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Abstract

Carbon fiber reinforced composites (CFRCs) show superior thermal performance
along the fiber direction due to high thermal conductivity of carbon fiber in the fiber
direction. However, these composites suffer from poor through-thickness thermal
performance due to (i) low thermal conductivity of carbon fiber in its transverse direction
(radial direction), (ii) low thermal conductivity of polymer matrix, and (iii) high thermal
resistance at the fiber-matrix interface. One of the contemporary ways to enhance the
through-thickness thermal conductivity of the composite is to incorporate carbon based
nano materials such as carbon nanofibers (CNFs) through matrix and/or fiber. This work
provides a systematic characterization of thermal conductivities of carbon fibers and their
composites modified with CNFs using experimental measurement and theoretical

modeling.

We choose 3w method as the measurement technique is very fast, accurate, non-
sensitive to convection and radiation heat loss, and its potential to measure different types
of materials including carbon fibers. Therefore this research leads to the development of a
number of instrumentation and procedures for measuring thermal conductivities of

carbon fibers and their composites using 3m method:

. Wire-based 3o method was implemented to measure thermal conductivity
of carbon fiber reinforced epoxy composites, with its procedure and sample
preparation improved.

. Longitudinal thermal conductivity of individual carbon fibers was

measured using specially designed 3 setup with vacuum environment. Lu’s one-

XVii



dimensional heat conduction model was incorporated to determine the
longitudinal thermal conductivities of individual carbon fibers.

" Radial or transverse thermal conductivity of individual carbon fiber
filament was developed for 3@ method by submerging the fiber into deionized
water. Accordingly a two-phase heat conduction model was developed for

determining the transverse thermal conductivities of individual carbon fibers.

With the development of the aforementioned experimental setups and techniques,
thermal conductivities of hierarchical carbon fibers and hierarchical carbon fiber
composites were then studied. Different amount of CNFs were grown in the range of 5%
to 38% by weight directly on carbon fiber tows and fabrics using chemical vapor
deposition (CVD) method to produce hierarchical fibers and hierarchical composites,
respectively. A consistent increase of thermal conductivities was observed with the
increase amount of CNFs on the carbon fibers and their composites. Both SEM and the
mass increase confirm that the enhancement of thermal conductivities stems from the
increase of CNFs growth. It is also found that enhancement of thermal conductivities for
carbon fibers is significantly higher than that for their composites, which indicates that
defects in the composites level compromise the enhancement of thermal conductivities

from the hierarchical carbon fibers.

Thermal conductivities of carbon fibers and their hierarchical composites at different
temperatures from 20 <C to 60 <T (up to 100 <T for composites) were also measured. It
was found that the thermal conductivities of carbon fibers moderately increase with the
temperature, while the thermal conductivities of carbon fiber composites significantly

increase as the temperature increase. Therefore, it is believed that the thermal

XViii



conductivity of epoxy matrix and the thermal interfacial resistance between the carbon
fibers and the matrix determine the temperature dependency of thermal conductivity of

the composites.

Finally, a theoretical model for hierarchical carbon fiber composites was developed
using effective medium theory to predict the through-thickness thermal conductivities of
carbon fiber laminated composites. Parametric study has been done addressing thickness
and length of the growth as well as growth pattern. Two types of growth patterns such as
surface growth and full growth were investigated. It was found that the surface growth is
more effective in enhancing the through-thickness thermal conductivity of carbon fiber

reinforced composites.
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Chapter 1 Introduction

1.1  Application of Carbon Composites in Thermal Management

Carbon fibers were first commercially produced in the late 1950s and since then have
been employed as reinforcement in composites for many applications. With an average of
six times the tensile strength of high-strength alloy steel and two thirds the weight of
aluminum, carbon fiber composites with an epoxy matrix (CFRCs) are considered as
replacements for metals in situations where excellent specific strength properties are
needed [1]. They have become a dominant material for high performance components in
aircraft radiators, directed energy mirror structures, satellites, missiles and other
aerospace structure. For example, the Lockheed-Martin F-22 Raptor’s airframe is made
up of mostly CFRCs panels and titanium. The new Boeing 787 Dreamliner contains
approximately 23 tons of carbon fibers, which is over 50% of its overall weight [2].

In many of these applications, due to the requirement of the dissipating the rapid
increased thermal load, thermal conductivity is another important material property
beside specific strength for designing an optimum product. For instance, due to the
limited aircraft idling time, the heating of the fuel by electronics, increased engine
performance and increase flight speed, the thermal load imposed on a military aircraft
engine can be as high as 10,000 kW [3]. For safe operation of such vehicles, using
extensive CFRCs work, a high thermal conductivity is needed to conduct away the
accumulated heat. Similar challenge is also encountered in the composite missile
structures, where heat generated by sensor and guidance electronics must be removed to

prevent overheating and malfunction. Designers in the Aviation and Missile Research



Development and Engineering Center are looking for solution for fast dissipation of heat
load in the composites missiles without bringing in additional weight and bulk to the

system.

1.2 Anisotropy of Thermal Conductivity of the CFRCs

The thermal conductivities of CFRCs used in the structural purpose are anisotropic
depending on the fiber orientation. In practice, the in-plane direction of CFRCs often
aligns with the along-fiber direction, where the thermal conductivity is very high;
through-thickness direction is often the perpendicular-to-fiber direction, where the
thermal conductivity can be much lower than the other direction. For example, for
unidirectional carbon fiber composites, thermal conductivity in the fiber direction can be
60 times higher than thermal conductivity of transverse direction [3]. Likewise, for
woven carbon fabric composites, in-plane thermal conductivity can be about seven times

of the value of thermal conductivity in through-thickness direction [4].

The anisotropy of thermal conductivity of CFRC stems from the structure of the
composite and the characteristics of the constituent materials. Usually, carbon fibers used
in the structural purpose are arranged as lamellar reinforcement in the composites in the
form of a fabric with woven continuous fibers. Because a carbon fiber is itself very
anisotropic, with the thermal conductivity much higher in the axial direction than the
transverse direction, the thermal conductivity of a lamella is much higher in the fiber
direction of the lamellae than in the transverse direction or through thickness direction. In
the composite, these lamellae with anisotropic thermal performance are bonded together
with matrix material, which has even lower thermal conductivity compared to the

transverse direction of carbon fiber lamellae. Furthermore, interfacial thermal resistance



on the boundary between the carbon lamellae and the matrix can hinder the heat transfer
between them. Due to the absence of fibers in the through-thickness direction and the fact
that the interface between lamellae is relatively rich in the matrix polymer, the heat
conduct in through-thickness direction has to pass through the transverse direction of the
carbon fibers, the fiber-matrix interface and the low conductive matrix, which contributes
to the poor through-thickness thermal conductivities of CFRCs. Therefore, the main
problem in the thermal conductivity of the composite lies in the through-thickness

direction.

In many applications, both in-plane heat spreading and through-thickness heat
removal are important for effective heat dissipation. The effective thermal conductivities
of CFRCs are of great importance in the effective design and application of composite
materials. Further improvement of thermal conductivity over the existing highly-oriented
carbon fiber while retaining the desired mechanical property has proven to be very
challenging due to the structure of the CFRCs. Therefore, while many approaches have
been applied to develop CFRCs with better thermal conductivities in the through-
thickness direction, they can be mainly classified into two categories: (1) arrange a higher
percentage of carbon fibers in the transverse direction to the carbon fabric reinforcement;
(2) add inclusions with high thermal conductivity into the carbon fiber composites. The
first approach results in the 3 dimensional weaving of the carbon fiber laminate. It leads
to not only to a more isotropic thermal response of the composites, but also to a lower
fiber volume fraction in the in-plane directions that in turn reduces the in-plane

mechanical properties [5].



For the second approach, carbon nanoparticles such as carbon nanotubes (CNT) and
carbon nanofibers (CNF) are mainly selected as the inclusion due to their low weights
and high thermal conductivities. There are two main methods to include carbon
nanoparticles in CFRCs: substituting the matrix with polymer nanocomposites matrix to
make hybrid carbon fiber composites and graft carbon nanoparticles on carbon fiber to

fabricate hierarchical carbon fiber composites.

1.2.1 Hybrid Carbon Fiber Composites
To fabricate hybrid carbon fiber composite, the matrix is substituted by a polymer
nanocompsites matrix, followed by a conventional infusion/impregnation of the carbon

nanoparticles modified matrix into the primary fiber assembly.

It has been reported that, carbon nanoparticles such as CNF and CNT has superior
thermal conductivities. For instance, multi-walled carbon nanotube (MWCNT) has
thermal conductivity as high as 3000 W/m-K which is as high as that of diamond [6];
while thermal conductivity of single walled carbon nanotube can be even high [7]. CNF,
as another type of carbon reinforcement, also exhibits high thermal performance: vapor

grown CNF has been reported to have thermal conductivity as high as 1900 W/m-K [8].

Many studies have showed that thermal conductivities of matrices can be greatly
augmented by incorporating CNFs and CNTs to manufacture carbon polymer composites.
After the invention of vapor grown carbon nanofiber [9] and CNTSs [10], there were many
studies on using CNTs to improve the thermal performance of polymer matrix due to
their extremely high thermal conductivities. These studies show that by incorporating

CNFs and CNTs, thermal conductivities of the composites can be much higher than their



corresponding neat matrices [8, 11-13]. The enhancement of thermal conductivity with
carbon nanofillers varies from 50% [14] to as high as 800% [15] depending on the type of
the fillers, quantity of the fillers added, the surface treatment of the fillers and the level of
dispersion. This approach generally also has the advantages of simplicity and

compatibility with standard industrial techniques.

However, one of the main issues stems from the viscosity of the epoxy-nanoparticle
mixture. Viscosity of the carbon nanoparticle modified polymer matrix increases
dramatically with increasing of nanoparticle content, which can lead to difficulty in many
impregnation methods such as vacuum assisted resin transfer molding (VARTM) due to
the incomplete matrix infusion [16]. Therefore the inclusion of carbon nanoparticles is

limit to relative small weight percent.

1.2.2 Hierarchical Carbon Fiber Composites

The second approach is to improve the heat transport in fiber-matrix interface by
modifying the structure of surface of carbon fiber with carbon nanoparticles growth. The
modified carbon fiber exhibits a hierarchical structure forming conductive pathways
interlock between the carbon fiber and the matrix; thus is expected to improve the
thermal conductivity in the transverse direction [17]. Recently, there have been
increasing reports on growing nanoparticles on carbon fiber to fabricate multifunctional

hierarchical CFRCs.

Hierarchical carbon fiber structure was developed as early as 1991. By using cooper-
nickel catalyst precursor, Downs and Baker successfully generated vapor-grown carbon

microfibers on the sides of parent carbon fibers, which brought in a novel concept to



improve the transverse properties of carbon fabrics [18]. After discoveries of carbon
nanotubes, interest has been moved on to development of hierarchical composites, in
which a nano scale carbon nanotube reinforcement is utilized alongside traditional micro
scale reinforcing fibers. Thostenson et al. first modified the surface of pitch-based carbon
fiber by growing carbon nanotubes directly on carbon fibers using chemical vapor
deposition [19]. Later on, many attempts have been made to improve mechanical
properties by growing carbon nanotubes on different types of conventional carbon fibers
[20-23]. Despite the consistent increase of research on developing hierarchical CFRCs,
literatures that report the improvement of thermal conductivity in transverse direction are
scarce. The only existed data as the author knows is from Veedu et al. They have
examined the through-thickness thermal conductivity versus temperature of a high-
temperature epoxy/SiC woven cloth composite with well- aligned CNT forest growth on
the fiber bundle surface. The 3D composites demonstrate about 50% improvement of

transverse thermal conductivity compared to base composite [24].

The result of Veedu’s pioneer work shows a promising enhancement of thermal
conductivities for the carbon fiber composites through growing CNTs. However,
systematic work on studying the effect of the growth of carbon nanoparticles on thermal
conductivity of the carbon fiber composites, so far, has not yet been seen. Majority of the
following work were focused on mechanical properties of the hierarchical composites.
This gives motivation of this research: to develop method to systematically characterize
the effect of the growth of nanoparticles on enhancing thermal conductivities of carbon
fiber composites first through experimental measurement and second through modeling.

In next section, different thermal conductivity measurement techniques will be reviewed.



Pros and cons of each technique are discussed to determine the best method for the study

on hierarchical carbon fiber and it’s composite.

1.3 Review of Thermal Conductivity Measurement

In physics, heat transfer problem is described using a heat wave model similar to the
ideas for shear waves in liquids. In the linearized theory, the heat flux (g) is determined
by an integral over the history of the temperature gradient weighted against a relaxation
function called the heat flux kernel (Qy), as shown in equation (1.1). The area under the
curve giving the monotonic relaxation of the heat-flux kernel is the thermal conductivity

(equation (1.2) ) [25].

q=-— ft Qi (t —tHVT (x, t)dt' (1.2)

t [ee)
k= f Qe -t = fo Qu(s)ds (12)

Substitute (1.2) into (1.1), we have

q = —kVT (1.3)

where T is temperature. This is so called Fourier’s law, popularly used for calculating
heat conduction in thermal engineering. Equation (1.3) shows that thermal conductivity

reflects the capability of a material to conduct heat over time.



While the theory behind thermal conductivity measurements is relatively simple,
accurate measurements are often difficult to carry out. As a consequence, there are almost
as many ways to measure thermal conductivity as there have been experimentalists
seeking to determine thermal conductivity. The methods fall into two broad categories:

steady state and non-steady state measurements [26].

1.3.1 Steady State Measurements

There are five basic types of steady state measurements: axial rod, guarded hot plate,
comparative, radial flow, and photometer. Each of these methods depends simply on the
definition of heat flux in equation (1.3). For isotropic materials in which neither
longitudinal heat flow nor the temperature gradient vary with time, (1.3) can be

rearranged to yield

_Q(x2 —x1)

kmean - A(TZ _ Tl) (1'4)

where Q is the heat flow rate, A is the area of cross section and x, and x, are points at

temperatures T, and T, respectively.

1.3.1.1 Axial rod method

In Axial rod method, the electrical power applied to the heater is directly determined.
This method yields useful results only for highly conductivity materials and, as such, is

not at all suitable for thermal conductivity measurements of particulate materials.
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Figure 1 Schematic of axial rod method: Sample is sandwiched between two reference

materials.

1.3.1.2 Guarded hot pate method (ASTM C 177)

Guarded hot plate is a widely used and versatile method for measuring the thermal
conductivity of insulations. A flat, electrically heated metering section surrounded on all
lateral sides by a guard heater section controlled through differential thermocouples,
supplies the planar heat source over the hot face of the specimens. The most common
measurement configuration is the conventional, symmetrically arranged guarded hot plate
where the heater assembly is sandwiched between two specimens. In the single sided
configuration, the heat flow is passing through one specimen and the back of the main

heater acts as a guard plane creating an adiabatic environment.
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Figure 2 Schematics of Guarded hot plate method: (a) double sided configuration (b)

single sided configuration.

Inaccuracies in this method can occur from radial heat loss, thermal imbalance
between the hot plate and the guard, and heat flow distortion due to the gap between the
hot plate and the guard. Radial temperature gradients can be minimized by using
sufficiently wide guard heaters, insulating the edges, and using an outer guard heater

matched the vertical gradient.
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1.3.1.3 Comparative method

The comparative method is based upon the comparison of the heat flux through the
sample to the heat flux through a standard with a known thermal conductivity. The
sample is normally sandwiched between two cylinders of the standard. This set, in turn, is
placed between a heat source and a heat sink that determine the vertical temperature

gradient.

If the cross section of the sample matches that of the two standards, then at

equilibrium

i (AT) . (AT) . (AT) 15
s(ax), = Hrs (55)., = kes (5). (L5)

where kg, kg, and kgg are the thermal conductivities of the sample, the top standard,
and the bottom standard, respectively; Ax is the thickness of each of the specimens; and
AT is the temperature difference across each specimen. If the thermal conductivity of the
standard is comparable to the thermal conductivity of the sample, the temperature
gradient across the stack is more uniform and therefore easier to measure and maintain at

equilibrium.

Inaccuracies in this method can occur from heat channeling, radial heat loss, heat

shunting, and inadequate thermal contact between sample and standard.

1.3.1.4 Radial flow
The radial flow apparatus typically consists of a cylindrical central heater core
surrounded by an outer heater, which is set at a lower temperature than the inner heat.

The sample resides in the annulus between the heaters. Solid materials must be prepared

11



as a series of stacked disks, whereas particulate materials may simply be poured in.
Guard heaters are placed at each end and used to match the temperature gradient of the

radial cross section, to ensure radial heat flow with no end heat loss.

For radial heat flow the one-dimensional heat diffusion equation is solved for a
cylindrical coordinate system, which yields

:ilnrz/rl (1.6)
2nl AT

where r; is thermocouple position near the core heater and r, is the thermocouple

position near the outer heater.

Inaccuracies in this method can occur from longitudinal heat loss, convection
currents, radiation losses, thermal expansion of the sample or core heater, perturbation of

the heat flow by the thermocouples, and unsymmetrical heat flow.

1.3.1.5 Photometry

Photometry was developed as a way to measure thermal conductivities of particulate
materials under vacuum and low temperatures. The base of the sample is heated by a
temperature bath, and the top of the sample radiates into a vacuum cavity maintained at

liquid nitrogen temperature, 77 K.

The emitted flux Q per surface area of the sample A is computed by measuring the

brightness temperature of the surface of the sample and assuming that
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where ¢ =5.67051 x 1078 W/m? K* is the Stefan-Boltzmann constant. This
assumption implies that the flux emitted follows Planck’s law and originates from the
surface of the sample; that the heat flow is one-dimensional; that the emissivity of the
sample is equal to unity; and that the brightness temperature, effective temperature, and
Kinetic temperature are all equal. The conductivity then can be determined with (1.4).
T, — T, is equal to the surface temperature of the sample, as measured with the

photometer, minus the bath temperature, and x, — x; is the sample thickness.

Inaccuracies in this method can occur from radial heat loss, deviations of the

experimental conditions from those assumed, and measurement error.

1.3.2 Nonsteady State Measurements

There are four types of nonsteady state measurements, all variations of the line-heat
source method first proposed by Stalhane and Pyk [27]: the probe, the transient hot wire,
the differentiated line-heat source, and a 3m method developed by Cahill et al [28] for the

specific purpose of measuring the thermal conductivity of thin film material.

Each of these methods is based on the assumption of radial diffusion of heat from a

line source:
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where « is the thermal diffusivity of the sample, t is time, and r is the radial distance
from the heat source. For the first three line-heat methods the boundary conditions are as
follows: fort =0and r >0, T = 0 (thermal equilibrium); fort >0 and r — o, T =0 (no
heat flow far from the source); and fort >0 and r — 0, —2nrk(0T /dt) = q, where q is

the power per unit length of the heat source after time zero.

1.3.2.1 Thermal conductivity probe

The thermal conductivity probe consists of a thin strand of wire as a heat source, a
thermocouple to measure the change in temperature, a tube or sheath around the two
wires to hold them in place and protect them from corrosion, and a thermally conductive

epoxy, resin, or cement to hold the wires in place within the sheath.

Error in the probe method stems from the inaccuracy of the series approximation for
the thermal problem, the deviation of the probe from a perfect line-heat source, the finite
dimensions of the sample, contact resistance between the probe and the sample, a varying
power input due to both drift in the instrument and the resistance change of the wire with
change in temperature, uncertainty in the measurement of the power input, a drift of

thermal equilibrium, and thermal instability within the sample.

1.3.2.2 Transient hot wire

The transient hot wire technique is essentially the same as the probe, except the wires
are not encased in a protective sheath. For low conductivity materials, however, a two-

wire system is impractical. In order to satisfy the assumption, the thermocouple would
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have to be placed very close to the heating wire, or the duration of the measurements
would have to be very long. At close proximity to the heating wire the thermocouple
would behave as a heat sink compared to the surrounding sample through absorption of
the heat wave, and may reflect some of the heat wave as well. The errors expected from

the transient hot wire technique are the same as those expected from the probe.

1.3.2.3 Differentiated line-heat source

The differentiated line-heat source technique was originally developed by Merrill for
use with particulate materials under a high vacuum. The setup is similar to that used for a
two-wire line-heat source. A thermocouple is placed parallel to the heating wire at a
distance of 2 mm. At this range the thermocouple is not expected to be a serious heat sink

problem but is close enough for the boundary conditions to still apply.

1.3.2.4 3® method

As in the closely related hot-wire and hot-strip techniques, the 3o method uses a
radial flow of heat from a single element that is used both as a heater and thermometer.
The major difference is use of the frequency dependence of temperature oscillations

instead of the time-domain response.

In 3w method an AC heating current across a small line heater is used to heat up the
surface of the sample and a lock-in amplifier is used to measure the response for
extracting thermal conductivity and the heat capacity of the sample. The small line heater
is deposited on the sample surface by sputtering the patterned using photolithography. It
acts as both heater and thermometer [29]. It can be demonstrated that the heat loss due to

convection and radiation is negligible.
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3® method has many advantages when measuring the thermal properties. The main

advantages of this method are

1. Errors due to heat loss from convection and radiation are minimized

2. The sample preparation time is relatively low compared to other thermal
measurement techniques.

3. The cost incurred in testing a given sample is much lower compared to other

techniques.

4. Thermal conductivities can be measured in both through-thickness and in-plane

direction simultaneously.

5. The most important advantage is that configuration can be modified to measure
wide ranges of materials including liquid, bulk solid, thin film, fiber filament

or even nano materials.

[ &
‘k T2w
Viw
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A
E ) Lock-in-
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Figure 3 Illustration of a typical 3 thermal conductivity measurement circuit (left) and
the sample with metal heater/sensor (right), showing temperature fluctuating at 2w
frequency
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There are different ways of utilizing 3@ method according to the geometry of the
specimens. For bulk material or thin film material, metal strip pattern [29] or metal wire
[30] is placed across the sample serving as the heating element and sensing element. For
electrical conductive wire or fiber, the specimen itself is utilized as the heater and senor,

i.e., the AC current is applied directly across the specimen [31, 32].

While many techniques for measuring thermal conductivity are available, not all of
them are feasible for measuring thermal conductivity for carbon fiber and CFRC.
Guarded hot plate and comparative methods are suitable for measuring thermal
conductivity of CFRC and in fact they are two of most popular ways that has been used
to measure thermal conductivity of CFRCs in through-thickness direction. However, due
to the anisotropy and the generally planar geometry of CFRCs, it is difficult to accurately
measure in-plane thermal conductivity of CFRCs with these two methods. Meanwhile,
due to the configuration of the measurement setup, all the methods listed in this section
are unable to measure thermal conductivities of individual carbon fibers except 3w
method. As discussed in section 1.3.4, 3@ method is superior to the other methods in
accuracy and versatility. Therefore 3o method was chosen as the experimental technique
to measure thermal conductivities of CNFs modified carbon fibers and their composites.
In next section, we will have a historical review of 3m method; consequently, problems to
used 3w method for measuring thermal conductivities of carbon fibers and CFRCs will be

discussed.

14 Historical Review of 30 Method
The 3w method has been used as a valuable, narrow-band detection technique to

measure the thermal properties of materials, mainly in small structures, where the
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dimensions of a thermocouple would seriously perturb the system. The prototype of 3w
technique is attributed to Corbino in 1910s who discovered the small third-harmonic
voltage component while applying an alternating current through a heater [33, 34]. He
noticed that the temperature fluctuation of an AC heated wire gives useful information

about the thermal properties of the constituent material.

However, the practical application of this fluctuating signal at 3 did not appear
until in 1961, when Korostoff published a paper on a method for studying vacancies in
solids. In this work, he determined the dependence of the approach of vacancy
concentration to equilibrium in a specimen subjected to a periodic temperature variation
[35]. In the same year, Rosethal presented the thermal equations for a bridge-wire of an
equivalent electroexplosive device. In his work, sinusoidal current passed through a
thermally sensitive resistance and generated a third harmonic voltage. By measuring the
variation of this third harmonic with frequency, he determined the thermal time constant

including specific heat [36].

The next significant advance came from Lowenthal in 1962, who obtained the data
from measurements from light emission instead of thermionic emission and hence extend
the ranges of temperature for the measurement of specific heat of metals [37]. Holland et
al. in 1963 further developed this technique to measure specific heat of metal filament
with alternating current using narrow band techniques and a synchronous detector, which
is relatively insensitive to thermal noise [38]. In addition, Gerlich, et al. independently
developed a so-called temperature-modulation technique to measure the specific heats of
Ge, Si and Ge-Si Alloys [39]. This technique shared the same principle with narrow band

3m method.
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In 1986, Birge introduced a novel application of the 3® phenomenon, which, instead
of measuring the filament specimen, measured the specific heat of liquid using the metal
filament as heater and sensor [40]. In his work, he also obtained the temperature-
dependent relaxation time comparable to other techniques. In the next year, he published
another paper on extending the measurement technique to measure frequency-dependent

specific heat of a liquid over a frequency range exceeding five decades [41].

In the same year Cahill and Pohl developed an AC technique using a single element
simultaneously as heater and thermometer [29]. In their experiment, metal films with a
width small compared to the wavelength of the diffusive thermal wave was used, to
generate a cylindrical heat flow pattern with which they directly determined the thermal
conductivity of bulk materials. In his paper, the name, “3® method” was first time
referred. This remarkable paper became probably the most well-known origin of 3w
method for thermal conductivity measurement, and resulted in extension of 3w method to
many other materials. In 1989 and 1990, Cahill et al. continually published two papers on
measuring thermal conductivity for thin film materials [28, 42]. In their study, they
successfully measured the thermal conductivity of films with thickness in ten micron
scale on the substrate with 3w method. It is found that, by increasing the frequency ®, or
more precisely decreasing the wavelength, the penetration depth can be deduced to

smaller than the thickness of the film and hence measurement can be confined to the film.

Models and scheme for analysis data were greatly developed after Cahill’s
contribution. In 2001, Borca-Tasciuc et al. presented a detailed analysis and
mathematical modeling of the 3w method applied for different experimental conditions to

determine the thermal conductivity of the films [43]. Based on their work, Olson et al
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(2005) used an improved data reduction method to extend the popular 3® method to
general layered geometries [44]. Consequently, a simplified experimental technique and
supporting analytical model were developed to implement the 3® method with
commercial wire test elements by Olsen and Garikapati in 2007 [30]. This technique is
referred as “wire-based 3 method” in the present study and will be discussed in more

details in the coming sections.

Along with the development of data analysis scheme, the range of objects of the
measurement has also been broadened during this decade by different group of
researchers. In 1999, Kim et al. introduced interfacial thermal resistance when measuring
thermal conductivity of thin films [6]. Instead of using the popular assumption of infinite
substrate thickness, they considered the finite thickness of the substrate and applied
multilayer models to analyze data to obtain the thickness-dependent thermal conductivity
and interfacial thermal resistance. Yi in 1999 measured the thermal conductivities and
specific heat on MWNT arrays by using a self-heat 3w method [45]. This is the first time
3® method is applied to measure thermal conductivity of material of sub-micron scale. In
2005, Choi et al. successfully obtained the thermal conductivities of individual
multiwalled carbon nanotubes [46]. In their work, a microfabricated device was used for
the placement of individual nanotubes to suspend between the metal electrodes. By using
the same principle presented by Yi, 3@ method was employed to measure thermal
conductivity of material in nano scale. In 2007 Bourgeois et al. also performed thermal

conductance measurements on individual suspended nanowires by the 3@ method [47].

Lu et al. in 2001 presented a 3w method for simultancously measuring the specific

heat and the thermal conductivity of a rod or filament like specimen using a way similar
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to a four-probe resistance [31]. In their paper, the high and low frequency limit for the
applied 1D heat conduction equation were provided. This work has become one of the
most important references for measuring thermal conductivity of individual filament type
material including carbon fibers. Four years later, Demas et al. gave a general analysis on
the thermal voltage response for both suspended wire and narrow planar heater. The
difference between the current and voltage-driven setups was also discussed. After them,
Hou et al. in 2006 developed a complete solution for the thermal transport in single-wire
based 3w experiment and studied the effect of radiation on the experiment [48]. Recently,
Wang et al. in 2007 also presented a 3o method for simultaneously measuring thermal
conductivity, thermal diffusivity and heat capacity of an individually suspended wire.
Their method is similar to that of Lu et al. but with different closed form solution for the

heat conduction problem [32].

The aforementioned 3w methods to measure individual nanotubes, nanowire, rod-
like filament, and fiber filament provide foundation for measuring thermal conductivity

of CNFs modified carbon fibers in the present study.

There are many other researches on application of 3w method, but they are outside
the scope of this work, which is why they are not included here despite their importance

as thermal conductivity measurement method.

1.5 Statement of the Problem
From previous sections, it can be seen that carbon nanoparticle modified CFRC is a
promising multi-functional composite material in thermal management application. To

systematically the thermal conductivity of hierarchal CFRC and its reinforcement, carbon
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fiber, is the key to understand and to develop this new type of composite material. In this
study, CNF is selected as the nanoparticle reinforcement, and laminated carbon fabric
epoxy composite is chosen as the neat carbon composite. In the on-going discussion,
CFRC is referred to laminated carbon fabric reinforced epoxy composites if it is not

specified.

In this study, 3m method is selected as a general method to measure thermal
conductivity for carbon fiber and its composites. Before practically applying 3o method
for the study of thermal conductivities of CNF modified carbon fibers and their

composites, there are some technical problems to be considered.

1) Wire-based Heating Pattern Preparation for 3m Method

The main disadvantage of traditional 3w is the expense required in the preparation of
the metal pattern on the specimen. This is normally done by photolithography or
sputtering whose equipment generally costs between $50 and $200k [30]. Meanwhile, the
process of lithography includes chemical etch, which limits the range of materials that
can be tested. The matrix material in this study epoxy resin is a thermal set polymer

whose properties can degrade under the effect of the etching chemicals.

It has been described in the literature that using fine metal wire and more
complicated conduction model, one can remove the photolithography process in the
sample preparation [30]. This is so-called wire-based 3w method. However, this kind of
substitution also brings in two issues: 1. the requirement of great effort and high skill to
precisely mount the fine wire on the surface of the specimen; 2. the difficulty of ensuring

contact between the specimen and the wire due to the complexity. A scheme must be
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designed to perfectly attach the fine wire on the surface of the specimen without

disturbing the wire itself.

2) Electrical Conductivity of the Specimen

Carbon fibers are electrical conductive material. When embedded inside the polymer
matriX, the carbon fibers are insulated inside the composites. However, in order to have
good contact between the wire and the specimen in wired-based 3w measurement, the
surface of the composites need to be cut and polished into a flat and smooth plane. In
such a case, the fibers will be exposed, making electrical bridging between the heating
wire and the carbon fibers. Insulation need to be introduced to cut off such electrical

bridging.

3) Thermal conductivities of Individual Carbon Fibers

In this study, carbon fiber is the object that the CNFs directly modified. Therefore it
is critical to measure the thermal conductivity of CNFs modified carbon fiber.
Investigation of the effect of CNFs on thermal conductivity carbon fiber will provide a
better understanding on the effect of CNFs on the fiber composites. Techniques and setup
of 3w method to measure thermal conductivities of individual fiber filaments need to be

implemented.

4) Modeling for Hierarchical Carbon Fiber Composites

Since development of hierarchical carbon fiber composites is still in its infancy,
modeling work with the preliminary experimental data of thermal conductivity of

hierarchical fiber is an efficient way to further the study and will provide a guiding for
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the design of the hierarchical composites. However, although there are some literatures
reporting the experimental data on thermal conductivities of hierarchical carbon fiber
composites, so far modeling for thermal conductivities of hierarchical composites does
not exist. There is need to develop either theoretical model or numerical simulation to
take advantage of the measured data for understanding and design of the material

structure.

6) Anisotropy of Carbon Fiber

When using 3o method to measure the thermal conductivities of individual fiber
filaments, one significant assumption is that the carbon fiber is isotropic. Thus, a one
dimensional governing equation can be applied to describe the heat flux conduct across
the carbon fiber. However, it has been well known that carbon fiber is an anisotropic
material, whose thermal properties in radius direction can be significant different from
that in longitudinal direction. For example, by solving an inverse problem from carbon
fiber-epoxy composite, Hind and Robitaille has found that longitudinal thermal
conductivity of PAN-based carbon fiber, HexPly T300, was ten times of its transverse
thermal conductivity [4]. In the work of Nozawa et al., longitudinal thermal conductivity
of Pitch-based carbon fiber, P120s, has been reported to be 250 times higher than its

transverse thermal conductivity; however the detail of measurement is absence [49].

Modeling CFRCs requires defining the thermal conductivity of carbon fiber in radial
direction. This is often achieved by assuming certain lower value than its counterpart in
longitudinal direction (for example, 1/10 of longitudinal thermal conductivity). For CNFs

modified carbon fiber, such assumption will not hold. It is important to established
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experimental approach to directly measure the transverse thermal conductivities of

individual carbon fibers.

1.6

Objectives

According to the problems listed in section 1.5, there are following objectives for

this study:

To develop the tools and procedures required for the preparation of specimen for
wire-based 3w method, with simplicity and robustness. This method must able to
be applied to measure CFRCs.

To established setup to systematically measure the longitudinal thermal
conductivities of individual carbon fiber filaments.

To develop technique, experimental setup and procedure to measure thermal
conductivities of individual carbon fibers in transverse direction.

Experimentally investigate the relation between CNF growth and the thermal
conductivities of the hierarchical carbon fiber and hierarchical CFRCs especially
in transverse direction.

To build up multiscale modeling of hierarchical CFRCs to investigate the effect of

the growth of CNFs on thermal conductivities of CFRCs.

1.7 Dissertation Outline

This dissertation includes both experimental work and modeling work. It is divided

into six chapters. Chapter 1 is the introduction. Chapter 2 presents the basic principles of

using 3o method to measure the thermal conductivities of carbon fiber composites,

individual carbon fibers in longitudinal direction and individual carbon fibers in radial
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direction. Theory to extract thermal conductivities from the experimental data is also
discussed in detail. In Chapter 3, the experimental setup and the procedure of 3o method
for all the measurements are described. Some technical issues and their solutions are
discussed. Chapter 5 presents the results for the measurement of thermal conductivities of
hierarchal carbon fibers and their composites. Validation for each method is also given in
this chapter. Finally, chapter 6 summarizes the whole present work and gives some

possible future directions.
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Chapter 2 Experimental Principle and Theory of 3® Method

2.1 Introduction

This chapter presents an overview of the basic experimental principle of measuring
thermal conductivity with 3® method and the theory to determine the thermal properties
from the 3® experiment. The detail of the measurement techniques and the theories to
analyze the data are different as respect to material types and as respect to direction of the
thermal conductivity. Here, three major techniques are presented for measuring the
thermal conductivity for bulk material, longitudinal thermal conductivities for individual
fibers, and transverse thermal conductivities for individual fibers. These three techniques
are either adapted from existed techniques or developed recently to satisfy the need to

study the thermal conductivity of hierarchical carbon fiber and its composite.

Section 2.2 presents the basic experimental principles and a brief theory for
measuring thermal conductivity of bulk material such as carbon fiber composites. The
theory for origin of the 3w harmonic response on narrow metal strip under a @ AC
voltage is presented in detail. Consequently, the way to determine thermal properties of
bulk material using a metal strip as heater and sensor is presented. After that, a simplified
3® method, so-called wire-based 3m method is introduced and the corresponding theory
is also explained. Since we used this technique to measure the thermal conductivity of the

carbon epoxy composites, the protocol of this method will be discussed in more detail.

In section 2.3 wire-based 3w is extended to measure the longitudinal thermal
conductivities of individual fibers. In this technique, the general experimental principle is

similar to the wire-based 3w presented in section 2.2, but with some modification
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according to the material geometry. Unlike measuring bulk material with metal wire, the
specimen itself in this section is used as heater and sensor. The theory behind is
consequently different: the heat flux across an individual fiber specimen is assumed to be
a one dimensional along the fiber longitudinal direction. Therefore, Lu’s model is used to

set up the mathematic relation between the 3w signal and the thermal properties.

Section 2.4 presents a recent developed technique for measuring the transverse
thermal conductivity of an individual fiber by 3w method. In this technique, a piece of
fiber filament is submerged into deionized water and AC voltage of frequency w is
applied on it to create a transverse heat flow. Analytical solution for such a two phase
heat conduction problem is presented in this section. The corresponding theoretical 3w

response is further derived in term of thermal properties of the individual fiber.

2.2 Measuring Thermal Conductivity of Bulk Material with 3@ Method

2.2.1 Metal Strip on Bulk Materials

2.2.1.1 Experimental principle

The general concepts and nomenclature common to all the 3® method for measuring
bulk materials will be introduced in this section for the most intuitive case of 3 method.
As already mentioned, 3 signal is formed by supplying a metal strip with AC voltage or

current in the frequency of .

The most common way to generate the o supply is by using a function generator or
oscillator, which provides a voltage source in the range frequency from sub Hz to more
than thousand Hz. Although an operational amplifier circuit may be used to convert this
voltage source to a current source, it is more common to use the voltage source directly
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while analyzing the data as if a current source has been used. This simplification is valid
if the sample resistance is small compared to the total resistance of the circuit and gives a

correction factor to use when the sample resistance is larger.

Platinum, silver or gold, is usually chosen to make the metal strip because they have
relatively high thermal conductivities but low electrical conductivities. The narrow metal
strip is produced on the sample by photolithography or by evaporation. For most samples
that are not soluble in water, photolithography is commonly used to produce the metal
strip that is from 5 to 35 um wide. For other samples the strip can be evaporated through

a mask, which produces the pattern with larger width.

In order to obtain the output of the third harmonic response, the voltage across the
specimen is usually first balanced with an impedance bridge circuit to filter out the
fundamental and the noise. This impedance bridge can be Kelvin double bridge, variable
RC network, Wheatstone Bridge, or tripling circuit. Lock-in amplifier, synchronous
detector, or oscilloscope, typically, is then applied to measure the third harmonic voltage

across the specimen.

2.2.1.2 Theory for determining thermal conductivity from 3w response

As discussed in the previous section, in the conventional sample preparation the
heating element is created using chemical vapor deposition followed by photolithography.
The cross section of the heating element is rectangular. The height of the element is very
small compared to the width of the element. This reduction in height helps in reducing

the heat loss due to convection and radiation (effects due to black body radiation).
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To derive the equation relating the thermal conductivity to the temperature
oscillations of the narrow strip heater-sensor, we begin with the exact solution for the
amplitude of the temperature oscillations at a distance r from a line source of heat with
period 27 /w containing a time-factor e‘“t, which will be understood to multiply all
temperatures and fluxes and will be omitted through. Before that, we consider a circular
cylinder with infinite diameter whose axis coincides with the axis of z is heated, and the
initial and boundary conditions are independent of the coordinates ¢ and z. The

temperature will be a function of r and t only (Figure 4), and this equation is:

| Line heat source
generating heat
flux q

Infinite medium

Figure 4 A line heat source in the center of a cylinder with infinite length and diameter.

OAT 02AT 10AT
= il (2.1)

p ot or?2 r or

Substitute AT with ATe®t, (2.1) becomes
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d*AT 1dAT iw
Z — AT = 2.2
dr? + r dt a 0 22)

where a = k/pC is the thermal diffusivity. The general solution of (2.2) is

AT = NIy(¢r) + MK, (¢r) (2.3)

N[ =

(2.4)

()

AS
I

where N and M are constant determined by the boundary condition. The flux q is given

by

0AT
q= _kW = —ko NI, (or) + ko MK, (1) (2.5)

Now we consider the boundary conditions. At the location infinite far away from the

heat source (r = o), the temperature should be finite, therefore N=0, (2.5) becomes:

q = ko MK, (¢r) (2.6)
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Meanwhile, at =0, the amplitude of heat flux satisfies:

q= =-— (2.7)

Combine (2.6) and (2.7), with r=0, we can obtain

P
= 2.8
M 2nLk (28)
So the solution of (2.2) is
— 2.9
AT = —Ko(gr) (2.9)

If we have half space along z axis as its surface and if the surface is insulated against
heat flux (Figure 5), except at the axis where there is a flux of g, then the temperature

distribution is the same as that for an infinite space but with a heat flux 2q, i.e.,
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q
PSS A SIS ISP S I

Figure 5 Cross section of a line heat source on the surface of a semi-infinite medium

with heat flux g. The top surface of the medium is insulated.

P
= 2.10
AT = ——Ko(pr) (210)

If |or| «< 1, (2.10) can be approximately written as [50]

—P Qr
or
P /1 « 1 in
— Zn— —y—= - 2.12
AT nLk(Zlnr2+ln2 y 2ln(Za)) 4) (2.12)
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where y is Euler-Mascheroni constant approximately equaling to 0.5722. The result has
been written to separate the frequency-dependent and the imaginary contributions to the
solution. A complete solution for the temperature oscillations in a line source of finite
width involves a convolution of this result across the width of the line and then an
average across the line, but since we are only interested in determining the thermal
conductivity, and not the thermal diffusivity, a complete solution is unnecessary. As long
as the thermal penetration depth is much larger than the width of the line, i.e.,|pr| < 1,
the slope of the AT versus In(w) curve is independent of the width of the line and of the

averaging procedure.

Equation (2.12) can now be used to calculate the periodic change in the resistance of

the heating element.

OR
— AT 2.13
AR = AT = (2.13)

Since the temperature fluctuates at a frequency of 2w, the resistive change will also
fluctuate at 2w. The current flowing through the heater is exactly in phase with the
driving voltage at ®, thus the periodic change in the resistance will produce a small

fluctuation in voltage across the test section.

V _ OR
Varar = Ecos(a)t) - |AT| cos(Qwt + @AT)G_T (2.14)
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where @,7 denotes the phrase difference between the current and the temperature and the

bar accent denotes the average. Using trigonometric relations, this can be rewritten:

V _ OR
Vagar = o7 |AT| 57 [cos(Bwt + Pp7) + cos(wt + Baz)] (2.15)

Thus there is a component of the response which oscillates at 3w and a portion which
oscillates at . Both of these signals are of equal magnitude and both are in phase with

the temperature oscillation.

V3 OR[l «a 1 in

_ AV — ikl oy _ = 2.16
AVs = BV = o= [ +1n2 -y = 5 In(20) — (2.16)

Equation (2.16) can also be recast to utilize commonly used RMS voltages and

frequency values, rather than peak values and angular frequencies:

e Vs ORP (@ \ im
3w.rms = ArR2Lk T

Ff?"z - 7 + 2C1] 1= 0.924 (217)

where f is the ordinary frequency. If two 3w voltages are measured at two separate

frequencies, the constant terms in equation (2.17) can be canceled out
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2
_ Vi R n (7 (2.18)
4T[R2L aT (AV3a)_rms)2 - (AVSa)_rms)

1

Equation (2.18) uses only two points to determine the value of the material thermal
conductivity. A more robust approach is to use a composite of several points to reduce
the effect of the error associated with any two particular values. Equation (2.17) can be

modified to into the following form in preparation for this approach.

V3 4R a f\ in
AV, = ———21 ( )—1 (—)—— 2 ] 219
Vso = grretkar ™ anprz) ~I0\g) 7 24 (219)

The constant fis an arbitrary reference frequency which is used to maintain
dimensional uniformity. Since the 3o voltage is linear with respect to the natural log of f,

linear regression can be applied over N experimental measurements in the following

manner.

AV rms = C2 [—ln (fio)] +c3 (2.20)
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NYNY, (—Vg,w_rmsj ‘In (%)) = Xj=1Vawrms; " Lj=1 (—ln (%)) (2.21)

o (o) [ (e )]

) I B (W11 5 (I}

_ (2.22)

v (o) ()]

Terms in equation (2.19) and (2.20) can now be directly equated.

3
o _Vrms” OR (2.23)
4nR?Lc, dT
C3
a = 4nf,r?exp (c_ — 2c1> (2.24)
2

The thermal conductivity can also be directly calculated from the imaginary, or out
of phase, component of the 3w voltage. Meanwhile, in equation (2.15) we can see that,
1o component might be also used to determine thermal conductivity of the sample.
However, since this component has the same frequency as the driven voltage, it is very
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sensitive to noises. Therefore in practical application, 3w is normally used for measuring

thermal conductivity.

2.2.2 Metal Wire on Bulk Materials

2.2.2.1 Experimental principle

In the early days, the 3m method was developed for measuring dielectric thin film
materials [42]. Due to the use of the photolithographic pattern, such technique was
limited by the cost effectiveness. To simply the sample preparation and make the
measurement more cost-effective, a wire-based 3w that developed by Garikapati and
Olson can be used [30]. For point of view of apparatus, there is no different between
using lithographic metal strip and using commercial metal wire. The main difference is in

the way of preparation of the specimen and the theory to extract the thermal properties.

Wires of platinum are chosen typically with diameter smaller than 10um so that the
temperature over the cross-section of the wire can be considered as uniform. The length
of the wire used should be at least 100 times of its diameter so that the end effect of the

wire can be neglected.

In order to ensure good contact between the wire and the surface of the specimen, the
surface of the specimen must not only be smooth (the arithmetic average of the absolute
values of the surface at least 10 times smaller than the diameter of the wire), but also be
flat. This is usually achieved by using sand paper with different level of grit in sequence
until a flat and smooth surface can be observed under microscope. Similar to hot plate
method, contact agent is also required to secure the wire on the surface and reduce the

contact resistant.

38



Lead wires can be connected to the heater wire with conductive epoxy, soldering or
simple clamping. Since commercial wire normally has larger dimension than lithographic
metal pattern and the geometry of the wire limit its contact with the specimen surface, in
order to reduce the heat loss in convection and black body radiation, it is preferable to

keep the specimen and with the wire in the vacuum environment.

2.2.2.2 Theory for determining thermal conductivity from 3w response

The objective of this derivation is to develop an expression for the impedance at the
surface of a structure like the one shown in Figure 6. The assumed periodic temperature
profile can be substituted into the appropriate partial differential equation for two-
dimensional conduction. A factor of 2 is introduced to account for the frequency doubling

which results from sinusoidally driven Joule heating

Metal Wire

Adhesive

Bulk *lu W‘
Specimen ly—' X

Figure 6 Cross-section of the modified heating element for wire-based 3@ method. The

drawing is not to the scale.
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T = Texp(i2wt) (2.25)

°T 0°T

i2wT = a, W + ay a—yz (226)

It is now useful to employ a Fourier transform to simplify this differential equation.

Equations (2.27) and (2.28) show the forward and reverse transforms respectively

fQ) = f ) f(x)exp(—i Ax)dx (2.27)

1 (™,
fG) =5 j_ F(Dexp(i Ax)dA (2.28)

Applying the forward transform to equation (2.26) yields an easily solved ordinary

differential equation based on a newly defined quantity ¢.

a*T _
i ¢>T = (2.29)
i2w;Ax?
o)) = ijz + ; j=12,..M (2.30)
y
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Here, j is the frequency index (M total frequency points). Ax is the width of the
heated region. Also, the anisotropy ratio ¥ and non-dimensional transform variable y are

defined as:

P (2.31)
k, '
X = AxA (2.32)
The temperature solution becomes:
o y y
T = c;sinh ((l) E) + c,cosh (d) A_x) (2.33)

It is now useful to define the transform impedance z.

~)

Il
)

N

(2.34)

Fourier’s law of conduction can be applied to equation (2.34) to solve for integration
coefficients.
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0= —k,AxL — (2.35)

Substituting equation (2.33) and (2.35) into equation (2.34) yields:

1

201 = Tk, 1600,

j=12,..M (2.36)

It is also necessary to define the boundary condition at the surface of the material.
This is done by determining the transformed heat flux at the surface (i.e. integrating over
the heated region.) The forward transform reduces to a cosine transform due to the

symmetry of the heat flux about x=0.

Ax/2
Q1) = AxL J qcos(Ax)dx (2.37)

—Ax/2

Equation (2.37) can now be inserted into equation (2.34) to yield a boundary

condition for the surface temperature (Q = AxLq).

z(x)j j=12,..M (2.38)
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A reverse transform can now be applied to equation (2.38), again symmetry reduces

the reverse transform to a cosine transform.

1 (.
T(x); = %[ T; cos(Ax)dA

o sin (% X 2.39
o eBeld) e
ji=12..M
T(x); = Z(x);Q (2.40)
] ]
o cin (£ X
Z(x)j = l]_ - (2) C)(()S (XAX> z()()jd)( j=12,.M (2.41)

The surface transform impedance z(y) in equation (2.41) is a function of material
properties, frequency and the integration variable y. This rather complicated expression
has eluded solution by analytical means. In fact, no known solution exists for even the
simplest case. It is therefore requisite than any inverse method, which employs this
solution, be equipped with an efficient means of evaluating the integral in equation (2.41).
It is certainly possible to numerically integrate equation (2.41) by standard means;
however, this process is made difficult by dramatic changes in z that occur over a range

of frequencies. This difficulty can be largely circumvented through the use of a simple
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variable substitution. Equation (2.42) defines a new dimensionless substitution variable

that effectively expands the integration region directly about y = 0.

5

X=E00 = (242)
dsm) n*(5+n") (2.43)

dp — (1+n%?

Since the impedance function is symmetric about n, it is only necessary to integrate
one haft of the total domain. Following the variable substitution, equation (2.41) can be

rewritten as equation (2.44)

- (€0 X
1= g sin () cos (S i)
20;=2] = ( )E(n) s, ix (2.44)

j=12.M

Although the limits of integration on equation (2.44) are infinite, it can be observed
that the integration argument is essentially zero for values of n larger than 4mn. The

integration interval can, therefore, be truncated to (-4n<mn <4n).

In order to simplify the sample preparation process, wire elements have been used in

place of patterned elements. In order to insure that the wires are in intimate contact with

44



the surface, the surface is first flattened and polished (if needed). After placement of the
wire, a thin (<Ium) topcoat of contact agent is applied. Although this arrangement is
experimentally simple, accurate treatment of the boundary conditions requires further
development. This will be accomplished through modification of the incremental division

method developed by Olsen [44].

The contact agent film can be divided into finite volume elements oriented at 45° and
a first order approximation of Fourier’s law can be used to calculate the horizontal heat

flow between elements (Figure 7).

— }—

AX

Figure 7 The finite volume division of the spin-on-glass coating. Elements are oriented at

45°,
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Here, [Sy] is a tri-diagonal matrix of conduction coefficients [kLH ‘/E/ Axl (the factor of

V2 is included because the elements are oriented at 45°), {T} is the corresponding nodal
temperature for each element, and j is the frequency index. The total heat transfer through

the base of each element can be determined using the matrix form of equation (2.40).

{Ts}; =12]{Qs}; j=12,..M (2.46)

Here {Ts} is the temperature at the surface of the material. Fourier’s law can also be used

to relate the surface temperature to the nodal temperature.

Q53 =[Sy{Ts—T3; j=1,2,.M (2.47)

Here [S,] is a matrix of vertical conduction resistances [ZkLAx/ﬁH] . Combining

equations (2.46) and (2.47) yields:

@) = [112), - 1] [S,01; j=12,.M (2.48)

where [1] is the identity matrix. The total energy balance for the system of elements can

be written in matrix form as:
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{Qu}; +{Qs}; —{Qw}; = [SulATY; j=12,..M (2.49)

where [Sy] is a diagonal matrix of mass coefficients

lLZa)ijAx " and {Qu is

V2LH

the total heat transfer from each finite volume element into the wire. The energy balance

equation can thus be rewritten:

[$71{T}; ={Qw}; j=12..M (2.50)

121 = [Sul + [1S)1021; = 1] [S1 = [Sul; j=12..M (251)

Fourier’s law can again be employed to relate the temperature at the wire surface

{Tc} to the elemental temperature {T}.

Quw}l=IsvI{T-Ty}; j=12.M (2.52)

Using equation (2.48) in equation (2.46) yields:

-1

ow}; =11 - 18:1,1807Y [Tl j=12..M (2.53)
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Equation (2.53) places the total rate of heat transfer into each incremental area in terms of
the wire surface temperature. Assuming that the wire is isothermal, an arbitrary

temperature can be assigned to {T,} and {Qw} can be calculated.

M;
§ mcr "' ' 'j
ZW , —

: j=12..M (2.54)
g Mincr mecr QW,m,j

The wire impedance can be corrected for the influence of the wire mass using equation

(2.55)

~ 1
Z=— j=12,.M
7~ i2wpCmr?L
W j

(2.55)

The properties of the material are determined by adjusting the model parameters to
minimize the error between the measured impedance values and the analytical impedance
values. This is typically done using a nonlinear optimization function which employs a

simplex algorithm

M
E=>Z-2) (2.56)
J
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It should be note that, by parameter fitting, approach, thermal conductivity can be
determine in through-thickness and in-plane directions, which are k,, and k,, respectively
in (2.31). It should be also noted that, according to equation, it is possible to measure the
thermal conductivity of the bulk material by embedding the platinum wire inside the
sample. In this case, the boundary condition is much simpler and there is no need to used
finite difference model in the previous section. Beginning with the heat conduction
equations in cylindrical coordinates and employing a solution procedure similar to the
one presented in reference [44], it is a straightforward exercise to derive the thermal

impedance at the surface of the embedded wire:

_ |nrtf (2.57)
J a
1 Ko(¢;) (2.58)

i = 2nkL &K1 (¢;)

where, K, and K; are modified Bessel functions. However, this method has a
limitation: it requires the platinum wire be in the bulk material before test. Only neat
epoxy or nanofiller epoxy composites can be measured using this method. Therefore, in

this study, the wire-embedding method is only used for validation purpose.
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2.3 Measuring Thermal Conductivities of Individual Fibers

2.3.1 Measuring Longitudinal Thermal Conductivities of Individual Fibers

2.3.1.1 Experimental principle

3 method can be also used to measure thermal conductivity of material in shape of
fiber filament. It is required that the sample must either electrical conductive or semi-
conductive. The AC driven voltage or current is directly fed onto the specimen and the
specimen itself will response as both heater and sensor. The fiber filament is usually

suspended between two copper strips serving as both electrodes and heat sinks.

Compared to metal strip or metal wire on a hard surface, the suspended filament will
experience higher convection compared with conduction. This is because the only
conduction occurs at the two ends where the suspended fiber filament is connected to the
heat sink. For eliminating the heat loss through gas convection, a high vacuum, typically
in mini-torr scale, is needed. In order to depress the radial heat loss, radiation shielding is

used.

2.3.1.2 Theory for determining thermal conductivity from 3 response

The heat generation and diffusion of an AC electrical current of the form Isinwt
passing through the suspended fiber filament can be described by the following partial

differential equations and the initial boundary conditions (Figure 8):
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Fiber Specimen

0 L

/ Substrate

/
Copper Electrodes and Heat Sink

Figure 8 Illustration of the configuration for measuring the specific heat and thermal

conductivity of a fiber filament specimen along fiber direction.

oT (x, t) " 0°T(x,t) 3 IZsinwt

P —o- e, TS [R+ R'(T(x,t) — Ty)] (2.59)
T(0,t) =T,
(L o) = Tz (2.60)
T(x,—) =T,

where R" = (dR/dT)r,. S is the cross section of the specimen. We have assumed that the
electric current was turned on at t = —oo.
Let A(x,t) denote the temperature variation from Ty, i.e., A(x,t)=T(x, t)-To, equation

(2.59) and (2.60) then become

dA(x,t) 0%A(x, t)
—a

3t 2 csinwtA(x, t) = bsin?wt (2.61)
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A(0,t) =0
A(Lt) =0
A(x,—) =0

(2.62)

where b = I§R/pC,LS, ¢ = I§R'/pC,LS.

Using the impulse theorem, A(x,t) can be represented as the integral of the responses

of the specimen to the instant “force” bsinwt at each time interval:
t
Alx,t) = f z(x,t;T)dT (2.63)

where z(x, t; ) satisfies

0z 0%z
@ —— — sin? = 2.64
T aaxz csin“wtz =0 ( )
z(0,t) =0
2(Lt) =0 (2.65)

z(x,7 + 0) = bsin*wt

z(x, t; ) can be expanded in the Fourier series:
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nmx
z(x, t;T) = UnsinT (2.66)

n=1

Substituting equation (2.66) into equation (2.64), we have

- nmx
Z sinT =0 (267)

n=1

dU"+ P csin? t)U
R ” csin‘wt | Uy,

where y = L? /m?a is the characteristic thermal time constant of the specimen for the

axial thermal process.

The term csin?wt can be neglected if n2/y > c, or equivalently

IZR'L

- 2.68
— g <1 (2.68)

Condition (2.68) means that the heating power inhomogeneity caused by resistance
fluctuation along the specimen should be much less than the total heat power. This
condition is usually held. For example, in a typical measurement one could have 1p=10
mA, R’=0.1/K, L=1 mm, $=10% mm2, and k=100 W/mK, the left-hand side of equation

(2.68) is then about 10° even for the n=1 case.

After dropped off the csin“ws term, the solution of the ordinary different equation

(2.67) is
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U, (t;7) = Cy(7)e~(*/7)t=1) (2.69)

where C,,(t) can be determined using the initial condition in equation (2.65), together

with the relation Y.;>-,{2[1 — (—1)"]/nrt} sinnmx /L = 1 for O<x<L:

Cn(7) = . :ug_l)n] sin®wt (2.70)

Using equation (2.69) and (2.70), equation (2.67) becomes

- nmx 2b[1 — (—1)"
z(x,t;7) = ) sin -1 ]sinzwre‘(”z/y)(t‘f) (2.71)
] L nm
n=

Substituting equation (2.71) into (2.63) and remembering that A(x,t)=T(x,t)-To, we obtain

the temperature distribution along the specimen:

> [1— (=)™ nmx sin(2wt +
T(X,t)—TOZAOZ%XSiHT 1- ( ¢n)
e~ n 1+ cot?¢,

(2.72)

where cotgp=2wy/n?, and Ay= 2yb/m = 2yb/m = 2IZR/(wkS/L) is the maximum

dc temperature accumulation at the center of the specimen. A, is only k dependent. The
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information of C, is included in the fluctuation amplitude of the temperature around the

dc accumulation.

The temperature fluctuation will result in a resistance fluctuation, which can be

calculated as
R' (L
O6R = ff [T(x,t) — Tyldx (2.73)
0

Using equation (2.72) and the relation fOL(sinnnx/L) dx =[1—-(-D"]L/nm, the
resistance fluctuation can be expressed as

o)

. [1-(=1)"]? sin(Qwt + ¢,)
SR —RAOZ — [1— Vi

(2.74)

n=1

As a product of the total resistance R + R and the current I;sinwt, the voltage
across the specimen contains a 3o component V;,(t). Obviously, the n=2 term in V;,(t)
automatically vanishes. If only taking the n=1 term, which introduces a relative error of

the order ~3™ at low frequencies, we have

2I3RR’

T*kS\1+ (Qwy)?

V30 (t) = — sin(3wt — ¢) (2.75)
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where we have redefined the phase constant ¢ = g — ¢,50 that

tang = 2wy (2.76)

If using the root-mean-square values of voltage and current as what the lock-in
amplifier gives, equation (2.75) becomes (hereafter we always let V3, denotes the rms

value of V3,(t), and | denotes the rms value of I,sinwt):

4I3LRR'

T*kS\/ 1+ (2wy)?

V3a)_rms(t) ~ = (2-77)

By fitting the experimental data to this formula, we can get the thermal conductivity k

and thermal time constant y of the specimen. The specific heat can then be calculated as

L il (2.78)

The following alternative form makes it more clear how the 3® voltage depends on

the dimensions of the specimen:

V3w (t) = —

413L ! L
pepe ( ) 3 (279)

k1 + Qwy)2 \S
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where p, is the electrical resistivity of the specimen, p,’ = (dp,/dT).

2.3.2 Measuring Transverse Thermal Conductivities of Individual Fibers

As mentioned in chapter 1, carbon fibers are, in fact, highly anisotropic structural
materials due to the orientation of graphite-like micro-fibrils along the fiber direction.
Therefore, the thermal conductivity of a carbon fiber is significantly higher in the

longitudinal direction compared to the transverse direction.

In order to set up a complete study of the effect of CNFs on thermal conductivity of
hierarchical carbon fiber and provide experimental input to the hierarchical CFRCs, an
experimental technique and the corresponding analytical model for direct measurement of
the transverse thermal conductivity of carbon fiber using the 3o method is developed.
The experimental principle and the theory to determine the thermal conductivity of this

new technique are given in the following two sections.

2.3.2.1 Experimental principle

Similar to the technique for measuring longitudinal thermal conductivity of an
individual fiber with 3w method, the individual fiber specimen in this technique is also
used as heating and sensing element. Instead of suspending the fiber in a vacuum
environment, to measure transverse thermal conductivity, medium is needed to allow the
heat flux flow through transverse direction of the carbon fiber. To achieve this controlled
environment of transverse heat flow, the fiber is submerged in deionized water. The AC
voltage of frequency o is then applied to the specimen to heating up both the specimen
and the surrounding medium to generate the 3w response. The connections for the fiber

also need to be adjusted to minimize the heat flowing from the two ends of the fiber.
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Instead of copper strip, small piece of circuit board is used to create adiabatic boundary
condition. Deionized water is selected as medium because: 1. it is the convenient to place
the fiber inside deionized water; 2. deionized water is a liquid with high thermal
conductivity and low electrical conductivity. The known thermal properties of deionized
water can be used to calculate the thermal conductivity of the fiber specimen through heat

conduction theory.

2.3.2.2 Theory for determining thermal conductivity from 3w response

Schematic diagram of the heat conduction of the fiber submerged in a liquid medium
is shown in Figure 9. Due to high aspect ratio (> 100) and significantly smaller
dimensions of the fiber compared to the liquid reservoir the fiber is modeled as an infinite
long cylinder inside an infinite medium (Figure 10). Assuming that the thermal
conductivity is uniform over the cross section of the fiber and a perfect boundary
condition is maintained at the interface between the fiber and the liquid medium, the
governing equations of the heat conduction of an infinite long cylinder inside the infinite
medium with periodic volumetric heat generation due to the applied alternating voltage in

polar coordinate system, neglecting convection and radiation heat loss, can be written as,

Circuit boardNE oo ey e —— = -

Glass Substrate

Specimen

Figure 9 Schematic of the suspended fiber specimen submerging in deionized water.
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Medium

Cylinder Heater

Figure 10 Schematic of a heat conduction of infinite long cylinder heater inside an

infinite medium.

0T, _ 0°T, 10T, 2.81)
PzCZW— 2<6r2 ;6_1”)

nl|_, =Tl _, (2.82)

T _, =0 (2.83)
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T, oT,
5

2 or
r=a

(2.84)

r=a

where T is the oscillating temperature and § is the heat generation rate per unit volume;p,
C, and k are density, specific heat and thermal conductivity, respectively. The subscript 1
is for the fiber and subscript 2 is for the medium. R, a and L are the electric resistance,
radius and length of the fiber specimen, respectively. V is the amplitude of the AC
voltage, w is the angular frequency of the alternating voltage, and t is the time. Driven by
w periodic signal, temperature will also be also fluctuated in period of 2w and can be

written as

T, = AT, exp(i2wt) + Ty (2.85)
where T is the ambient temperature, and
v (2.86)
g = (2 — 2
g = gexp(i2wt) YT} exp(i2wt)

Substitute (2.85) and (2.86) into (2.80)-(2.84), we have:
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AT,
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ATy |r=a = AT, |r=a

AT|r—o =0
OAT,| OAT,
toor r=a - % or r=a

Solution of (2.88) is [51]:

AT, = AK o (B,7)

where K, is the second kind modified Bessel function. For (2.87), let
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— _ Mg (2.93)
u=Aan 2wk,

then the solution for (2.88) can be obtained as:

u = Blo(Byr) (2:94)

_ *9 (2.95)
AT, = Bly(By7) + 2wk,

2wi

1/2
where I, is the first kind modified Bessel function. g; = (a—> A and B are constants
]

that can be obtained using boundary conditions (2.90) and (2.91)

_ _ng y1i(B1a) (2.96)
2wk, yKo(Ba)1(Bra) — Ky (B,a)lo(B1a)

g - %9 K1(B,a) (2.97)
2wk, YKo(Ba)11(B1a) — Ky (B,a)l(B1a)
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where y = — (%) (Z—:)l/z . aj=k;/p;C;,j =12 are the heat diffusivities of the

specimen and the medium, respectively and i is the imaginary unit. The amplitude of

periodic change in the resistance of the sample is

AR(r) = R'AT,(r) (2.98)
The average change of the resistance of the sample over the cross section is
2R' [ AT, (r)rdr (2.99)
AR = 5
a
The amplitude of the 3w signal is
Vims (2R’ Jy ATy (r)rdr (2.100)
Vaw rms = LrmsAR = R a2
or
. _ 2VemsR" (BL (B1a) L nd (2.101)
3wrms R ﬁla 4i(l)k1
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where the subscript “rms” denotes root mean square of the AC signal.

2.3.2.3 Uncertainty analysis

In this section, we analyze the uncertainty of the present developed technique for
measuring transverse thermal conductivity of an individual fiber. Since the thermal
conductivity is implicit in equation (2.101), the total uncertainty in the thermal
conductivity measurement can be determined by calculating the root sum-of-squares of
the uncertainties of all the contributing measured quantities, including diameter, length,
voltage, electric resistance, and temperature coefficient of electric resistance, which can

be expressed as [52, 53]:

54 = J[&A]i + [6207 + [6212 + [62]% + [6A]12,, (2.102)

For the uncertainties in the dimensions, the maximum deviations from the average
values are taken as uncertainties from independent measurements. The diameter of the
carbon fiber is measured from the SEM images, and the relative uncertainty is estimated
to be less than 1.5%. The length is measured under the microscope by comparing with
rhonchi ruling of 0.1 mm/cycle as reference scale. The uncertainty of the thermal

conductivity caused by length is estimated to be less than 2.07%.

Since the electric voltage and current were measured by an Agilent 8.5-digit digital
multimeter and the standard resistance, the relative uncertainties in the electrical

resistance and the ac voltage mainly came from signal noises. By taking the fluctuation of
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the quantities during measurement as uncertainties, the uncertainties of resistance and
voltage are estimated to be 0.15% and 0.13%, respectively. The uncertainty in the
temperature coefficient of resistance ay is correlated to the uncertainties of electrical
resistance and the temperature values. In the present study, it is estimated by comparing
the mean value of the maximum and the minimum of electrical resistances over the
temperature range between measured data and the best fit results from linear regression
of R~T curves. The total uncertainty in p’, is about 3%. Using the aforementioned
uncertainties of the contributing quantities, the uncertainty of the measured transverse

thermal conductivity is estimated to be less than 5.06% using equation (2.102).
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Chapter 3 Materials and Experimental Methods

3.1 Introduction

This chapter describes the experimental detail for measuring thermal conductivity of
carbon fiber and carbon fiber epoxy composites using 3o method including the materials
selection, samples preparation, experimental setup and experimental protocol. Finally the
selection of parameters for systematically studying the effect of CNFs on hierarchical

fibers and composites is discussed.

Three catalogs of materials are used in this study. The first two catalogs are
hierarchical carbon fiber and hierarchical CFRCs, which are the focus in this research.
An additional catalog is the hybrid carbon fiber composites, which means that CNFs were
blended into the matrix to make the CFRCs. This catalog is for studying the efficiency of
CNF on improving the thermal conductivity with different CNFs reinforced CFRCs
system and to confirm the value on measuring the thermal conductivity of hierarchical

CFRCs.

For the sample preparation and protocol, the wire-based 3® method was chosen to
measure the thermal conductivity for bulk materials in this study due to the low expense
for the sample preparation as discussed in chapter 2. This raises some practical challenge
and issues in preparing the sample and in accurately measuring the thermal conductivities
of CFRCs. A unique designed apparatus and a modified sample preparation protocol are

thus developed to solve these issues. Detail will be discussed in section 3.3.1.
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The same 3 setup was used to measure thermal conductivities in longitudinal and
transverse directions of an individual fiber. The configuration of sample assembly is
slightly different for these two measurements. The details are given in 3.3.2 and 3.3.3

respectively.

Finally, a general introduction of the components in the 3o setup will be given in

section 3.4.1. Parameter settings for different measurements are presented in 3.4.2.

3.2 Materials

3.2.1 Raw Materials

At the early stage of this study, two types of standard materials were used to validate
the sample preparation, the measurement technique and the experimental setup for bulk
material. These standard materials respectively were Pyrex 7740 glass (Glass Dynamics
LLC.), and EPON 862 epoxy with EPICURE curing agent W (Monentive, Performance
Materials Inc.). For the measurement of longitudinal thermal conductivities of individual
carbon fibers, platinum wire and tungsten (California Fine Wire Company, 99.95%) wire
and two types of commercial carbon fiber, AS4 and IM10 (Hexcel corp.) were used for
validation. For the technique to measure transverse thermal conductivities of an
individual carbon fibers, platinum wire, tungsten wire and wires coated with polymer
Spin-on-glass (IC1-200, futurrex inc.) were used for validation. Consequently, the
improved wire-based 3® method was used to measure CFRCs, hybrid CFRCs and
hierarchical CFRCs with hierarchical carbon fabric. For all the epoxy composites system,

Epon862/EPIKURE W was used as the matrix.
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For all the bulk material measurement, platinum wire with 10 um diameter was used
as the heater and senor. Spin-on-glass was used as both the adhesive material to attach the

wire on the surface of the specimen and the electrical insulation material.

For carbon fabric reinforced epoxy composites, the carbon fabric used in the study
was T650/15 Pan-based plain weaved laminated carbon fabric from Indianapolis, Indiana
USA. The fibers of this kind of fabric have relatively low thermal conductivity and
electrical conductivity but have high Young’s modulus. The CNFs used to fabricate
hybrid CFRCs for comparison with hierarchical CFRCs are commercial vapor grown
CNFs which are Pyrograf 111 PR24 with AGLD grade. The lengths of the CNFs range
from 30 pm to 100 um while the diameters of them range from 60 nm to 150 nm. The
functionalization of the CNFs was achieved by oxidation of the surface of the CNFs with
the help of nitric acid. The oxidation generated rough surface on the nanofibers
introducing strong mechanical locking between CNFs and the epoxy matrix. In this study,
0.01%, 0.05% and 0.1% CNFs were used selected as the mass percent to both neat CNFs

and oxidized CNFs to fabricate the hybrid CFRCs.

3.2.2 Hierarchical Carbon Fiber and Hierarchical Carbon Fabric

Hierarchical carbon fabrics were fabricated by growing CNFs on the surface of the
carbon fabrics. The process used to produce growth of CNFs on carbon fiber fabric in this
study followed the chemical vapor deposition process presented by Downs and Baker.
Various amounts of nickel nitrate and copper nitrate salts were mixed in isopropanol at a
9:1 Ni:Cu ratio and deposited on the surface of the carbon fiber fabric with the help of a

Paasche H0609 siphon-fed hobby airbrush. The carbon fiber fabric was then inserted into
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| carbon fiber fabric

Pre-heating section
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Figure 11 Schematic for chemical vapor deposition (CVD) process for CNFs growth on

carbon fabric.

Steel

Strip Steel
Clip

Carbon

Fibers

Figure 12 Configuration for holding the carbon fiber tow inside the reactor for growing
CNFs. Left: Picture of the real samples assembly for reaction; Right: Schematic of the

samples assembly for reaction
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Figure 13 SEM images of CNF grown on the carbon fibers with a) 0.2, b) 0.3, c¢) 0.5 and

d) 1.2 wt% catalysts.

a quartz reaction tube in a three zone vertical furnace (Figure 11). The catalyst was
calcified in air at 300 °C for 1 hour to convert from metal nitrates to oxides, and then
reduced in pure hydrogen at 500 °C for 30 minutes to de-oxidize the catalyst
nanoparticles. Ethylene was flowed through the reaction tube to serve as a carbon source
for the CNF growth, which took place at 750 °C for 30 minutes. The reaction tube was
then purged and the samples were cooled to room temperature in a pure nitrogen

environment.
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For the individual fiber study, the carbon fiber tows were drown out from the carbon
fabric after catalyst solution was sprayed on the surface and it was dried for 10 minutes.
The fiber tows were then held on a steel strip with steel clips and vertically inserted into
the reaction tube (Figure 12). Figure 13 illustrated the SEM images of typical pattern of

CNF grown on the surface of carbon fiber.

3.2.3 Carbon Epoxy Composites

Vacuum assisted resin transfer molding (VARTM) was used to fabricate CFRCs. In
this process incorporating a reference dam, the fibers within the preform were aligned to
the reference dam to create a straight edge after the laminate is cured. The VARTM
process used a single hard tooling flat plate and a vacuum bag as the opposite mold line.
Vacuum pressure was used to impregnate the preform as the matrix is drawn into and
through the layup through the following path which is depicted in Figure 14. The matrix
was heated up to approximately 121 <C during the infusing. After infusion, the sample
assembly was heated up to 177 <C and maintained at this temperature for 90 minutes, and
then allowed to be naturally cooled overnight. The integrity of the vacuum bag was

verified by checking that the leak rate was less than 25 mm of mercury in five minutes.

To fabricate hybrid CFRCs, the epoxy was first modified by blending CNFs, and
then brought into the procedure of VARTM. Since CNFs tend to agglomerate in the as-
received condition, we applied mechanical shearing and ultransonication to disperse the
fillers into the epoxy to fabricate the composites precursor. CNFs were first dispersed in
isopropyl alcohol (IPA) under bath ultrasonic treatment for 1 hour. The suspension was

then mixed with acetone and Epon862 epoxy resin using a mechanical mixer for 5 min at

71



400 rpm. The mixture was further sonicated for 20 min, followed by drying in the
vacuum oven for 24 hours at 50C and 48 hours at 60<C, respectively, and then finally
heated to 105<C to flash the mixture until all the IPA and acetone were removed. The
mixture was sonicated for another hour. EPIKURE W curing agent was then added into
the mixture, followed by mechanical mixing for 10 min at 250 rpm. The resultant mixture
was bath sonicated for 5 min, and then degassed under vacuum for 4 hours. This mixture

was then used in the VARTM to fabricate the hybrid CFRCs.

RELEASE FILM (x2)

VACUUMBAG REFERENCE DAM
DISTRIBUTION MATERIAL VACUUM TUBE
PREFORM

[ l ¥ '//
% o A
INLETTUBE N PEELPLY
THERMOCOUPLES

TOOLPLATE

CHROMATE TAPE (x2)

Figure 14 Schematic of the cross section of VARTM layup. The resin will flow from the

inlet tube on the left, through the preform to the vacuum tube on the right.

The Second type of the CNFs modified CFRC is hierarchical CFRC. CNFs was
grown onto the surface of the neat carbon fabrics and these carbon fabrics were then used
to manufacture the fiber reinforced epoxy composites with the VARTM procedure

following the same protocol for fabricate hybrid carbon epoxy composites. For
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hierarchical composites with CNFs growth, study has been focused on the weight percent
of growth. By applying different mass amount of catalyst (0.2%, 0.3%, 0.5%, 1.2%, and
3%), we have achieved 5.145%, 8.19%, 17.4%, 38% and 252% growth. The thermal
conductivity study was also rendered on the individual fibers measurement for both
longitudinal and transverse directions with different controlled amount of catalysts. In
this study, 0.2%, 0.3%, 0.5%, and 1.2% of catalysts were used to grow CNFs on T650
carbon fiber tows. Fibers were randomly drawn from these tows and thermal

conductivities of them were characterized in a statistical way.

3.3 Test Sample Preparation

3.3.1 Test Sample Preparation for Bulk Materials with Surface-Mounting

The sample was first flattened with diamond cutter and then polished with a
polishing machine with a series of sand paper of different grits from coarse to fine: 80
grits, 150 grits, 200 grits, 500 grits, 800 grits, 1000 grits, and finally 2000 grits. The
sample was then cut into small specimens with length about half an inch. The width and
the thickness of the specimen are various depend on the type of the materials. Usually the
width is between 5 mm to 10 mm, the thickness is between 2 mm to 10 mm. Two small
pieces of circuit boards with size of 2 mm by 5 mm by 1 mm were secured on the edge of
the sample with super glue and maintained in plane with the surface of the specimen by
placing them upside down as shown in Figure 15. For thick specimen, on the bottom of
the circuit boards, several droplets of quick cure acrylic epoxy (Allied High Tech
Products Inc.) were applied and dried or 15 minutes to ensure the connection between the

circuit boards and the specimen were strong enough. These two small pieces of circuit
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boards served as two electrodes to connect the platinum wire to the 3w analysis circuit.
The platinum wire was then stretched and soldered over the two electrodes in contact

with the surface of the specimen serving as the heater and sensor.

Lead Wire
_

Pt Wire

Circuit Soldering

Board

Acrylic

Glass
Substrate

(b)

Figure 15 Sample assembly for measuring thermal conductivity of bulk material with

wire-based 3 method: (a) schematic and (b) a picture of sample assembly of lime glass.
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As can be seen in 2.2.2, using the wire-based 3w and the corresponding scheme to
calculate the thermal conductivity is much cost-effect than using a lithographic strip.

However, there are also some challenging and issues here.

One of the most important drawbacks of this method is the highly skill-required
sample preparation procedure. In this protocol, a metal wire (e.g. platinum) with diameter
around 10um is needed to be perfectly mounted on the surface of the specimen. A typical
way is to transport the wire with tape and stretch the wire manually over the surface of

the specimen. Under the tension, the wire might be in touch with the specimen.

There are two possible failures of the sample even before measurement: 1. the failure
of the wire under over-applied tension; 2. the wire fails to be fully in touch with the
surface the specimen due to the bending of the wire if not enough tension is applied. In
the first situation, no result can be obtained due to the open circuit. The second situation
is more difficult to inspect, because the adhesive material introduced in the next step may
flow in the spacing between the wire and the surface of the specimen and bring in

significant measurement error.

As a result, a precise control apparatus must be designed to apply proper tension to
the wire to both maintain the force within the failure range of the wire and supply enough
stress to make sure the wire is in contact with the surface of the specimen. Meanwhile, it
should be flexible for different dimension of the specimen because if the wire and the
surface of the specimen are not in the same plane, additional stress on the wire will occur

at the edge of the specimen.
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In order to ensure full contact between the small-dimension wire and the surface of
the specimen and to handle such a delicate configuration manually without breaking the
wire, a unique designed mounting-stage was built (Figure 16). This apparatus is
composed of two translation stages: a z direction stage to align the sample to a reference
plane, and a y direction stage to stretch the wire on sample after wire is placed on the
surface of the sample. The z direction stage is a home-made lifting stage with coarse
thread and spring, which can be controlled by turning the screw on the bottom. This z
direction stage provided the flexibility for measuring specimen with thickness from 1 mm
to 20 mm. The y direction stage is a linearly translation stage driven by 0.25mm pitch
with maximum 6.4 mm travel distance from Thorlabs Inc. After the surface of the sample
and the reference plane are aligned (In fact, the surface of the sample was intentionally
maintained slightly higher than the reference plane in most of the cases to ensure the
stretching of the wire.), a platinum wire with length of about 25 mm was transported with
the help of marking tape (marking tape was chosen because it is easy to remove it from
smooth surface.) on to the sample. The wire is then secured on the y stage and the sample
with scotch tapes. The whole apparatus was then put under the microscope and the y
stage was manually controlled to move and stretch the platinum wire up to the point that
there is no gap between the wire and the surface of the sample observed. Super glue is
then applied to both ends of the wire on the electrodes. Two lead wires with length about
50 mm were soldered on the two electrodes for connection into the 3w measurement
system. After the super glue was solidified, the sample was removed from the stages

system and prepared for the next step.
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Z direction translation X direction translation
stage stage

Platinum wire

Figure 16 A mounting-stage for 3o sample assembly: (a) the over view and (b) closer

look at the specimen section.
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In order to establish a robust thermal contact between the wire and the surface of the
sample, adhesive named spin-on-glass (SOG) was used to fill gap between the non-
contacted area of the bottom surface of the wire and the surface of the sample (Figure 6).
After the wire was mounted and secured with super glue on both ends, its surface with
the wire was coated with the SOG with a spinning coating machine at 1500 RPM for 30
seconds. The sample was then allowed to be baked at 50 <C for 5 minutes to evaporate
the solvent of the coating. The integrity of the thermal path between the wire and the
sample was formed using this thin top-coat layer of adhesive. Sample was then connected

to the 3w circuit with a resistive bridge system and ready for measurement.

For non-electrical conductive material, the aforementioned technique is proper.
However, carbon fabric is semi-conductive material. After the carbon fabric epoxy
composite is polished, some parts of the fabric are exposed on the surface. Directly
contact between the platinum wire and the carbon fabric can lead to electric leakage and
generate wrong measurement results. In order to overcome this issue, a thin coating of
SOG (thickness smaller than 1um) was first applied on the surface of the carbon fabric
composites before the platinum wire was mounted. To compensate the effect induced by
the additional SOG layer, a lower frequency range was used during the measurement to
generate higher penetration depth. Figure 17 shows the measured thermal conductivities
of SOG coated Pyrex 7740 using different maximum frequencies where the minimum
frequency was set to be 1Hz and number of data points was set to be 20 with logarithmic
spacing. It is found that, when the maximum frequency is below 4 Hz, the thermal
conductivity converges to the value of pure Pyrex 7740. This is due to the fact at low

frequency the depth of penetration is large enough to cover large volume of the Pyrex
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comparing to the small volume of the coating, and thus the effect of the coating is
negligible. This can be also validated with comparing two standard material samples with
and without insulation coating. Figure 18 shows the comparison between two Pyrex 7740
samples with different sample preparation: one is with insulation layer and the other is
without insulation layer. It can be seen that, the maximum of error is about 0.02 W/m-K
(3.6% of the thermal conductivity of Pyrex 7740), induced by the additional insulation

layer if lower frequency range (below 4 Hz) is used.
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Figure 17 Measured thermal conductivity of SOG-coated Pyrex with 3o method using

different frequency ranges.
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Figure 18 Comparison of measured thermal conductivity of Pyrex 7740 with insulating

layer and without insulation layer in frequency range below 4 Hz using 3w method.

3.3.2 Test Sample Preparation for Individual Carbon Fiber-Longitudinal Direction

As demonstrated in Chapter 2, 3o method can be also used to measure thermal
conductivities of individual fiber filament samples. In this case, the sample itself will

serve as both the heater and the sensor.

The configuration for the sample preparation for measuring thermal conductivity of
an individual fiber filament is shown in Figure 8. Four copper strips were immobilized on
a piece of alumina ceramic with silver epoxy (MG Chemicals Inc.). The distance between

the four copper strips were adjusted according to the requirement of the length the
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specimen. These four strips functioned as both electrodes and heat sinks, thus copper was
selected due to its high electrical and thermal conductivity. The substrate requires high
thermal conductivity and high dielectric performance. Thus alumina ceramic was selected
as the substrate material and silver epoxy was used as adhesive to conduct heat from the

copper strips to the substrate.

The fiber specimen was carefully stretched over the four copper strips with the help
of scotch tape for transportation. During the stretching, the fiber was ensured to be
straight with the aid of the optical microscope. It should be noted that, although small
bending of the fiber specimen will not affect the 3w response, the waviness geometry of
the fiber can introduce error in measuring the length of the fiber. In order to avoid
disturbing of the fiber specimen, the fiber was connected to the electrodes with cold
soldering using silver paste. After that, due to the difficulty to solder lead wire on the
thick copper strips, the sample assembly was connected to the 3w circuit using alligator
clips and the copper strips at the later stage of the study were replaced with two copper

crimp terminals with hole in the center (Figure 19).
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Figure 19 Sample assembly for measuring longitudinal thermal conductivity of an

individual fiber using 3m method.

3.3.3 Test Sample Preparation for Individual Carbon Fiber-Transverse Direction

In order to measure the transverse thermal conductivity of a fiber specimen, medium
was introduced to fully encapsulate the whole specimen. There were two requirements
for the medium: 1. the medium must be dielectric material 2. The volume of the medium
should be much larger than the fiber specimen. For convenience, in this study, material
that was liquid phase at room temperature was chosen as medium. There was also
consideration of the boiling point of the liquid during the study of thermal conductivities
of the fiber specimen under different temperature, where, the temperature of the medium
need to be monitored. So at this study, deionized water was finally chosen as the medium
because water has a relatively high thermal conductivity (0.6 W/m-K at 20 <€ [54])

among the liquids and an extremely high electrical resistivity (1.8%105 Q'm at 20 €

[55]).
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Figure 20 shows the configuration of the sample assembly for measuring the
transverse thermal conductivity of an individual fiber. Two pieces of circuit board of
dimension of 2 mm by 5 mm by 1 mm were stick onto a piece of glass substrate with a
gap according to the material of the specimen. The fiber specimen is then bridged
between the two circuit boards on the glass substrate. Since there is no challenging issue
of contact like that for surface mounting in measuring bulk material, there was no need to
ensure the wire is straight and under tension, but the length of the wire must be accurately
measured. (The detail of measuring the length of the specimen will be discussed in
section 3.4.1.) Two lead wires with length of 50 mm are then soldered onto the two
circuit boards for connection to the 3w measurement system. The whole system
consisting with glass substrate, circuit boards, platinum wire and the lead wires was

considered as a sample assembly.

The sample assembly was then completely submerged inside the medium inside a
reservoir and the lead wires were then connected to the 3w circuit. The electrical resistant
of the fiber was measured before and after the sample assembly was put into the water

medium to ensure there was no electrical leakage due to any contamination (Figure 9).
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Figure 20 Schematic of sample assembly for transverse thermal conductivity

measurement for an individual fiber filament.

3.4 Measurement

3.4.1 Experimental Setup

For all kinds of measurement object, including bulk material, fiber filament in
longitudinal direction, and fiber filament in transverse direction, the same 3w circuit
setup was used. This system was built up with similar schematic as that was proposed by
Cahill et.al [29], which consists of a function generator, a Whitestone cancelling circuit, a

digital multimeter, and a virtual lock-in amplifier system (Figure 21 and Figure 22).
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Figure 21 Block diagram of the 3w measurement circuit.
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Figure 22 Picture of 3 measurement system for measuring bulk materials.
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During the measurement, the function generator supplied the driven signal in the
frequency of ® to the platinum wire or to the carbon fiber filament through the analog
data cables. The function generator is an arbitrary waveform generator of model HP
3312A purchased from Hewlett-Packard Company. The function generator is able to
generate sine, triangle, ramp and square wave form outputs up to 15 MHz with amplitude
of 50 m Vpp dc output. Before the signal reached the sample section, it goes through a
Wheatstone cancelling circuit with two bridges to balance out the background signal and
the noise (Figure 21). A potentiometer series are utilized for this by adjusting its
electrical resistant as close to the electrical resistant of the sample section as possible.
This potentiometer series contain two potentiometers: a coarse linear potentiometer with
range from 0 to 5000 Q that was controlled manually during the measurement and a
potentiometer with fine step ranging from 0 to 500 Q with step resolution of about 0.5 Q
that was controlled with the help of a step programmed motor during the measurement.
When a sample assembly with low electrical resistance is tested, the coarse potentiometer
is manually adjusted to zero Q and only the fine potentiometer is used to balance the
Wheatstone Bridge controlled with a LabVIEW program which will be discussed in
detail later. When a sample assembly with electrical resistance higher than 500 Q is
tested, the coarse potentiometer is manually adjusted to roughly match the resistance of

the specimen and then the fine potentiometer is used to balance the Wheatstone Bridge.

The multimeter in the system is a digital multimeter with limit of 1000 volts and
resolution of 6-1/2 digits that can transport analog result through GPIB cable (Agilent

34401A, Agilent Technologies, Inc). The voltage and the current across the sample
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assembly are measured with this multimeter. Electrical resistance of the sample assembly

is also calculated with the voltage and the current.

The last important component in the 3w circuit is a virtual lock-in amplifier. In this
study, a LabVIEW programmed data acquisition system is used to both acquire and
digitally filter voltage signals while remotely control the power supply. The system
consists of two data acquisition cards (M-PCI16254, National Instrument) and the data
acquisition cables (GPIB-USB-B, National Instrument). The 3w response of the sample
assembly is locked-in through wave form analysis modules along with the LabVIEW?7.0.
The program is also used to supervise the temperature controller for the cryostat chamber
used for temperature-thermal conductivity study. The cryostat chamber is made of
aluminum with sealing for vacuum level up to 29 inHg and two ventilation holes that for
connection to vacuum pump and for electric wires for electrical components inside.
Inside the chamber, heat cable is tired around a pole that support the specimen stage,
where there are 4 poles to connect the lead wire of the sample assembly (Figure 23). The
heat cable was monitored by a temperature controller of model EW-89000 from Digi-
Sense with a thermocouple located right under the specimen stage. The temperature
setting of the temperature controller is controlled by a PC through a USB converter cable
(U232-P9, Magic Control Technology Corp.) with aforementioned LabVIEW program

according to the user’s setting at the beginning of the test.
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Figure 23 The computer-monitored cryostat chamber. Top left: outer view. Bottom left

inner view. Right: Schematic of the computer-monitored cryostat chamber.

For the measurement of the longitudinal thermal conductivity of the fiber filament, a
smaller cryostat chamber is manufactured. This Cryostat can be vacuumed inside up to
500 mini-torr with the help of a high-vacuum pump (HVP6, Uniweld Product, Inc). The
level of vacuum was investigated with a high sensitive vacuum gauge (20011 Stinger,
InstruTech, Inc), which can measure vacuum level up to 1.0 x 10 Torr (Figure 24 (a)). A
radiation heat shield made of silicate rubber and aluminum foil is also used to cover the
sample assembly during the measurement. For the measurement of the transverse thermal
conductivity of the fiber filament, a water reservoir made of silicate rubber was put on the

specimen stage (Figure 24 (b)).
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Figure 24 (a) The vacuum chamber cryostat chamber for measuring longitudinal thermal
conductivity of an individual fiber. (b) A silicate rubber water reservoir for measuring

transverse thermal conductivity of an individual fiber.

3.4.2 Parameters Setting and Measurement Procedure
For the carbon fiber composites, each sample was tested at 20 logarithmically spaced

frequency points covering the range 1-4 Hz. For the validation sample such as Pyrex7740
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and epoxy, and for individual fiber filaments since there is no need to pre-coat the
specimen with SOG, thus a broader frequency range was used (10-200 Hz), and the
number of frequency points is chosen as 50. At least 500,000 instantaneous data points

were collected to determine the magnitude and phase of the signal at each frequency.

For composites, the driven voltage was set to be 3V. The composites sample
temperature in the cryostat chamber was allowed to stabilize to within 0.1 <€ of the set
value before sampling begin by putting it into a cryostat chamber. For each temperature
point, it took about half an hour for the temperature to stabilize, and then it took about
another 2 minutes to measure the 3 response. For most of the composites samples, four
temperature points were tested: 25 €, 50 €, 75 <€, and 100 <. Although the
temperature coefficient of resistance is known for platinum, to eliminate the errors
introduce through variation of the platinum wire; such coefficient was measured through

the test by calculating the slope of the temperature-resistance curve of the platinum wire.

For an individual fiber filament, especially for measuring the thermal conductivity in
longitudinal direction, since the fiber was suspended in a vacuum environment as the
heater, to avoid overheating the fiber, the driven voltage was set to be 1V. The unknown
temperature coefficients of resistance were measured separately by a four point resistance
measurement method inside a temperature-monitored oven (Stabletemp oven, Cole-
Parmer). The resistance of each specimen was measured at several temperature points at a
step of 2 € from 20 € to 30 <€ and then linear regression was used to calculate the
temperature coefficient of resistance. At each temperature, the specimen was maintained
for 30 minutes to stabilize. A DC voltage ranging from 1.1V to 2.3V was applied to the

specimen with the help of a potentiometer. The voltage and the current over the fiber was
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then measured by two separate digital multimeters (Agilent 34401A, Agilent
Technologies). All the specimens were found to be ohmic over the entire temperature
range. Electrical resistances of the specimens were then obtained by calculating the slope
of the voltage-current curves. The temperature coefficient p’, was calculated from the

following equation:

R(T) = R(To)(1+p.T) (3.1)

where R is resistance and T, is the reference temperature that is chosen to be 20 <.
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Figure 25 Schematic of the measurement of temperature coefficient of resistance using a

four-probe method.
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To measure the transverse thermal conductivities of individual fiber filaments, the
specimen was carefully put into a water reservoir without breaking the fiber specimen
and bringing in bubbles. The electrical resistance of the sample assembly was measured
before and after putting into the reservoir to ensure that there was no electric leakage. In
temperature study, a thermocouple was also submerged into the reservoir and kept as
close to the fiber specimen as p