibers come in two varieties, those which grow below the substrate and
those which grow above. The fibers which grow below are known as short staple and
those obtained from ASI were typically less than two centimeters long. The short staple
fibers are quite easy to separate but are not quite the ideal length for testing. Those

which grow above the substrate are grown in “forests” with little to no spacing between
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fibers. These forests are over seven centimeters in length and were provided as mats of

fibers all oriented along one plane as shown in Figure 7.

Figure 7: This is a representation of a mat of Pyrograf | fibers. In actuality the
fibers are spaced much closer together but here they are spaced far apart to
emphasize the structure. The red box highlights an area within the mat where fibers
are very well aligned and a bundle for testing would be taken.

Separation of individual fibers from these mats is possible, but not while maintaining the
long lengths necessary for testing. Instead, removal of very long and narrow sections
make up of about a dozen fibers proved much more successful and is thus used for testing

these fibers.

2.3 Electrospinning of Polyimide

Electrospinning is a process used for the production of polymer fibers using
electrostatic force. Typically a pipette is used to hold a polymer solution, and a DC
power supply is used to create a strong electric field between the pipette and a
collection plate. When a sufficiently high voltage is applied, the electrical forces at the

surface of the polymer overcome surface tension, and an electrically charged jet is
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ejected, as depicted in Figure 8. The polymer chains are entangled within the jet,
preventing it from being broken apart as it travels toward the collection plate. The
charge in the jet causes the fiber to spin as it travels, and with each revolution the
diameter of the fiber decreases. There are essentially two ways to electrospin fibers:
using a polymeric solution or using a polymer melt. When working with a polymeric
solution, the solvent used to dissolve the polymer must evaporate as the fiber reaches
the collection plate, allowing the polymer to solidify. When using a polymer melt, the jet

cools as it travels and finally solidifies as it reaches the collection plate."

/ Syringe

High Voltage
Power Supply

Electrified Jet

/

Collector

| /
I ¥

Figure 8: This graphic depicts the electrospinning apparatus. The solution to be spun is
placed inside the syringe, and a high voltage power supply creates a strong electrical
field to draw the solution toward the collector.
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Electrospinning can be applied to many different polymers, but the work of this
thesis focuses on the electrospinning of poly(amic acid), for the production of polyimide
fibers. Polyimides are typically very chemically stable, making their dissolution in a
solvent very difficult, and thus not suitable for being electrospun as a solution.
Polyimides also decompose prior to melting, thus making them not suitable to being
spun as a melt."” Therefore, polyimide fibers are generally prepared by electrospinning
poly(amic acid) (PAA) precursors dissolved in polar solvents.®* The typical procedure for

producing polyimide fibers contains three steps:

1. Forming a PAA precursor — Copolymerizing the necessary precursors in an

appropriate solvent to create a PAA solution®

2. Electrospinning the PAA — Using high voltages to draw an electrically

charged jet from a pipette down onto a collection plate®®

3. Converting the PAA to polyimide — Step heating of the PAA electrospun
fibers up to 350-400 degrees Celsius to thermally convert PAA to polyimide

fibers in a process known as imidization™®

Electrospinning is a fast, simple, and relatively inexpensive process that can

produce very long and thin fibers, which is why it was used in this study.*®

Although the technique outlined here is for producing pure polyimide fibers, this
process has been modified by collaborators at the University of Akron to allow spinning

of polyimide fibers with added mesophase pitch. By choosing an appropriate solvent,
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certain weight percentages of coal tar pitch can be added and dissolved in the PAA
solution and still be suitable for electrospinning. By electrospinning these fibers, the
polyimide merely acts as a carrier for the pitch, allowing it to be electrospun. Professor
Cakmak and his student Han Yan have been generous enough to provide these fibers for

thermal testing.

The fibers were solution spun from a mix of Dupont HE polyamic acid and ground
flakes of coal tar pitch dissolved with a strong solvent. The solution was then spun into
fibers directly onto aluminum foil that was folded into a saw tooth pattern, as shown in

Figure 9.

Figure 9: Representation of the saw tooth shaped aluminum foil upon which the
composite fibers are electrospun. The electrical fields are greatest at the peaks of the
foil causing the wires to align perpendicular to them.

The shape of the foil allows the fibers to be suspended, and also controls the fibers
alignment. The sharp corners produced by folding the foil causes strong electrical fields

to emanate from these points. When the fibers are spun, they move in response to
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these fields and align perpendicular to the folds. This deposition process also allows the
fibers to remain suspended for easier manipulation. After spinning, the fibers must be
thermally imidized through step heating up to 400 degrees Celsius. This imidization
procedure converts the polyamic acid into polyimide making the fibers much more
stable. The fibers are typically around two centimeters in length and vary in diameter

from 100 to 500 nanometers.

2.4 Fiber Positioning

The most challenging aspect of the method is suspending a fiber across the SEM
stage for testing. Essentially the test stage is a square plate with a wide groove cut from
the middle. A sensor exists on one raised end of the stage and an insulating support sits
on the other. Each fiber tested must be precisely placed to only contact the sensor and
insulating support, while suspended above the groove so that a heater may easily be
positioned underneath it. Many of the techniques needed to properly manipulate the
fibers into proper position depend on the fiber being tested. For example, micron sized
fibers can be seen and thus moved about without the naked eye, while nanometer
scaled fibers need to be placed on the sensor under a light microscope or electron

microscope, if necessary.

The key to obtaining a good measurement with this method is achieving a proper
contact between the fiber and sensor. This junction is very important because the heat
must move through the fiber and into the sensor relatively unobstructed. Although the

thermal contact resistance at this junction does not need to be known in order to make

36



a correct measurement, in order to generate sufficient heating of the sensor a good
thermal contact must exist at this point. More importantly than a good thermal contact,
the fiber should not move during testing. This seems obvious but when testing stiff,
large diameter fibers such as coal tar pitch carbon fibers, any slight contact between the
heater and fiber will cause some movement of the fiber on the sensor. This results in
non-localized heating of the sensor producing long sloping voltage changes rather than
an exponential rise. In summary, when placing fibers, they should have good thermal
contact with the sensor and be held strongly in place as not to move when contacted by

the heater.

37



Chapter 3 - Experimental Methods

Current methods for testing the thermal properties of micro and nano structures
are limited in their use due to experimental errors as well as unnecessary complexities.
By studying these techniques, a more effective method for rapidly measuring the
properties of a wide range of materials could be developed. Before introducing the
technique employed for this work, a review of important methods previously used for
measuring thermal properties of micro and nanostructures will be outlined, and their
shortfalls will be examined to explain the need and process used to develop the thermal

flash method.

3.1 Previous Micro/Nano Thermal Characterization Techniques

For more than two decades people have been attempting to characterize the
thermal properties of micro and nano structures. In the 1980s people focused research
on individual carbon filaments with diameters in the microns, and much more recently
people have been able to characterize the thermal properties of individual
nanostructures. The techniques used for these measurements can be split into two
groups, steady-state and transient measurements. There are advantages and
disadvantages to using both, although steady-state techniques seem to be much more

common.
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3.1.1 Steady-State Techniques

Steady-state measurement techniques all involve the same three steps: adding
heat to a system, waiting until the system stabilizes, and then measuring how the heat
flows. The most basic of these techniques is commonly referred to as the heat flow
meter and continues to be used today. The heat flow meter is essentially a heater at
one end of a sample and a heat sink at the other end with temperature measurements
taken along the length of the sample as shown in Figure 10. By examining how the heat
diffuses through the sample a thermal conductivity can be found. Similar techniques
were used by several authors, such as Piraux et al. and Heremans et al., to measure the

L7 Recently, May

thermal conductivities of different types of carbon fibers in the 1980’s.
et al. used this technique to measure the properties of Diamond/Tungsten fibers.™ This

technique is very difficult to use with small diameter fibers because the use of

thermocouples to measure temperature becomes impossible.

Heater Heat Sink

Sample
AT

Figure 10: The heat flow meter for measuring thermal conductivity.

The first group to successfully measure the thermal conductivity of a single

carbon nanotube was Kim et al. in 2001.%° They used a microfabricated setup consisting
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of a heater at one end and a sensor at the other, between which a carbon nanotube was
suspended as in Figure 11. This setup is exactly the same as a heat flow meter
arrangement, although the small size of the carbon nanotube prevented them from
directly measuring the temperature drop across the tube. Instead, they measured the
temperature difference between the heater and sensor using two resistors and used
this as an estimate of the thermal conductivity of the tube. By not measuring the
temperature along the tube, and instead measuring it from pad to pad, much higher
error is introduced due to thermal contact resistances between the tube and the heater
and the tube and the sensor. This reduces the amount of heat the tube can transport.
Unfortunately these uncertainties are nearly impossible to estimate and thus lead to

incorrect measurements.

Nanotube

=

Figure 11: The experimental configuration described by Kim for measuring the thermal
conductivity of a carbon nanotube.

A different technique relying on similar steady state principles was derived by

Zhang et al. in 2000.%* In this hot wire method a small current is passed through a
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platinum wire to induce uniform heating of the wire. A base temperature profile is
established by measuring the current and voltage needed to heat the wire. Next, the
fiber to be tested is placed in the middle of the heated wire and extends to a heat sink
as shown in Figure 10. The fiber draws heat out of the hot wire and passes it to the heat
sink, causing a significant temperature reduction in the hot wire. The voltage and
current required to maintain heating is compared to that before the fiber was added in
order to measure the fibers thermal conductivity. This method does not account for
contact resistances that occur between the fiber and hot wire and the fiber and the heat

sink, both of which cause some uncertainty in the measurements.

The hot wire method was adopted by Fujii et al. in 2005 to measure the thermal
conductivity of carbon nanotubes.? In this experiment, a device was microfabricated
consisting of a hot wire sensor and heat sink as shown in Figure 12. The experiment
consisted of two parts just like the hot wire method. The first baseline measurement
was conducted with no nanotube suspended between the hot wire and the heat sink,
while the second part had the suspended tube. By comparing the measured voltages
between the first and second parts of the test, the thermal conductivity of the nanotube
was determined. This method again has no way to account for thermal resistances, and
a lack of measurement sensitivity prevented this method from being used on tubes of
small diameter. Later, Dames et al. used the same method but deposited tungsten at
the junction between the nanotube and the hot wire in order to reduce the thermal and
electrical contact resistances.”® Very recently in 2009, Wang et al. determined a way to

measure the thermal contact resistance at the fiber/hot wire junction by using different
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fiber lengths.”* Although this method finally does eliminate the effect of thermal contact
resistance it is very time consuming because of the need to measure several fiber

lengths in order to make one complete measurement.

Al
[ AV—

Test Fiber — | Hot Wire

Heat Sink

Figure 12: T-type sensor used for nanotube thermal conductivity measurements. A
fixed current is passed through the heater, and the voltage across the heater
measured, both with and without a nanotube present in the system. The change in
resistance of the heater is related to the heat drawn out of the system through the
nanotube, which in turn depends on the nanotube thermal conductivity.

Other notable steady state measurements include the 3-omega technique and
the thermoreflectance technique. The three omega method was developed by Cahill in
1990,%® and was adopted by Choi et al. in 2005 to measure the thermal conductivity of
carbon nanotubes.?® This method also uses a microfabricated device composed of four
separate pads across which a nanowire is placed, shown in Figure 13. An AC current is
fed across the two outside pads at the first harmonic which induces heating in the

nanotube at the second harmonic. This heating of the tube generates a change in
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resistance that induces a voltage difference between the middle two pads at the third
harmonic. This third harmonic voltage is related to the thermal properties of the tube
and is thus used to calculate the thermal conductivity or diffusivity. Thermal resistances
do not matter in this experiment because they only lower the amplitude of the signal
but not the frequency. However, by dealing with these three harmonic frequencies, the

complexity of the experiment is greatly increased.

Lock-1n Amplifier Nanowire
I_ —I Supports/
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Figure 13: Here is the three omega experimental configuration used by Choi et al. to
measure the thermal conductivity of a carbon nanotube.

The thermoreflectance technique was developed by Zhang et al. in 2006 to
measure thermal properties of silicon nanowires.”” The microfabricated device used for
this measurement was very similar to that of Kim et al.,”® and consisted of two pads
between which a nanowire was placed. One of the pads had a voltage bias across it in
order to generate heating, from which part would flow across the nanowire and into the
other pad. The temperatures of the two pads were compared in order to calculate the

thermal conductivity of the nanowire. Again there was no way to account for contact
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resistances between the pads and the nanowire so this method may not have reported

accurate measurements.

The above methods all rely on steady-state conduction to make thermal
conductivity measurements, but thermal contact resistances inevitably add error to
these techniques. Some of the steady-state techniques have found ways to determine
the contact resistances but these techniques are very time consuming to perform. In
efforts to eliminate thermal contact resistances several transient techniques were
developed to measure thermal diffusivity, but these methods introduce other

complications.

3.1.2 Transient Techniques

Transient measurement techniques are far less common than steady state
methods and the first ones discussed in this section were only published in 2006. Huo et
al. developed the optical heating and electrical thermal sensing (OHETS) method in 2006
for measuring thermal properties of individual micro and nanostructures.’ In this
experiment, a wire is suspended between two electrodes as shown in Figure 14. A
constant DC current is applied across the wire and voltage drop through the wire is
measured. A periodically modulated laser beam then shines over the entire wire,
causing temperature variations within the wire, thus resulting in periodic changes in the
electrical resistance of the wire. These resistance changes then cause voltage changes
across the wire. By examining the phase differences between the periodic heating from

the laser and the periodic voltage changes, thermal conductivity of the wire can be
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found. This method therefore only works on electrically conductive materials that will

generate appreciable resistance changes with temperature.

Heating Laser

Samplef

AL
AV

Figure 14: The OHETS and TPET methods for thermal diffusivity measurement. The
OHETS method uses a modulated laser beam, and the TPET method uses a single
transient caused by switching the laser on.

A slight variation on the OHETS method is the transient photon-electro-thermal
(TPET) technique proposed by Wang et al. in 2007.%° For this method a DC current is also
passed through a wire suspended between two electrodes. Instead of using a
periodically modulated laser to generate temperature changes in the wire, this method
uses the initial transient caused by switching the laser on. This causes the electrical
resistance of the wire to change with time, and the resulting change in voltage across
the wire is measured as a function of time. The temperature response is used to extract

the wire’s thermal diffusivity. Although this is a simpler transient method, it still

45



requires the use of an electrically conductive wire which will generate an appreciable

resistance change with temperature.

Another very similar technique for characterizing the thermal properties of
micro/nanowires is the transient electrothermal technique (TET) developed by Guo et
al. in 2006, and shown in Figure 15.%° Here a wire is also suspended between two
electrodes, but instead of using a laser to heat the wire, a direct current is passed
through the wire to create heating. As the wire heats up, its resistance changes, and the
transient voltage response of the wire is measured as a function of time. The measured
voltage is then compared to the analytical solution to calculate the material’s thermal
diffusivity. This method has very similar limitations to that of the OHETS method, as the
two methods are nearly identical. An electrically conductive wire must be used for the
TET method which will generate enough of a resistance change to allow for a
measurable voltage change. However, this method was later applied to non-conductive
polymer wires by depositing a thin gold coating to the top of the wire.** This coating
acts as both a heater and a temperature sensor allowing the use of non-conductive
wires, however, the gold deposition complicates the measurement, and because
metallic deposition is not possible on the nanoscale, this method is limited to use with

microscaled wires.
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Figure 15: The TET method for thermal diffusivity measurement.

The steady-state techniques described above have either too much error due to
thermal contact resistances or are much too difficult to perform. Transient techniques
seem to be a better choice because of the elimination of thermal contact resistances
and faster processing. However, they only measure thermal diffusivity, thus requiring
knowledge of the material’s density and specific heat to calculate thermal conductivity.
The transient techniques seem to generally be too limited in scope, i.e. only for use with
electrically conductive wires, or far too difficult for rapid and simple testing. Many of
these methods also depend on the need for microfabrication which is both difficult and
costly. For these reasons a novel technique was developed to attempt to eliminate

complications caused by previous methods.

For this work, a transient technique is chosen to avoid thermal contact
resistances with the two main goals being a simple and rapid thermal characterization
method. The “thermal flash method,” initially developed in the nanoEngineering
laboratory at CWRU, is improved to characterize both micro and nanoscaled materials

and to work with electrical insulators as well as conductors. The technique was first
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developed by Demko and Abramson for low thermal diffusivity materials and is now

being adopted for use with high thermal diffusivity samples.3?

In an effort to improve upon previous techniques, a simple and efficient method
for measuring the thermal diffusivity of highly conductive fibers has been developed for
use within a scanning electron microscope (SEM). Loosely based on the laser flash
method, this transient thermal flash technique uses a micromanipulator based heater to
send a heat pulse through a fiber and into a sensor. The thermal response of the sensor
causes a transient electrical resistance change that is used to determine the thermal
diffusivity of the fiber. A rather simplified technique has been developed where thermal
contact resistance does not affect the result. This technique has previously been
validated for low diffusivity materials by measuring the properties of both glass and
polyimide micro/nanofibers. In order to confirm the accuracy of this method for high
diffusivity fibers, initial testing was performed on Mitsubishi K13D2U carbon fibers.
Later, testing was expanded to other carbon micro/nanomaterials such as VGCFs and

polyimide with mesophase pitch fibers.

3.2 Analytical Solution

The thermal flash technique is based off one dimensional heat conduction from a
heater through the fiber being tested and into a thermal sensor. Based on how fast heat
moves through the fiber to the sensor, the fiber’s thermal diffusivity may be found. In
order to solve for the thermal diffusivity an analytical solution for the temperature rise
of the sensor must be found as a function of the thermal diffusivity of the fiber.
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To determine the temperature rise of the sensor without the use of a numerical
simulation, an analytical solution is needed. This solution is based on 1D heat
conduction that an appropriate experimental setup mimics. A solution is found for a 1D
heat conduction problem through two materials with constant temperature at one end
and a constant higher temperature at the other end with a heat flux condition in the
middle. This setup is shown in Figure 16, and an analytical solution exists for this
situation. Here the left end of the model is the point on the micro/nanowire that is
contacted by the heater. The temperature at this point, T,, is assumed to instantly rise
to that of the heater and not change during a measurement. The far end at Ty is the
contact between the aluminum wire bond sensor and the copper heat sinks. This point
is assumed to stay at ambient temperatures during testing because the heat sinks are
very large compared to the test sample and sensor. In the middle it is assumed that an
intimate contact exists between the fiber being tested and the aluminum sensor. The
temperature at this point is unknown, and needs to be solved for. It is assumed that a
constant heat flux condition exists at this point; any heat leaving the end of the test

fiber must flow into the sensor.
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Figure 16: This is an illustration of the experimental configuration which was used for

the analytical solution. The system is modeled as a 1D heat conduction problem with
constant temperature ends.

Although an analytical solution was found for our setup, all the assumptions
need to be verified. For this purpose, a numerical finite-difference model was coded to
verify that no mistakes were made. The assumption that the point on the wire where
the manipulator touches instantly jumps to a higher, constant temperature is valid
because the diameter of the wires tested using this method are much smaller than the
diameter of the micromanipulator. The heat sink was also designed to be much larger
than the sensor and the wires being tested, so the assumption that its temperature will

not change is also valid.

Convection effects were neglected because the entire setup is placed under
vacuum in an SEM. Thermal radiation will still exist, especially from the heater to the
walls of the SEM. This radiation will cause only very minimal temperature rises in the
sensor and fiber due to their small size and the relatively low temperature of the heater.
Radiation effects during a measurement were neglected since over the short period of
time needed to measure a rise time, generally about 0.3 seconds, radiation loses are

minimal. Also, even if thermal radiation losses are large, this would affect the magnitude
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of the exponential and not its shape, causing no influence on the measurement. Again,

because only the shape of the temperature curve, and not its magnitude, is needed to

find the thermal diffusivity of the wire, any thermal contact resistances will have no

effect on the solution.

Using the one dimensional model from Figure 16 the temperature of the sensor

may be solved as a function of time. The complete derivation of this equation can be

found in appendix Al. The temperature rise of the sensor for the setup shown in Figure

16 is mathematically displayed as:
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The values of B in the equation for the sensor’s temperature come from the solution of

the transcendental equation:
cos Bl sinaflg + osinfl, cosafl; =0 (3.2)

The equation for the sensor’s temperature is rather complicated and in an effort
to simplify it, a few assumptions may be made. The simplifications stem from the
transcendental equation used to solve for B. When measuring a high thermal diffusivity
micro/nanowire, the length of the wire needs to be very long in order to obtain the

correct rise time. Because of this we can make the assumption that:
Ly, > I (3.3)

This assumption means that in equation 3.2 the sinusoids containing £1,, will be much
higher frequency than those containing affl;. When finding the first several zeroes
when solving for B it can be assumed that the af3[; sinusoids are small to the point that

the small-angle approximation can be applied. In this way, equation 3.2 simplifies to:
afBlscospfl, +asinpl, =0 (3.4)

From this equation it is clear that a relation between o and af L could be useful. By

examining equation 3.4 it can be seen that B should have a magnitude on the order of

12' Also, as assumed previously in equation 3.3, al, should be small compared to [,,, so

w

the quantity af3l; should be small compared to o assuming [ is not extremely large.
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After plugging in the order of magnitude for B the second simplifying assumption can be

expressed as:
S S 3.5
k (3:3)

Finally the transcendental equation and B may be expressed as:

sinfl, =0 (3.6)
B = (3.7)

Utilizing the solution of B as well as the two simplifying assumptions (Equations
3.3 and 3.5) the expression for the temperature of the sensor may be simplified. This
simplification was done in Mathematica and a complete derivation follows in the
appendix. After plugging in our value of B and using our assumptions, any terms dealing
with the magnitude of the temperature may be dropped, leaving this rather simple

elliptic theta function:

-n?n?tay,
T,() =1+ 23N_(=D)% &> ,t>0 (3.8)
Lwks

This value of N comes from the first assumption. Because the value n appears in that

assumption, the sum can no longer be infinite and must only go to N as defined by 3.9.
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Using this simplified expression for the temperature of the sensor, a numerical fitting
procedure was created to fit the experimental data to this analytical solution. It should
be noted that this equation now only depends on the length of the wire being measured

and the thermal diffusivity of the wire.

3.3 Data Analysis

Using the analytical solution detailed above the thermal diffusivity of the test
material can be found from the temperature rise of the sensor. It is not feasible to
measure the temperature rise of the sensor but as the sensor’s temperature rises, its
resistance will rise at the same rate, thus changing the measured voltage at the same
rate. The temperature of the sensor must then be matched to the voltage change to find
the thermal diffusivity. Because the process to find the thermal diffusivity involves
matching two curves, a numerical program was developed to fit the temperature rise of
the sensor to the measured voltage data. The program first normalizes the input voltage
data because only the shapes of the voltage and temperature curves are important. An
initial guess at the thermal diffusivity as well as the length of the measured wire must be
input in order for the program to plot a first guess of the temperature rise of the sensor.
The program then changes the thermal diffusivity of the wire and the start point of the
exponential rise until the sum of the least squares error between the experimental
voltage data and analytical temperature data is minimized. The thermal diffusivity that

provides a best fit is given as the thermal diffusivity of the measured material.
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As with all transient techniques, the thermal flash method measures thermal
diffusivity of the fibers and not thermal conductivity. Although both provide information
about a materials capability to conduct heat, thermal conduction is the more accepted
measurement. In order to convert measured values from thermal diffusivity to thermal
conductivity, equation 1.2 must be used, therefore the density and specific heat of the
sample must be known. This information is not always available or easy to measure,

especially for experimental materials.

3.4 Sensor Design

Based on the analytical solution and one dimensional conduction described
above, an experiment needed to be constructed and a proper sensor was needed.
Measuring the temperature of the sensor directly is not feasible due to its small scale,
so instead, a metallic sensor is used which acts as a resistor. A small current is
continuously passed over the sensor and the voltage drop is measured. As the metal
heats up due to thermal conduction through the fiber, the resistance of the sensor
changes. The resistance increase of the sensor causes the measured voltage to change.
This voltage change has exponential shape, exactly the same as the sensor’s

temperature rise because a metals resistance is linearly dependent on temperature.

The key to the thermal flash method is the use of an appropriate sensor to
provide a strong voltage change with temperature. In previous work, a sensor built at
the University of Illinois was employed.** This sensor was microfabricated from a silicon
wafer, and had a small tip approximately eight microns long, over which a wire was laid.
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The sensor worked well for low diffusivity measurements, but the small size limited fiber
diameters to eight microns, and would not work for testing the eleven micron diameter
Mitsubishi carbon fibers. In order to measure the thermal diffusivities of a wide-ranging

size of micro/nano wires a new thermal sensor needed to be developed.

A 1D implicit numerical model was developed based on the experimental
configuration to help determine optimal system dimensions. The model allows input of
the size and thermal characteristics of the fiber, sensor, and heat sinks. The model
assumes an instantaneous temperature jump at the point of contact between the
heater and fiber as well as a constant ambient temperature at the heat sink. The model
then uses finite difference methods to determine the temperature rise of the sensor
using a one dimensional heat conduction equation, from which a resistance change can
be determined using the sensor’s temperature coefficient of resistance. Once the
resistance change has been found, the model uses the room temperature resistance of
the system as well as the amount of current being passed over the sensor to determine
the magnitude and shape of the measured voltage change. By varying the many inputs
to this model, an optimal voltage curve can be found that greatly speeds up the

experimental measurement process.

This model was used in order to optimize the design of the SEM stage. It is found
that the use of aluminum wire used in wedge wire bonding would make a very good
sensor. Its twenty-six micron diameter and excellent properties allow this sensor to be

used for measuring micron sized fibers as well as wires as small as one hundred
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nanometers. The numerical model also helped determine the optimum length of the
sensor to be around three hundred microns, more than enough length to easily place

our sample fibers.

An ideal sensor must be easy to work with, have as small a width and thickness
as possible, and most importantly display a high temperature coefficient of resistance.
The temperature coefficient of resistance is a measure of how much a material’s
resistance changes with temperature, and in order to get the strongest signal possible
this value must be maximized. Ultimately aluminum was chosen as the sensor material
as it is very easy to work with and has a very high temperature coefficient of resistance.
In order to actually construct the sensor, a thin aluminum wire and a means for
constructing a circuit were needed. It was decided to use wire bonding as this is a rather
simple and convenient means of making electrical connections and is commonly used
for joining integrated circuits and printed circuit boards. Wire bonding uses a
combination of pressure and ultrasonic energy to make a weld between a thin diameter
wire and a flat surface. The wire bonder used to construct the sensor for this work uses
aluminum wire approximately twenty-six microns in diameter and welds this wire

between two copper pads.

After deciding to use aluminum as the sensor material, the entire stage that

would be placed inside the SEM needed to be designed as shown in Figure 17.
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Aluminum SEM stage

Figure 17: 3D model of the fully designed stage as it is used inside of the SEM.

For the heat sink, copper is chosen as it has a very high thermal conductivity and it is
very easy to wire bond. An aluminum stage was built that comprised raised edges
approximately twenty millimeters apart, over which our micro/nanowires would be
suspended. On one of the raised sections, the two copper pads were positioned as close
together as possible, without touching. These pads were then epoxied to the aluminum
stage in order to fix them in place and to electrically insulate them from the stage. The
next step was to fix wires to each of the bond pads that would be used to pass a current
across the wire bond sensor. The final step was to use a wedge wire bonder to

mechanically fix the small aluminum wire between the two copper pads.

3.5 Heater Design

The nichrome wire used to create the heaters was provided by California Fine

Wire Company and has a diameter of approximately 0.005 inches. The heaters are built
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by wrapping an insulated nichrome wire around a micromanipulator probe in two
overlapping layers. These layers are approximately one centimeter long, and account
for a total resistance of just over thirty ohms. The heater has free range of motion inside
of the SEM through the use of a Kleindiek MM3A-EM micromanipulator so that it may
contact the micro/nanowire at any point along its length. The wire is held in place on
the micromanipulator probe using a very small amount of high temperature epoxy. The
heaters were tested under high vacuum using a small thermocouple to quantify their

temperature as a function of input current with results shown in Figure 18.
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Figure 18: This graph depicts the measured temperature of the heater as a function of
the input current. This was useful for modeling the experiment and in order to induce
a measurable resistance change in the sensor.

For these tests the current was slowly increased from 0 to 0.25 amps while the

temperature was recorded. The results from this test were useful for numerical
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modeling of the thermal flash method by providing the temperatures a heater would

likely reach during a test.

3.6 Experimental Approach

The experimental configuration is shown above in Figure 17, and an SEM image
from testing the University of Akron fibers is shown below in Figure 19. The thermal
sensor is comprised of an aluminum wire bonder wire connected between two large
copper heat sinks. Inside the SEM, the fiber to be tested is positioned on top of the
thermal sensor on one end and a Kapton prop on the other, suspending the fiber for
most of its length. The fiber is normally held in place mechanically to avoid any
movement while testing. The micromanipulator is heated by passing a current through a
polyimide-coated nichrome wire wrapped along its length. The manipulator is
positioned an appropriated distance from the sensor, depending on the expected
diffusivity of the fiber, and in close proximity to the fiber. The electron beam is then
turned off and the manipulator is moved until it comes in contact with the fiber, causing
an instantaneous temperature change in the fiber, initiating thermal diffusion through
the length of the fiber and into the sensor. The temperature rise of the sensor causes a
similar change in the resistance of the sensor, which is used to numerically calculate the

diffusivity of the fiber.
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Figure 19: This SEM image shows the testing of University of Akron fibers. The heater,
sensor, and fibers are all labeled to help show the one dimensional heat conduction
path.

Current is pulsed over the sensor and the voltage drop is continuously measured
during the experiment. As the sensor heats up due to thermal conduction through the
fiber, its resistance will change, causing the voltage to change as well. This method of
passing a current over a sensor and measuring voltage is hampered by the need for a
small sensor in this measurement. If a continuous DC current is passed across the
sensor, its temperature would continuously rise. In order to avoid this problem of self-
heating, a method known as the two-point delta technique is used as depicted in Figure

20.
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Figure 20: Delta Mode Measurement. Each voltage point is calculated by taking the
difference between the measured voltage before and during the current pulse.

In the two-point delta mode measurement depicted above, current is sourced as pulses

and voltage is measured before and during each pulse. The measured voltage is

calculated as follows:

Vi, — V1, = V1
(3.10)

V2,-V2,=V2
As shown in equation 3.9, the difference between these two voltage readings is taken as
the measured voltage, thus reducing any thermoelectric offsets. This technique is
carried out using a Keithley 6221 current source mated with a Keithley 2182
nanovoltmeter. These instruments work together in order to measure as quickly as

possible, making a measurement every 25 milliseconds.
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The temperature of the sensor is not able to be directly measured due to size
limitations. Instead, the voltage change is measured and used to find the temperature
change. Electrical resistance is a function of temperature, therefore the shape of the
temperature vs. time curve should be exactly the same shape as the voltage vs. time
curve. Therefore the experimentally measured voltage change has the exact same
exponential shape as the sensor’s temperature rise. For this method only the shape of
the curve is important and the magnitude has no relevance. The experimentally
measured voltages get normalized between 0 and 1 and the analytical solution is used
to fit a temperature rise to the voltage rise. Because the voltages and temperatures get
normalized, thermal contact resistance will not influence the measurement as they
would have no effect on the shapes of the curves, only affecting the magnitudes. Using
the analytical solution in conjunction with the normalized experimental voltage data,
the thermal diffusivity of the test fiber can be found. A curve fitting procedure is used
to minimize the sum of the squared error between the voltage data and the analytical

solution.

3.7 Thermal Flash Limitations

The thermal flash technique is a good method that reduces complexities and
errors imposed by other measurement techniques, yet like all methods it has
limitations. As discussed in section 2.5, the exponential rise time is a function of both
the materials thermal diffusivity and the length of the fiber. If a very short fiber length is

used, the exponential rise time becomes extremely short, too quick for the
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nanovoltmeter to read. Instead of measuring an exponential, the instrument will
measure a discontinuity. Without very fast voltage readings, the discontinuity could
never be represented as its true exponential form. Current instruments used in this
experiment can make one measurement every 25 milliseconds, requiring exponential
rise times around 0.2 to 0.3 seconds for accurate thermal diffusivity measurements.
Using a fiber length shorter than what would produce these rise times leads to a loss of
certainty and precision. The second limitation of this technique is that it measures
thermal diffusivity and not thermal conductivity. The density and specific heat of the
test sample must be known in order to properly report thermal conductivity values.
There is no possible way to avoid this without using a steady-state method and
introducing thermal contact resistances, but the fiber length limitation may be able to
be solved with better instruments or better programming. Several of these solutions are

discussed further in section 3.5.
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Chapter 4 — Results and Discussion

Using the thermal flash method described in chapter 2, the thermal diffusivities
of three materials have been measured. The first material tested, Mitsubishi K13D2U
pitch based carbon fibers, were chosen as a test sample to verify the accuracy of the
method. These melt spun fibers have a known thermal diffusivity, and are more than six
centimeters long and 11 microns in diameter, so they are easy to work with. Later,
Applied Sciences, Inc. (ASI) provided Pyrograf 1 vapor grown carbon fibers which were
tested to demonstrate the thermal flash method’s ability to measure extremely
thermally conductive fibers and to attempt to provide validation of a measurement
from 1985." These fibers are grown in rather large mats with individual fibers about six
microns in diameter which introduced some new challenges. Lastly, newly developed
electrospun composite fibers produced at the University of Akron were measured.
These fibers were produced specifically to create new thermal management materials
and are a combination of polyimide and coal tar pitch. An experimental investigation
into the relation between the fiber’s thermal conductivity and their pitch content was

undertaken. The results from all of these tests are further discussed below.

4.1 Mitsubishi K13D2U Carbon Fibers

Manipulation of the K13D2U fiber was done by hand because their size allows
them to be seen with the human eye. The fibers come in groups and separating a long
single fiber was the first challenge. After some testing it was found that pulling on both

ends of a long group of fibers was usually enough to pull a few single fibers apart. Using
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tweezers to pick them up, they could be laid on top of the SEM stage. By viewing the
sensor under a light microscope while placing the fiber, it could be positioned very
precisely. An SEM image of the Mitsubishi fiber on an aluminum sensor can be seen in

Figure 21.
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Figure 21: An SEM image showing a single Mitsubishi K13D2U carbon fiber touching an
aluminum sensor. This fiber is approximately two centimeters in length.

Although the contact resistance between the fiber and the sensor will not affect
the results of the test, this resistance must still be minimized in order to get a good
signal. The main challenge when dealing with the Mitsubishi fibers is that they are very
stiff. When the micromanipulator makes even slight contact with the fiber, it will move

on the sensor, causing the heat transfer to be dispersed. When this occurs, instead of
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seeing a sharp change in the voltage, a more gradual change will be seen. In order to
hold the fiber in place on the sensor, many methods were attempted. The first fiber
tested was not held in place at all, merely rested on top of the sensor. In this test the
fiber moved back and forth on the sensor not causing point heating of the sensor, hence
not giving useable data. The next attempt was to use a small amount of epoxy
underneath the fiber to fix it to the sensor. Unfortunately, this also did not work
because the epoxy has such a low thermal conductivity that it drastically increased the
thermal resistance between fiber and sensor. The third attempted solution was to use
silver paste to hold it in place, since silver paste has a thermal conductivity much higher
than epoxy and would cause much less of a thermal resistance. While the silver paste
did reduce the thermal resistance between the fiber and sensor, it caused the heat to
spread too much across the surface. It was ultimately found that by slightly bending the
fiber over the sensor and holding it down with a piece of tape served best in minimizing
movement and allowing the best heat transfer from fiber to sensor. While the tape
holds the fiber in place, a small bead of epoxy could be applied to the fiber on both
ends. This will prevent having to place tape inside of the SEM possibly leading to

degassing issues.

The Mitsubishi fibers were approximately 11 microns in diameter, and the fiber
lengths used for testing were between 15 and 18 millimeters. A series of 34 tests were
performed on several fibers over several weeks in order to fine tune the setup and
examine the accuracy and precision of the method. A sample set of data obtained from
the testing of the K13D2U fibers can be seen in Figure 22.
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Figure 22: A sample data set showing the fit between the analytical solution of the
temperature of the sensor and the experimentally measured voltages for a Mitsubishi
carbon fiber about 18 millimeters in length.

The overall results from these tests as well as the other materials can be seen in
Figure 23 and further summarized in Table 1. Of all fibers tested, most of the tests were
performed on this fiber in order to show proper validation of the method as well as the
true standard deviation of the method. The overall measured value was within 5% of
the reported value,* showing great overall accuracy. Also, by running such a large
number of tests it was determined that the true standard deviation among
measurements should be around 12-15%. Further testing of fibers will not need so many
measurements as it can be assumed that for similar rise times this standard deviation

will not change among materials.
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Figure 23: Summary of all measurements made of the thermal diffusivity of Mitsubishi
K13D2U fibers. Computed values agree relatively well with the true value.

4.2 Applied Sciences Inc. Pyrograf I Vapor Grown Carbon Fibers

ASI Pyrograf | fibers were chosen for testing for two purposes: to validate a
measurement from 1985" and to further the range of tested materials with the thermal
flash technique. As the thermal diffusivity of the test material increases, the necessary
fiber length also increases as described previously in section 3.2. Therefore, in order to
test the Pyrograf | fibers, a fiber length of over 3 cm was necessary to achieve the
desired exponential rise time. Testing materials with even higher thermal diffusivities
than the Pyrograf | fibers will most likely need better electronics because having to use
even longer fibers is not practical for testing and also generally not possible due to
production limitations. Preliminary tests of the Pyrograf | fibers were performed on the

short staff fibers with shorter than desired lengths due to a lack of availability of longer

69



fibers. These tests showed fairly good accuracy with the known value, although due to a
very fast exponential rise time as depicted in Figure 24, good precision was not possible.
By using longer fibers the rise time will increase, allowing better measurement accuracy.
The results from these preliminary tests prove that the thermal flash method is capable

of measuring a very wide range of materials, including those that are even more

thermally conductive than what have been measured here.
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Figure 24: A sample curve fit between the analytical solution of the
temperature of the sensor and the experimentally measured voltages for an ASI
Pyrograf | single fiber about 17 millimeters in length. The rise time can be represented
with only four data points causing a high standard deviation among measurements.

The only other Pyrograf | fibers available are those grown in forests as described

in section 2.2. Individiual fibers with long lengths were not able to be isolated and thus a
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small bundle of approximately twelve fibers all running in one direction were used for
testing. This bundle was almost four centimeters in length and the fibers touched and

were partially fused many times along this length.

When testing a single fiber in the pre-described method almost all the heat
entering the fiber is conducted through the sensor and into the heat sink. When testing
multiple fibers that do not touch one another but all lay between the heater and the
sensor, the same thing occurs, just through multiple paths. However, when these fibers
touch an alternate heat conduction path opens up allowing the heat to diffuse between
fibers. When testing fibers of relatively large diameters (>100 nanometers), nanoscale
effects can be neglected and the resistance of heat movement from fiber to fiber is
enormous compared to the resistance of heat moving directly through the fiber and into
the sensor. For this reason it can be assumed that as long as the fibers run the entire
length from heater to sensor, with all fibers touching at both ends, the measured
thermal diffusivity for a group of fibers will return the same value as that of a single
fiber. An SEM image of a group of ASI carbon fibers lying across a sensor is shown in
Figure 25. As an added measure of confidence, a bundle of Mitsubishi K13D2U fibers
was tested and compared to the measured values for single fibers, with statistically

similar results.

71



HV | curr |ftit| WD —— 100 prn ——
500kV[1.8nAl-0 ;

Figure 25: SEM image of the bundle of ASI Pyrograf | fibers aligned across an
aluminum sensor. The fibers are relatively well aligned perpendicular to the sensor
and are almost three centimeters in length.

Testing of the group of ASI Pyrograf | fibers proceeded in the same manner as
testing of the single fibers. The group was cut from a large mat of fibers and was
approximately three centimeters long. The mat was placed on a large SEM stage
extending between the aluminum sensor and the kapton prop. Using this group of fibers
a thermal diffusivity was measured that was similar to that of the single fibers, and by
using a longer length, the deviation between measurements was much smaller. A
summary of the measured values for the single fiber and the bundle are shown in Figure

26 and summarized further in Table 1.
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Figure 26: Summary of thermal diffusivity measurements of the ASI VGCFs. The tests
on the short fiber and the bundle of fibers both agree relatively well with the reported
value, however the standard deviation for the bundle of fibers is much lower.

4.3 University of Akron Composite Polyimide/Coal Tar Pitch

Electrospun Fibers

After validating the method using both Mitsubishi and ASlI fibers, testing of an
unknown material was the next goal. Focusing on thermally conductive fibers that
would be good for use in thermal management composites, a new study was conducted
on electrospun composite fibers from the University of Akron. These composite fibers
are composed of polyimide and coal tar pitch and are between 100 and 400 nanometers

in diameter with an unknown thermal diffusivity.

Working with Professor Cakmak from Akron University and his student Han Yan,

electrospun polyimide fibers with the addition of coal tar pitch were obtained. These
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same polyimide fibers without the addition of coal tar pitch have already been tested by
a previous student in the nanoEngineering laboratory at CWRU using the thermal flash
method for low diffusivity materials. The addition of pitch is believed to greatly improve

the fiber’s thermal conductivity but the actual thermal conductivity was unknown.

Moving the fibers from the aluminum foil onto the sensor for measurement is a
rather tedious process. The individual fibers are too small to see with the naked eye and
placing the entire structure under a light microscope is difficult and cumbersome. The
electrospinning process also does not produce completely isolated fibers and most of
the fibers overlap and are intertwined with one another. After many trial and errors of
deposition and manipulation methods, the most successful technique for separating and
depositing the fibers has been through the use of a height adjustable platform with two
protruding parallel bars, shown in Figure 27. The bars reach in-between the ridges in the
foil and underneath the fibers, and then as the platform is lifted, the fibers stick to the
bars and break free of the foil. With the fibers attached to the bars and the platform, it
is much simpler to freely move them. While looking at the SEM stage under a light
microscope, the platform and parallel bars can be positioned such that the fibers are
directly over top of the sensor. The platform is then lowered until the fibers are
touching the SEM stage, and overlapping the sensor. By using a small piece of tape, the

fibers can be held in place while epoxy is applied to hold them during testing.
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Figure 27: An apparatus designed for picking up composite fibers from the saw tooth
foil and depositing them on an SEM stage. The two parallel bars are spaced to fit
between the peaks in the foil but are further apart than the sensor and kapton prop.

Although techniques were developed for depositing the fibers and placing them
on the stage, it was still not possible to obtain a single isolated fiber on the testing stage.
Attempts to take groups of fibers and use the ion beam as well as the micromanipulator
to remove excess fibers were very time consuming and not reliable. Testing of a single
isolated fiber may be possible with enough trial and error, but through the previous
investigation with Pyrograf | fibers, testing of groups of fibers can still produce thermal
information of a single fiber. Two separate groups of fibers containing just over 9% coal
tar pitch by weight have been tested, that both produced very similar results. An SEM

image of one of these groups of fibers on the aluminum sensor can be seen in Figure 28.
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Combining the data from these two tests led to a reported value of 71 W/m K for the

polyimide fiber with 9.6% coal tar pitch.
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Figure 28: An SEM image of a small bundle of polyimide/pitch fibers on an aluminum
sensor. The fibers are approximately 250 nanometers in diameter and are held in
place using platinum deposition.

After obtaining the data on the initial batch of composite fibers, more fibers
were electrospun with higher pitch contents. Testing of these fibers proceeded in a very
similar manner to the first batch. All the groups of fibers tested contained a small
number of fibers, generally five or less, which ran from the sensor to the kapton prop.
The groups of fibers were generally held in place on the sensor using platinum

deposition. These fibers were small and flexible compared to the pure carbon fibers
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tested earlier, so the platinum deposition worked well to hold them in place and
provided good thermal contact. The summary of the measured thermal conductivities as
a function of the pitch weight content is shown in Figure 29. The measurement of

Demko and Abramson on a single pure polyimide fiber is included as a base reference
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Figure 29: Thermal Conductivity vs. Pitch Percentage of the composite polyimide/pitch
fibers.

As expected, the thermal conductivities follow a linear trend with percentage of pitch as
predicted by an engineering rule of mixtures calculation. The rule of mixtures is a well-
known engineering tool used to predict the properties of composite materials. The rule
states that a physical property of a composite can be determined from a volume

33,34

weighted average of the properties of the composites constituents. Applying the
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rule to find the thermal conductivity of a composite made up of phases A, with thermal
conductivity ka and volume fraction V,, and B, with thermal conductivity kg and volume

fraction Vg, would appear as follows:

kComposite = Vpky + Vgkp (4.1)

The rule of mixtures is applicable for use with the University of Akron fibers because by
dissolving pitch in the solvent it is evenly dispersed in the polyimide matrix. The upper
value of thermal conductivity cannot be known exactly because pitch is relatively
insoluble and thus a 100% pitch fiber cannot be solution spun. In fact, the 36% pitch
content fiber is the most pitch that was able to be dissolved and still be electrospun. As
mentioned in section 1.5, the thermal conductivity of pitch derived fibers varies widely
depending on production methods and heat treatment conditions. Therefore it is not
possible to determine what the thermal conductivity of a fully pitch fiber would be if it
was able to be electrospun. The linear curve can be extrapolated to 100% pitch content
resulting in a thermal conductivity of 466 W/m K, which falls within the range of
measured values for pitch based carbon fibers. This value is actually quite high
considering that the fibers were only heat treated to around 400° Celsius rather than to
graphitization temperatures which range between 2400° C and 3000° C. If these fibers
were heated to such extremes, it is likely that they would also exhibit extremely high
thermal conductivities. For now it is not possible to test such fibers because more
research must be conducted in order to determine how to prevent the fibers from

falling apart during such processing.
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It is also interesting to see that the linear fit to the data does not exactly match
some of the lower values. A similar trend was found by Chen et al. who was testing the
thermal conductivity of epoxy composites with the addition of the ASI Pyrograf | fibers.>
Chen’s data exhibited a linear relation between fiber content and thermal conductivity,
although when extrapolated to zero fiber content, the curve does not match the
thermal conductivity of epoxy. Chen did not bother trying to explain this inconsistency,

so a simple explanation may not be possible.

An explanation for why the data presented here does not exactly match a linear
line is likely a result of fiber production. The pitch content of a single fiber is almost
impossible to compute directly, so based on the composed solution the content of the
fiber can be assumed. However, as the fiber forms on a substrate, the solvent used to
dissolve the polymer and pitch evaporates. This evaporation is accounted for when
computing pitch content yet there still could be some inaccuracy in this measurement.
Also, it is assumed that the solvent perfectly dissolves the pitch and polyimide and into
an isotropic mixture. However, this is not exactly the case, and often the pitch does not

fully dissolve due to its high insolubility.

When the fibers are spun they actually contain less pitch than is believed due to
some pitch never fully integrating with the polyimide. This theory would be especially
true for the higher pitch content fibers because the solution can only handle a certain
amount of pitch but beyond this value it is no longer dissolved. These lower pitch

contents would cause reported values to be lower than predicted by the rule of
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mixtures. This explanation can be backed up with high magnification optical images
showing that some of the high pitch content fibers were not isotropic, and regions can
be seen where pitch is not fully dissolved. Figure 30 shows two optical images, one of a
fiber with significant pitch content displaying regions of non-dissolved pitch and a

second showing a low pitch content fiber exhibiting excellent uniformity.

Figure 30: These optical images show polyimide/coal tar pitch fibers with two
different percentages of pitch. Those on the left contain 9.6% pitch and show little to
no undissolved carbon along the length of the fibers. The fibers on the left are 36%
pitch fibers and it can be seen that not all the carbon is fully dissolved in the fiber. This
could explain why the measured thermal conductivities for the 23% and 36% fibers are
lower than expected.

If it can thus be assumed that the two upper thermal conductivity values are
incorrect due to an overestimation of pitch content, a new curve may be plotted

displaying the actual thermal conductivity vs. pitch content.
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Figure 31: This is the updated fit between pitch percentage and thermal conductivity
for the composite fibers. This curve is plotted only through the first 3 points because
the 23% and 36% pitch percentages are too high and not accurate.

In this graph, the blue dashed line is the updated thermal conductivity of the fibers as a
function of their pitch content. When extrapolated to 100% pitch content, this trend
gives a thermal conductivity of 661 W/m K which is still within the range of measured
values for mesophase pitch carbon fibers. This value is most likely more correct as it

accounts for errors due to pitch not fully dissolving within the high pitch content fibers.

Although the measured thermal conductivities of the electrospun composite
fibers are not extremely high, these fibers were only heat treated to around 400°
Celsius. Most fibers tested in literature were all graphitized at extremely high

temperatures between 2400° C and 3000° C. The lack of post-processing needed to
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produce thermally conductive polymeric fibers is the real draw here, combined with the

ability to create well aligned flexible composites from these thermally conductive fibers.

4.4 Conclusions

This work introduces the thermal flash method for measuring the thermal
properties of high thermal diffusivity micro and nanoscale fibers. This technique
eliminates error caused by thermal contact resistances and allows for accurate and
rapid testing of electrically conductive and insulating materials. Compared to other
current techniques the limitations of this method are far lower and the accuracy is very

similar. The results from all materials tested are provided in Table 1.
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Number of Measured Thermal Star.lda'rd Tru.e Th'er'mal Percent
Deviation Diffusivity

Material

Measurements Diffusivity (m*/s Error
VT iy i)
Mitsubishi K13D2U
Carbon Fibers — 31 4.91-10" 0.76-10" 5.12-10" 4.1%
Single Fiber
Mitsubishi K13D2U
Carbon Fibers — 10 5.1427-10" 0.75-10™ 5.12:10" 0.04%
Bundle
Pyrograf 1 VGCFs - 6 1.2644-10° 01010 1.31-10%* | 3.33%*
Pyrograf 1 VGCFs - 10 1.3414-10° 0.31:10° | 1.31-10%* | 2.55% *
Short Fiber
o
Akron U 9.6% Pitch 21 4.30-10° 0.64:10° | Unknown N/A
Fibers
" o
Akron U 16% Pitch 8 6.22-10° 0.49-10° |  Unknown N/A
Fibers
" o
Akron U 23% Pitch 5 6.91.10° 0.85-10° | Unknown N/A
Fibers
o o
Akron U 36% Pitch 8 1.02-10° 0.16-10* | Unknown N/A
Fibers

* - Indicates a measurement from 1985 with its own error and is not necessarily an
exact value.!

Table 1: Summary of all measurements conducted with the thermal flash method for
this study.

This method was first tested and validated using Mitsubishi K13D2U carbon
fibers because these fibers have known thermal properties and are easy to manipulate

and thus easy to test. The next material tested was ASI’s Pyrograf | vapor-grown carbon
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fibers. These fibers present a new challenge because the length of separated individual
fibers is lower than desired for precise testing. As a result, the fibers need to be tested
in long narrow bundles. At first it was not known whether the values measured for
single fibers could be compared to those from a bundle, so bundles of Mitsubishi fibers
were tested and compared to measurements on a single fiber. The results show
conclusively that testing of bundles and single fibers give the same results provided that
the fibers run the complete test length and have large enough diameters as not to

introduce nanoscale effects such as phonon confinement.

After the initial testing of carbon fibers with known thermal properties a new
study was undertaken on electrospun composite fibers from the University of Akron.
These fibers are composed mostly of polyimide with varying concentrations of coal tar
pitch. By altering the weight composition of pitch and polyimide it could be seen how
the thermal properties of the fibers are affected by pitch concentration. For this study
four different fibers were tested with pitch concentrations of 9.6%, 16%, 23%, and 36%

with the results of these tests displayed in Table 1.

Analyzing the test measurements of the composite fiber show some interesting
results. First, the measured thermal conductivities are quite high for a material
composed mostly of a polymer. It is also seen that a perfect linear fit cannot be made to
the data for thermal conductivity vs. coal tar pitch. After much analysis it is found that
this is likely due to an overestimation of pitch content in the 23-36% fibers. Due to the

insolubility of mesophase pitch, adding too much does not lead to a uniform fiber but
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causes “chunks” to form along the length of the fiber that have not fully dissolved.
These chunks do not contribute as much to the thermal conductivity of the fiber as they

would if they were fully dissolved and integrated along the fibers length.

By fitting a line to the data for only low pitch content fibers, a more accurate
representation of the thermal conductivity of the composite fibers as a function of pitch
is made. Extrapolating this line to 100% pitch content gives a thermal conductivity of
661 W/m K. Although such a fiber could not be spun, it could be achieved through
carbonization of the fiber. This value matches quite well to what other authors have
reported measuring for fully mesophase pitch based fibers, although their fibers
typically must be heated to much higher graphitization temperatures to display such
thermal conductivities. These new composite fibers may provide a means to produce

relatively high thermal conductivity fibers with much lower heat treatment.

4.5 Future Work

The work from this thesis shows a fast and easy method for accurately and
reliably measuring a wide range of micro and nanostructures. This method can be
applied for use with almost any material but the next focus could be on measuring the
composite fibers from the University of Akron after different stages of heat treatment. It
will be interesting to see how the thermal conductivity changes through carbonization

and ultimately how high it can go through graphitization.
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Another interesting material to test is carbon nanotubes. In its present state this
method cannot measure their properties due to their limited available lengths. With the
current test setup, a carbon nanotube almost six centimeters in length is needed to
obtain a reliable measurement. Nanotubes available today typically come with
maximum lengths around 1 to 2 centimeters, too short for testing with the current
setup. The necessity for a certain fiber length can never be eliminated using the thermal
flash technique but it may be able to be significantly reduced through better

instruments and Labview programming.

Currently, the use of the two point delta measurement technique limits the
voltage measurements to one every 25 milliseconds. However, if a direct DC current is
run, the nanovoltmeter can measure as fast as 5 milliseconds. Running such an
experiment would introduce new problems. By making measurements far below the
power line cycle frequency, sixty hertz noise is introduced into the measurement data
which needs to be filtered and removed through some exterior filters. The digital and
analog filters could also be enabled on the nanovoltmeter to diminish the noise but the
measurement frequency is reduced to 7 milliseconds. By using a direct DC current, self
heating of the sensor is more likely to occur, possibly introducing more noise and

uncertainty to the voltage data.

A second possible measurement solution is to not use a direct DC current but
instead still use a pulse method but with only a single voltage measurement. Such a

technique allows higher duty cycles, possibly allowing measurements faster than those
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used currently. Such a technique has not been attempted yet, so the actual maximum
obtainable measurement speed is not known. This technique would also move the
measurement frequency higher than power line cycle frequency introducing the same

sixty hertz noise.

Another interesting addition to this method would be to test the thermal
properties of mechanically strained fibers. The configuration of the thermal flash
method would allow rather easy integration with a force transducer. By placing a
Hysitron force transducer, depicted in Figure 31, on the end of the SEM stage currently
containing the kapton prop, fibers would be able to be deposited between the thermal
sensor and the force transducer. Before thermally testing a fiber, a strain could be
placed on the fiber which could change its thermal properties.36 The force transducer
can provide a minimum z-displacement of 0.2 nanometers, allowing very fine strain

control.

s %, ~A K1 § —

Fixed outer plates
P T

Movable center plates

Probe attached to the

center plate

Figure 32: This is a force transducer produced by Hysitron that is capable of nanoscale
displacements. This device could be easily implemented with the thermal flash
method to measure thermal conductivity of mechanically strained fibers.
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Appendix

A.l Derivation of an Analytical Solution for the Sensor’s Temperature as a Function

of Time
K Microkr:]e;r:iep?ulator k d_T _ k d_T To
Contact Point r dX 5 dX
Micro/Nanowire WiSreenISB :rnd
x=-L X=0 X=L,

Figure 33: 1D model for thermal flash technique

Using the situation outlined in Figure 33 an analytical solution was derived. The
left end of the model is the point on the micro/nanowire that is contacted by the
heater. The temperature at this point, T,, is assumed to instantly rise to that of the
heater and not change during a measurement. The far end at T is the contact between
the aluminum wire bond sensor and the copper heat sinks. This point is assumed to stay
at ambient temperatures during testing because the heat sinks are very large compared
to the test sample and sensor. In the middle it is assumed that an intimate contact exists
between the fiber being tested and the aluminum sensor. The temperature at this point
is unknown, and needs to be solved for. It is assumed that a constant heat flux condition

exists at this point; any heat leaving the end of the test fiber must flow into the sensor.

The heat equations for this one dimensional configuration are:
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02T 1 aT
————=0

ox? a0t

o1 _1or_ .
ox2 agdt

With notation as follows:

(A.1)

T = Temperature

x = Position along fiber

Subscript s = sensor

Subscript w = wire being tested

t = time

1 = Length

k = Thermal Conductivity

kw = Sensor Thermal Conductivity

To = Ambient Temperature v="T-To
ay, ks

a= |— = —qQ
ag ? kw

¥ = Laplace Temperature

A = Laplace Coordinate

Difference
A |4
Aw @, qs = @
Vw =Ty — Ty ¢; = Poles of the Integrand

The boundary conditions are:




x ==l
Tlx—>0_ = Tlx—>0+ x=0
A.2)
oT  oT (
ky—=ks— x=0
dx dx
x =l
T = TO
The initial condition for this configuration is:
T=T, t<0 (A.3)

In order to solve equations A.1 a new temperature must be defined as T-T, that will be
notated as v. This problem is best solved in the Laplace domain so a Laplace transform is

first used resulting in:

dZﬁW . _lW <x< 0
dx? — qwbyw =0
(A.4)
d*vg  ,_
— V. =
dxz qS S 0 S x < ls
The boundary conditions for this equation become:
_ Vv X = _lW
Vw = 7
x=0
Dy = Vs (A.5)
x=0
vy, I dvg
Wodx % dx x =1
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v, =0
The solution of the above ordinary differential equation is:
vy, = Aedw* 4+ Be~wX -1, <x<0
(A.6)

vy = Ce?s* + De™9s* 0<x<i;

By using the boundary conditions listed above the four variables A, B, C, and D may be

found. Solving for the constants and simplifying results in:

_ Vy{cosh g, x sinh gsl; — o sinh q,,x cosh g1}
~ A{cosh gq,,1,, sinh gl + o sinh q,1,, cosh q¢l}

vW
(A.7)

B ¥, sinh q.(l; — x)
~ A{cosh q,,1,, sinh q,l; + & sinh q,,1,, cosh q¢l}

Vs

Now the inverse Laplace transform must be taken to solve for v and finally Ts. The

temperature of the wire as a function of time is not necessary so there is no need to

solve for that as well. The inversion theorem needed to solve the Laplace transform is:

y+ico

1
vs(t) = 2_m ) elt ﬁs(l) . dﬂ, (A8)

—ioo

Here y should be chosen to be so large that all the poles of (1) lie to the left of the
line (y — ioo,y + ic0) in the complex plane. To solve this line integral, Cauchy’s
theorem will be applied to the boundary composed of the line that is being solved for

and a circle with radius R connecting the two endpoints of the line of interest as
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depicted in Figure 34. In order to find the value of the line, the entire boundary will be

computed and the circle portion will then be subtracted.

Irmuh) |

1 (y+ioo)

Re(})

* Ay-ieo)

Figure 34: Evaluating the line integral using the inversion theorem. The line integral is
found by using Cauchy’s formula to find the line integral around the entire path and
then subtracting the line integral around the portion with radius R.>’

The line integral composing the full boundary is given by Cauchy’s theorem as:

f e¥'5,(2) - dA = 2mi ) Res(e¥0,(2),c;) (A.9)

The function Res(e’”ﬁs(l), ci) is the residue of the function at the indicated
pole. As the radius of the circle approaches infinity the value of the line integral around
the circular portion of the boundary can be shown to disappear. Thus, the line integral

in the inversion theorem can be evaluated to find the function v, (t):

ve(t) = Z Res(e*v5(2), ¢;) (A.10)
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To find the value of the sum of the residues at the poles, the location of the poles of the
integrand must be known. The poles are the locations that make the denominator of

the function zero, and are given by:
Mcosh g1, sinh g4lg + o sinh q,,1,, cosh g,l;} = 0 (A.11)

It is obvious that the value A = 0 is a pole, and by setting the expression in brackets equal
to zero the others may be found. To simplify the procedure of locating the poles, we

define:

B =iqw (A.12)
So at the poles:
qw = —if
(A.13)
qs = —iC(ﬁ

Adding these into equation A.11 leads to:
cos Bl,, sinaBl; + osinBl, cosafl; =0 (A.14)

By solving this transcendental equation B may be found at the poles.

, (A.15)
A=—ayp

The residue at a simple pole of a holomorphic function F(z) = G(z)/H(z) is given by:
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G
Res{F(z),c} = H’(_(Cc)) (A.16)

Using this procedure, the residue at the poles 1 = 0 and 1 = —a,, 82 are:

V, sinh gs(ls — x) e?t 0
es Mcosh gq,,1,, sinh gl + o sinh q,,1,, cosh g4l.}’
(A.17)
_ Viwky (s — x)
kyls + kgl
V, sinh qs(I; — x) e?t ,
es - - , —ayp
AMcosh q, 1, sinh gl + o sinh g, 1, cosh q,ls}
(A.18)

_ —2V,, sin Ba(l; — x) e~owB*t
~ p{U, + oaly) sin Bl sinapfls — (als + ol,,) cos B, cos afls}

Now the residues at the poles may be used in equation A.10 to find the temperature
difference function in the time domain. Because B must be solved from the

transcendental equation A.14, there must exist a sum over the possible values of

leading to:
vg(t)
_ Vikw (s — x)
kyls + kgly, (A.19)

= 2V, sin Ba(l; — x) e~ @whit

B ) Bmil,, + oaly) sin B, 1, sinaBy,ls — (alg + al,,) cos B, L, cos af,ls}

Finally, this may be modified to solve for the temperature of the sensor rather than the

temperature difference, resulting in:’
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Ts

AT ky, 1
=Tt ek
wets stw (A,ZO)
5 AT i sinafpls - e @whit
i Pmi(ly + oaly) sin B, 1, sin alyB,, — (al,, + alg) cos B, cos alsf}

A.2  Simplifying the Analytical Solution for High Thermal Diffusivity Fibers

The first step to simplifying the analytical equation is to find a solution for B. The

transcendental equation used to solve for B is:
sinafl cos fl,, + o cosaflssinBl, =0 (A.21)

When [,, > «al; the sinusoids containing the S, term will have much higher
frequencies than those containing af L. Because we are trying to find the zeroes of this
function and the first several zeroes are the most important, so the high frequency
terms will dominate over this range. The small angle approximation may then be used

on the terms containing af [, resulting in:

aplscosfl, +asinpl, =0 (A.22)

Looking at this equation it seems that a relation between af [ and g should be made.

. k . .
Knowing that 0 = k—sa, a comparison may be established:
w

S
e, Bls (A.23)
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Therefore,

nm
1 (A.25)
The assumption thus becomes:
ke Inm
Ky > T, (A.26)

Now the full analytical solution may be simplified beginning with the full equation:

Ts

~ AT k,, I

— TO + T . 1 .
koo + ko,
(A.27)

5 AT i sinaBy,lg - e *whmt
o) Bmi(l, + oaly) sin Bl - sinalyBy, — (al,, + als) cos By, - cos alsBn}

Now the value of f may be plugged in:

Ts

AT k,, 1
ST, 4 WS
kyls + kil
(A.28)
_aw(nrr)zt

L

. nm
Zsmo:l—lS -e

s .
— T

m 1?7{(1W + oal,) sinnm - sin al; % — (al,, + al,) cosnm - cos alg %}

Because n is an integer, the quantity inside the infinite sum may be simplified to:

96



-n?n?ta,,

2 Iinma
2l,e W secnmtan-2

Ly

% (A.29)
nn(—l;a -1, k_s a)
w

Now the first assumption must be used again to allow for further simplification and is
defined as:
.7 (A.30)

Using this assumption, the tangent function from A.28 may be reduced with the small

angle approximation:

[inma _ linmta

tan

L, L, (A.31)
Using this simplification the infinite sum can be reduced to:
-n?n?ta,,
2l,e W secnm
(A.32)
_ls - lW]I;_S
w
By now imposing the infinite sum on this simplified quantity,
- -m?n?tay,
Z 2l,e W (=T, +T,)secnm
k
= _l - l _S
n=0 s w kw
it (A.33)
L(=Ty+T,)2+235  —1"% W )
- k
_ls - lwﬁ
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Putting this simplified sum back in equation A.27, the temperature of the sensor

becomes:

AT k,, 1
T =T, 4—0u ™S
s= ot T TR,
—m)tay A.34
2+2Y2 , —1"e W ) (A.34)
— AT
R ks
S w kW

This equation looks much simpler than the initial equation but it can still be
simplified further. When solving for the thermal diffusivity of the fiber, the voltage data
is normalized so that the magnitude of the exponential is not important. In the above
equation for the temperature of the sensor most of the terms deal with the magnitude
of the temperature. Only the terms dealing with the shape of the curve are necessary so

everything else is removed. This leaves a rather simple equation:

—(nm)%tay
T,(t)=1+2YN_ —-1"-e & ,t>0 (A.35)
Where,
Lk
N« Lok, (A.36)

This value of N comes from the first assumption. Because the value n appears in that

assumption, the sum can no longer be infinite and must only go to N as defined by A.36.

A3 Error Analysis
To find the accuracy of the thermal flash method, the accuracy of the test instruments

must be determined. The Keithley 2182A nanovoltmeter has an error of 1% for the speed at
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which measurements occur. However, the voltmeter also has built in noise of 70 nV at these
levels with the filter turned off. For the measurements made for this work, the filter is left on so
the actual noise levels of the machine are not known. It is assumed that the majority of the error
in this measurement is due to the noise in the nanovoltmeter which will now be investigated.
The error caused by the nanovoltmeter’s noise is a function of how strong a signal is measured.
The larger the magnitude of the exponential, the less effect noise will have. Looking at a
sampling of exponentials analyzed for this work, errors caused by 70 nV noise averaged to about
15%. Because of additional filtering used for the measurement it can be assumed that the error
of the setup is actually less than 15% but this will serve as a good approximation. By looking at
the measurements made on Mitsubishi and ASI fibers, it can be seen that the majority of the
data points fall within +/- 15% of the mean. This helps to reassure that the majority of the error

from this measurement lies with the nanovoltmeter and is about 15%.

6.50E-04 -
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£ 4
S 500e04 *v v %
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2 450804 | S o __l_e_____
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(o]
] . i L 4
= 3.50E-04 * ¢ Experimental
S
M
-ch 3.00E.04 1 easurements
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Figure 35: Summary of measurements made on Mitsubishi K13D2U fibers including
error limits due to noise from the nanovoltmeter.
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Figure 36: Summary of measurements made on ASI Pyrograf | fibers including error
limits due to noise from the nanovoltmeter.

The noise that exists in the voltage data is the greatest contributor to error in this measurement.
The error is not a function of the thermal flash technique, but rather due to the means of
acquiring voltage data. In order to reduce variance between measurements a different voltage

measuring system must be found.

When computing the standard deviation in chapter 4 it was always found as a function
of the number of measurements taken. The standard deviation found is that for the given
sample size and can then be related to the population. It is possible to determine the confidence

in the measured thermal diffusivity by calculating the standard error of the mean as:

N (A.37)

Here, SE is the standard error of the mean, s is the standard deviation of the sample and
n is the number of measurements taken. Using statistics it is possible to create

confidence intervals based on the standard error assuming normally distributed data.
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67% confidence means that the true thermal diffusivity lies within +/- 1 standard error
of the mean. Similarly, 95% confidence signifies that the true value lies within +/- 2
standard errors of the mean. Finally, 99% confidence indicates that the true value lies
within +/- 3 standard errors of the mean. Finding the standard error for all measured

data yields the following results.

Standard
. Number of Measured Thermal Deviation of 2
s Measurements Diffusivity (mz/s) the sample Sl
(m’/s)
Mitsubishi K13D2U
Carbon Fibers — 31 4.91-10" 7.6%10° 1.4¥10”
Single Fiber
Mitsubishi K13D2U
Carbon Fibers — 10 5.14-10™ 7.5:10° 2.4¥10°
Bundle
e 6 1.2610° 1.0-10* 41*10°
Pyrograf 1 VGCFs — 3 ) £q 5
Short Fiber 10 1.34:10 3.1:10 9.8*%10
o/ b
Akron U 9.6% Pitch 21 430-10° 6.4-10" 1.4%10"
Fibers
o/ D
Akron U 16% Pitch 8 6.22:10° 4.9-10° 1.7%10°
o/ D
Akron U 23% Pitch 5 6.91-10° 8.5-10° 3.8%10°
Fibers
()
Alkron 1 36% Fitch 8 1.02:10° 1.6-10° 5.7%10°
Fibers

Table 2: Summary of all measurements including standard errors.
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The standard error gives a better representation of the actual thermal diffusivity of the
material being tested than by use of standard deviation. Using the standard error, the true value
should lay within +/- 1 standard error with 67% confidence, +/- 2 standard errors with 95%

confidence, and within +/- 3 times the standard error with over 99% confidence.
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