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ABSTRACT: The thermal transport process in carbon ,
nanofiber (CNF)/epoxy composites is addressed through Tl Applied Heat Flux
combined micromechanics and finite element modeling, [SES 5 .'.q\
guided by experiments. The heat exchange between CNF piSSESS e,
constituents and matrix is studied by explicitly accounting for 1
interface thermal resistance between the CNFs and the epoxy
matrix. The effects of nanofiber orientation and discontinuity
on heat flow and thermal conductivity of nanocomposites are
investigated through simulation of the laser flash experiment
technique and Fourier’s model of heat conduction. Our results
indicate that when continuous CNFs are misoriented with
respect to the average temperature gradient, the presence of
interfacial resistance does not affect the thermal conductivity of the nanocomposites, as most of the heat flow will be through
CNFs; however, interface thermal resistance can significantly alter the patterns of heat flow within the nanocomposite. It was
found that very high interface resistance leads to heat entrapment at the interface near to the heat source, which can promote
interface thermal degradation. The magnitude of heat entrapment, quantified via the peak transient temperature rise at the
interface, in the case of high thermal resistance interfaces becomes an order of magnitude more intense as compared to the case
of low thermal resistance interfaces. Moreover, high interface thermal resistance in the case of discontinuous fibers leads to a
nearly complete thermal isolation of the fibers from the matrix, which will marginalize the contribution of the CNF thermal
conductivity to the heat transfer in the composite.
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Interface Conductance = 10° W/m? K

1. INTRODUCTION

With the advent of nanometer sized electronic devices, such as
nanoscale transistors, a challenge in the design and operation of
state-of-the-art devices is the presence of “hot spots” where heat
flux can exceed ~5 MW/m%' One way of addressing this
heating problem is to incorporate high thermal conductivity
materials into the devices and thus dissipate such large fluxes. In
addition to micro- or nanoelectronics applications, nanofibers
have been shown to reinforce the interface of advanced carbon
fiber laminated composites,” which have traditionally been used
as structural components in aerospace applications. However,
even though the main function of these composites is
structural, they can be exposed to large temperature
fluctuations, such as when subjected to lightning strikes. It
has been reported that the nature of lightning strikes consists of
multiple high current (up to 80 kA)? short pulses (~0.25—200
ms),”* which can generate large heat fluxes in the composite.
Addressing fiber composite behavior when subjected to a short
heat pulse of large magnitude is of significant importance due
to the possibility of thermal degradation within the
composite.”® Therefore, developing thermally conductive
nanocomposite materials to be used for heat dissipation and

typically suffer from low thermal conductivity, which limits
their use in high-power density regions, where heat dissipation
functionality is of vital importance. To overcome this limitation,
incorporation of nanoscale particles with high thermal
conductivity, such as carbon nanotubes (CNT) and carbon
nanofibers (CNF), into polymers is considered a promising
approach to develop nanocomposites with a significantly
improved thermal conductivity compared to the neat
polymer.”~® This approach is inspired by the remarkable
thermal conductivity of graphitic nanoparticles, such as CNTs,
graphite particles, and vapor grown CNFs, which is in the range
of 20—-2000 W/(m K),'""" significantly larger than the
thermal conductivity of typical polymers in the order of 0.1—
0.4 W/(m K)."°

Despite the promising thermal conductivity of such nano-
particles, various studies on thermal properties of graphitic
particle—polymer composites show a large scatter, and in most
cases only marginal improvements in the thermal conductivity
of the nanocomposite upon the addition of nanoparticles to the
matrix is observed (Figure l).ll_19 More interestingly, some
studies have suggested that the addition of thermally

structural protection is of significant value. For such
applications, polymers offer several advantages, such as
processability and relative lightweight. However, polymers
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Figure 1. Reported experimental data for thermal conductivity of carbon nanotube (CNT), carbon nanofiber (CNF), and carbon fiber (CF)

composites.

conductive particles may even lower the thermal conductivity of
the nanocomposite to below the thermal conductivity of the
matrix.””*!

For example, Yang et al. observed no detectable change in
the thermal conductivity of vapor grown carbon nanofiber
(VGCNF) liquid crystal polymer composites with VGCNF
content of as high as 15 wt %, which was attributed to the
nonuniform dispersion of nanofibers and the lack of a
percolated network between them.”” On the other hand,
Patton et al. observed a 300% increase in the thermal
conductivity of vapor grown carbon fiber (VGCF) polymer
composites with 39 vol % VGCF. However, the magnitude of
the thermal conductivity remained relatively low (~0.8 W/(m
K)) as compared to the intrinsic thermal conductivity of the
filler. The low magnitude of composite thermal conductivity
was attributed to the low efficiency in transfer of thermal
energy between nanofibers."?

Several factors may contribute to the scatter in the thermal
conductivities of nanocomposites, such as variations in the
geometry of individual reinforcements of any type (e.g., CNTs
or CNFs) between different experiments and differences in the
surface conditions of the nanoscale reinforcement and
reinforcement—matrix couplings. For example, Seidel and
Lagoudas used a micromechanics approach to model heat
transfer in CNT nanocomposites. The results showed that the
geometry of the tubes (i.e., the hollowness of the CNT) has a
significant effect on the composite thermal conductivity.”® In
addition to geometry, another parameter that contributes to the
differences in reported data is the interface coupling between
the reinforcement and the matrix.

As the particle size approaches smaller length scales, the
interface between particle and matrix will play a more critical
role in controlling the heat transfer in the composite, primarily
due to the higher surface-to-volume ratio.”* At the nanoscale,
thermal transport becomes especially important when the
particle size becomes comparable to the phonon mean free
path, which can be in the range of 1—100 nm.>® This can result
in either diffusive, having many scattering events, or ballistic
thermal transport of phonons.”® Every et al. found that the
thermal conductivity of ZnS/Diamond composites was depend-
ent on the particle size with the effective composite
conductivity decreasing with a decrease in particle size (for
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submicrometer size particles). The reason for the decrease in
thermal conductivity was attributed to the increasing
dominance of the interfacial thermal resistance as particle size
decreased,” which results in significant scattering of phonons.

Heat conduction in carbon materials is dominated by
phonons resulting from strong sp> covalent bonds,® making
carbon materials very efficient in the transfer of heat. Weak
coupling of phonons, due to the difference in phonon vibration
frequencies between the two phases of a nanocomposite (e.g.,
CNT and the polymer matrix), suppresses the transmission of
vibrational modes and heat energy at the interface.”” This
interfacial resistance acts as a boundary layer resistance to heat
flow, which leads to a discontinuity of temperature at the
interface for any finite heat flux across it.”® This issue was
addressed via molecular dynamics simulations by Shenogin et
al., who demonstrated that the heat flow between a CNT and
an octane liquid is limited by low frequency phonon vibration
modes due to weak coupling at the interface.”” Through
micromechanics modeling of heat transfer in a CNT reinforced
nanocomposite and comparison with experimental results,
Seidel and Lagoudas showed that the functionalization of the
CNT surface can lead to a decrease in the interface thermal
resistance,” potentially through enhanced mechanical coupling
between the surface functional groups of the CNT and the
matrix. Gardea and Lagoudas found that even though
functionalization of CNTs can lead to a reduction in interfacial
thermal resistance between a CNT and an epoxy matrix, the
intrinsic thermal conductivity of the CNTSs can be significantly
reduced,*® which can be attributed to more scattering sites for
phonons in CNTs as a result of the defects and asymmetry
created by functionalization.

Even though a full theoretical quantification of the interface
thermal resistance requires the consideration of quantized
density of states of phonons, continuum heat transfer equations
(Fourier’s law and conservation of energy) can reliably describe
the heat flow in the presence of interface resistance in
nanocomposites, by modeling the interface conductivity as a
known ratio of heat flux through an interface, for a given
temperature jump across that interface.>’ One of the first
models to incorporate interface thermal effects was the one
presented by Hasselman and Johnson,** which suggests that the
overall thermal conductivity of the composite may be lower
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Figure 2. (a) Experimental results for thermal conductivity of CNF/epoxy composites and comparison to micromechanics model with (broken line)
and without (solid line) interfacial effects. Inset shows a magnified plot. (b) SEM image of CNF composite cross-section and modeling case studies

of CNF discontinuity, orientation, and lateral arrangements.

than that of the matrix when the interfacial conductance is very
low, even when the thermal conductivity of the filler is
significantly higher than the matrix. Hatta and Taya
developed an analytical model based on the equivalent
inclusion method to determine the thermal conductivity and
temperature profile of coated-fiber composites, where the ratio
of thermal conductivity of the fiber to matrix was chosen to be
20 and 1000. Their results show that the thermal properties of
the coating (whether highly conductive or resistive) can lead to
significant enhancement in the effective composite thermal
conductivity or resistivity. Nan et al>* introduced a Kapitza
interface thermal resistance by considering this thermal
resistance as the limiting case of heat transport across phases
which are separated by a thin interphase region with poor
conduction. Comparison to experimental results showed good
agreement for diamond reinforced ZnS and SiC reinforced
aluminum. Song and Youn™ studied the thermal conductivity
of carbon nanotube composites via an asymptotic expansion
homogenization method and found that the effective thermal
conductivity predicted by the asymptotic homogenization
method agrees with experimental results, even though no
direct interaction between CNTs was considered.

In this paper, we have utilized finite element analysis of heat
flow in nanocomposites to investigate potential sources of the
scattered thermal conductivities measured in nanocomposites
of highly conductive nanoscale reinforcements in a relatively
nonconductive matrix. Our study considers the effect of
reinforcement discontinuity, alignment, and interface thermal
conductance on the heat flow patterns within a composite and
on the effective thermal conductivity of the composite. The
geometrical parameters of our models are selected to represent
our manufactured CNF composites. We have included the
interface thermal conductance in our study as a phenomeno-
logical parameter that takes into account both the interface
thermal resistance between perfectly bonded surfaces and the
effect of imperfect fiber—matrix contact, for example, due to
lack of wettability of the reinforcements. The former is a result
of acoustic impedance mismatch and dissimilarities between the
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modes of phonon vibration between the two sides of the
interface. In addition, the thermal properties of the reinforce-
ments and their dimensions are selected to match the
properties of CNFs and a typical epoxy matrix, such as
EPON. Despite this specificity, many of the findings of the
study, such as the interface thermal degradation, can be applied
to the design of other composite materials with thermally
conductive fillers and nonconductive matrix. Our results point
to the significance of interface thermal resistance not just as a
parameter to control thermal conductivity of the nano-
composites but also, and perhaps more importantly, as a
means to subside thermal degradation of interfaces in structural
nanocomposites that experience sudden temperature changes
during their operation.

2. THERMAL CONDUCTIVITY OF CNF COMPOSITES

As a prelude and guide to our computational study of the
interface thermal resistance in nanocomposites, we have
experimentally explored the thermal conductivity of nano-
composites with random distribution of CNF and with a CNF
percolated network, as shown in Figure 2. Carbon nanofibers
were fabricated by thermal stabilization and carbonization of
polyacrylonitrile (PAN)* fibers, which were collected using a
rotating drum technique. The PAN nanofibers were electro-
spun from a 9 wt % solution of PAN in dimethylformamide
using an electrospinning distance of ~20 cm and an
electrospinning voltage of ~15 kV. The PAN nanofibers were
then thermally stabilized in air at a temperature of ~250 °C for
~3 h followed by carbonization in an inert atmosphere, ultra
high purity nitrogen, at ~1100 °C for another ~3 h. This
method yields CNFs with diameters in the range of ~200—350
nm.”” The randomly oriented CNF/epoxy composites were
fabricated via solution mixing. For this purpose, the electrospun
CNFs were first dispersed in ethanol via ultrasonication for 1 h.
Next, EPON 862 epoxy was added to the solution and high
shear mixed at 8000 rpm for 1 h. An average length for the
CNFs (~50—200 pm) was obtained. The epoxy—ethanol—
CNF solution was then magnetically stirred on a hot plate at a
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temperature of 60 °C, under vacuum, until all the solvent
evaporated. To prevent the agglomeration of the CNFs, the
solution was precured by adding 20% of the required curing
agent (EPIKURE W) while continuing to magnetically stir at
120 °C for 200 min, resulting in an increase in the viscosity of
the solution. Next, the remaining amount of the required curing
agent was added and the solution was fully cured for 8 h at 40
°C followed by 2 h at 120 °C and another 2 h at 175 °C. To
achieve weight fractions higher than 1 wt %, a different
fabrication method was used consisting of a compact sheet of
networked CNFs. The CNFs were first high shear mixed in
ethanol and then vacuum filtered to form a freestanding,
compact sheet of CNFs. EPON 862 epoxy was then mixed with
the appropriate amount of EPIKURE W curing agent using a
magnetic stirrer at 60 °C. The epoxy was then degassed in a
vacuum oven at 100 °C to remove any air bubbles present.
Once all of the air bubbles were removed, the epoxy was
poured into a preheated (60 °C) mold. The CNF network
compact sheet was then completely submerged in the epoxy.
The curing cycle was set to 2 h at 120 °C followed by 2 h at
175 °C.

The thermal conductivity of the CNF nanocomposite
samples was determined at room temperature (25 °C) using
a Hot Disk thermal constants analyzer. The testing equipment
utilizes a resistor with a double spiral disk shape that serves as
both a temperature sensor and heat source. The variation in
electrical resistance caused by the transient change in
temperature is related to the heat flow between the sensor
and the specimen, from which the sample thermal conductivity
is obtained.***’

The experimental results obtained show a marginal increase
in thermal conductivity of about 6.8% over neat epoxy for 2.7
wt % CNF (Figure 2a). In the figure, we have also presented
the predictions of the thermal conductivity of an “ideal”
nanocomposite of CNFs, where the thermal resistance at the
interface of CNFs and the matrix is negligible. The predictions
of the thermal conductivity are based on the micromechanics
model of heat transfer in nanocomposites developed by Seidel
and Lagoudas,23 which accounts for heat exchanges between
nanofibers and the matrix for randomly oriented fibers, with
zero interface resistance. Here we have assumed a matrix
thermal conductivity of 0.306 W/(m K) and a CNF thermal
conductivity of 1000 W/(m K), in the range of the values
reported for carbon fibers and nanofibers.'”'* The aspect ratio
was set to 300, similar to what was observed in microscopy
images of the fabricated composites (~100 pm average length
and 330 nm diameter).

For the predictions of the “ideal” model (solid line in Figure
2b with zero interface thermal resistance) to match the
experimentally measured thermal conductivities, the thermal
conductivity of the CNFs should be about 330 times lower than
the value of the CNF thermal conductivity chosen for this study
(1000 W/(m K)) and up to 650 times lower than the values
reported for the thermal conductivity of CNFs.'"'7 Alter-
natively, the discrepancies between the model predictions and
experiments can be accounted for by the inclusion of an
interphase with finite thermal conductivity between the
reinforcements and the matrix in the micromechanics model
of Seidel and Lagoudas.”> When the third phase (interphase)
between the fiber and matrix in the micromechanics model is
included, with a thickness, t;,,, of 0.5% of the radius of the CNF,
and a thermal conductivity of ki, = 9 X 107> W/(m K), the
model predictions matches the experimental results most
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accurately. Although physically the concept of interface thermal
resistance refers to a temperature jump across an interface with
zero thickness,** the micromechanics formulation requires the
attribution of a finite thickness to the interphase. Hence, in our
analysis, the thickness of the interphase is set to a small fraction
(0.5%) of the radius of the CNF to minimize circumferential
changes in temperature within the interphase. The value for the
thermal conductivity of the interphase corresponds to an
interface conductance value, hy,, of 10° W/(m?* K) through the
following relationship hy,, = (kp/tin). This value for the
interfacial thermal conductance serves as a motivation and
starting point for our study.

The above analysis and the poor comparison between the
“ideal” model prediction and the experimental results of
thermal conductivities of CNF composites further points to
the significance of the factors that affect the heat transfer in the
composite material, such as interface thermal resistance and
geometrical parameters such as CNF discontinuities. The latter
may occur as a result of residual stresses that are developed
during the processing of nanocomposites. The CNF disconti-
nuities may also be thought of as CNF—CNF junctions. In the
following section, we have addressed the effect of these barriers
of heat transfer on the heat flow and thermal conductivity of
nanocomposites through finite element analysis.

3. CONTINUUM MODELING OF HEAT TRANSFER IN
CNF COMPOSITES

3.1. Problem Definition. To model heat transfer in CNF
composites, it is assumed that the medium is composed of two
solid materials, CNF and epoxy, as shown in Figure 3. It is
assumed that CNFs are straight rods with uniform diameters
and identical dimensions, which are homogeneously dispersed
in the matrix.

Boundary Value Problem

Representative Volume
Element (RVE)

Figure 3. Multiscale schematic of CNF composite showing a CNF
embedded in a matrix as a representative volume element (RVE).

For a given set of boundary conditions, such as applied
temperature, T(O), and/or applied heat flux, qi(o), at the
macroscale, the steady state heat conduction equation formed
the basis for the finite element analysis of the representative
volume element (RVE). The heat conduction is mathematically
expressed by eqs 1 and 2 for each constituent, where ki’ and
ngF are the thermal conductivity of the matrix and CNF,
respectively, and T, and Tcyg are the temperature of the matrix
and CNF, respectively. It is assumed that the heat flux obeys
Fourier’s Law of heat conduction.
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Although the micromechanics formulation (Section 2)
requires a finite thickness to account for the interface thermal
resistance, in this section and for the purposes of finite element
analysis, the interface has zero thickness, with a finite
temperature discontinuity for a given heat flux through the
interface. The ratio of the heat flux to the temperature
discontinuity is the interface heat conductivity of the CNF—
matrix interface, which is a property of the interface. It is
assumed that there is a continuous heat flux, in the outward
normal #; direction, at the CNF—matrix interface (eq 3). When
the concept of interface thermal resistance is introduced, the
finite temperature discontinuity across the interface is captured
by eq 4, where h;, is the interfacial thermal conductance.

0T, oT,
kiiCNF CNF n, = kmom

i3 M
0x; o (©)
0T, ;
_kifNF aCNF ;= h"(Tony — T
% 4)

Complementary to the above Fourier method approach, the
conditions of heat transfer in a laser flash experiment were
modeled for the one-dimensional case, to explore the response
of the material to thermal shocks. This method was simulated
by applying a short pulse of heat to the top surface of the
composite and monitoring the temperature rise, as a function of
time, on the opposite surface of the material. The rate at which
the heat pulse diffuses, thermal diffusivity a, through the
composite is obtained through eq S, where t,, is the time when
the monitored surface reaches half the maximum temperature
and ¢ is the thickness of the sample. Therefore, the effective
thermal conductivity of the sample, kg from the finite element
simulated laser flash experiment can be calculated as

1.38t*

T t1/2

keg = cpa where a =

©)

where ¢, is the composite heat capacity, and p is the composite
density.*! The laser flash method simulates a real-life scenario
in which the composite sample is placed near a heat source, at a
time when a sudden rise of temperature is experienced.

3.2. Solution Methodology. To shed light on discrep-
ancies between experimental results and modeling predictions,
we studied the heat transfer in CNF nanocomposites via finite
element analysis (FEA) and used it as an approximation to
obtain a numerical solution. Our FEA model was inspired by
the structure of a CNF composite. To make a realistic model of
CNF composites, the cross-section of CNF composite samples
were studied via scanning electron microscopy (SEM), as
shown in Figure 2b. Given the significantly higher thermal
conductivity of CNFs compared to neat epoxy, we assumed the
heat flow is mostly through CNFs. Therefore, the effect of the
following parameters on heat transfer within the nano-
composite was studied: volume fraction (studied in the case
of lateral thermal conductivity), orientation of CNFs, and CNF
discontinuities. The latter parameter also reflects the effect of
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CNF—CNF junctions on heat transfer. The geometrical
correspondence between the model and experiments are
shown in Figure 2b. In addition, the model discretely accounts
for interface thermal resistance effects. In exploring the effect of
CNF discontinuity, we considered the common understanding
that according to," even when thermally conductive reinforce-
ments are nearly touching each other in a nonconductive
matrix, heat will flow through an interface-like resistance before
entering the other tube.

The heat transfer analysis of the composites studied involved
the use of the commercial finite element software package,
ABAQUS. The effect of CNF orientation was modeled by
employing a combination of 3D quadratic heat transfer
hexagonal elements (DC3D20) and tetragonal (DC3D10)
elements. In all cases, the interface thermal resistance was
modeled as a surface thermal resistance (surface-to-surface
contact with a finite thermal conductance property) between
the CNF and epoxy matrix. Specifically, low volume
concentrations were studied as it is typically the case for
nanoscale reinforcements. For the CNF orientation studies, the
volume fraction was kept constant at 2 vol %, similar to the
volume fraction fabricated in experiments.

By exploiting the symmetry of the model in the third
dimension, 3D models were reduced to two dimensions to
study the effect of interface thermal conductance on the lateral
thermal conductivity for various volume fractions. Similarly, 2D
models were created to study the effect of fiber discontinuity in
a composite with a single CNF (can also be thought of as
CNF-CNF junctions). Quadratic heat transfer quadrilateral
(DC2D8) elements were used for the mesh. The mesh was
refined until the solution was comparable to that obtained from
an analytical solution whenever possible, thus verifying
convergence. The gap distances, g, studied for the discontin-
uous CNF cases were d/10, d/2, d, and 2d, where d = 330 nm is
the diameter of the CNF in the models, which is set to be equal
to the experimentally measured average diameter of CNFs. A
thermal conductivity value of 1000 W/(m K) was used for the
CNF, comparable to values reported in literature.!* The
thermal conductivity of the epoxy matrix, with a value of 0.306
W/(m K), was used and obtained from experimental testing.
The heat capacity for the CNF was set to 0.716 J/(g K),
assuming it is similar to that of graphite,*> while the heat
capacity of epoxy was set to 1.06 J/(g K).** The values used for
density were 1.80 and 1.17 g/cm® for CNF and epoxy,
respectively.**® For the Fourier method, constant temperature
boundary conditions were maintained at each surface, with the
top surface being kept at 310 °C and the bottom surface at 300
°C.

4. RESULTS AND DISCUSSION

4.1. Thermal Conductivity of Nanocomposites. As the
first step to investigate the roots of discrepancies between
model and experiments of the heat transfer in CNF—epoxy
nanocomposites (Figure 2 a), we have explored the effect of
CNF orientation and interface thermal conductance on the
overall thermal conductivity of the nanocomposite. The
interface thermal conductance values explored in this study
range from 10* to 10 W/(m> K), guided by reported
experiments and simulations'>*>*” and also by the value of
10° W/(m?* K) obtained from fitting the micromechanics model
to the obtained experimental data.

To this end, we first considered the heat flow in
nanocomposites, when the overall temperature gradient is
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perpendicular to CNFs (inset of transverse heat flow in Figure
2b). The nanocomposite schematic structure and the average
thermal conductivity of the nanocomposite, calculated from the
Fourier model of heat transfer (Section 3.1), as a function of
interface resistance and fiber volume fraction, are presented in
Figure 4. For each volume fraction, several cases of randomly
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distributed nanofibers were studied to capture potential
variations of the thermal conductivity with nanofiber
distribution. The results show that, with a random distribution
of nanofibers in the model, the dependence of the thermal
conductivity on nanofiber distribution was negligible (less than
0.22% variations between randomly distributed cases).
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Figure 6. Steady state thermal contours for (a) neat epoxy, (b) CNF at 90° finite interface conductance (interface thermal conductance = 10° W/
(m? K)), and (c) infinite interface conductance. (CNF is vertical and is in the middle of (b) and (c)).

In addition, this analysis indicates that the potential negative/
positive contribution of the thermal conductivity of CNFs on
the heat transfer in nanocomposites hinges around the interface
thermal conductivity between CNFs and the matrix. For
instance, with a very high interface thermal conductance
(>~10° W/(m* K)), the thermal conductivity of the nano-
composites will increase by increasing the volume fraction of
the CNFs. On the other hand, despite the fact that thermal
conductivity of CNFs is more than 3 orders of magnitude
higher than the matrix, poor interface conductance (<~10° W/
(m? K)) will thermally isolate CNFs from the matrix. In this
case, the overall thermal conductivity of the matrix will decrease
by adding more CNFs. Therefore, quantitatively, up to ~4 vol
% of CNFs in an epoxy can result in ~10% enhancement
(reduction) in the lateral thermal conductivity of the
nanocomposite, when the interface thermal resistance is
negligible (very high). The results follow the prediction of
the Hasselman—]Johnson model, which considers the presence
of a thermal resistance at the interface.*”

On the other hand, when fibers are continuous and not
perpendicular to the overall temperature gradient, our FEA
analysis shows that the heat flow is mainly through the CNF
and the thermal conductivity becomes rather independent of
the interfacial thermal resistance (Figure S). Our FEA results
follow the predictions of the micromechanics model of Seidel
and Lagoudas.”

4.2. Heat transfer in Composites Reinforced with
Inclined CNFs. Although interface thermal resistance between
CNFs and the matrix only marginally affects the thermal
conductivity of nanocomposites (Figure S), it highly controls
the temperature distribution and heat flow within the matrix.
This fact has significant implications in the structural health of
nanocomposites which experience sudden changes in temper-
ature during their operation. Figure 6 shows this effect when a
CNEF is laid parallel to the heat flow.

For very low interface thermal conductance (~10° W/(m?*
K) or less™), the temperature contours within the matrix are
more or less the same as the ones in the neat epoxy (Figure
6a,b). In this case, heat flow through the CNF remains within
the CNF boundary and only minimally influences the heat flow
in the surrounding matrix. On the other hand, when interface
thermal resistance is negligible (Figure 6c), heat is allowed to
transfer from the matrix to the CNF and vice versa in an
accelerated rate. A consequence of this effect is a temperature
homogenization in the matrix, which reduces the heat flow
within the matrix, due to suppressed temperature gradients.
Similar dependencies of heat flow and temperature gradient on
interface thermal resistance is observed in other CNF
inclination angles studied (labeled as Misorientation in Figure
2b). This dependence of heat flow path on interface thermal
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resistance will promote the development of locally heated spots
at the CNF—matrix interface, when the material is experiences
thermal shocks. This phenomenon is referred to herein as
interface heat entrapment, as explained in the following section.

4.3. Interface Heat Entrapment Due to Interface
Thermal Resistance. The heat entrapment at the CNF—
matrix interface occurs when the nanocomposite is subjected to
a sudden heat flux on one of its surfaces (thermal shock), for
instance during a laser flash experiment, or equivalently when it
is located near a “hot spot” in a nanoelectronic device during a
power surge. To model this case in our FEA, a uniform heat
pulse with short duration (0.1 ns) is applied to the top surface
of the sample, and the heat propagation through the material is
simulated (Figure 7). The temperature history is recorded
throughout the transient analysis.

The heat entrapment at the interface of the CNFs and the
matrix, at sufficiently poor interface thermal conductance, can
be realized from the temperature contours of the nano-
composite (Figure 7) after 0.1 ys of the initial heat pulse. For
instance, a CNF nanocomposite with a relatively poor interface
thermal conductance of 10° W/(m? K), in which CNFs make
an angle of 60° with the average temperature gradient, will
experience a localized rise in temperature that is, at its peak,
about 1 order of magnitude higher than the local temperature
rise of a similar CNF nanocomposite with a higher interface
thermal conductance of 10’ W/(m? K) (on the high end of the
experimentally measured interface thermal conductance of
composite materials’**”), as presented in Figure 7b. In other
words, at sufficiently low interface thermal conductance values
(e.g, 10° W/(m*> K)), the interface will promote heat
accumulation at the interface.

Moreover, for such low interface thermal conductance (10°
W/(m?* K)), increasing the projected area of CNF on the top
surface of the nanocomposite (normal plane to the average
temperature gradient), via changing the orientation of the CNF,
increases the magnitude of interface heat entrapment, as it
introduces more interface areas with suppressed heat transfer
on the heat transfer path. This trend becomes evident by
comparing the maximum interface temperature in CNF
nanocomposites for the thermal conductance value of 10° W/
(m* K) at different CNF orientations (Figure 7a—c).

In contrast, for relatively high interface thermal conductance
(e.g, 10 W/(m?* K)), the interface will facilitate the dissipation
of heat along the interface and through the CNF. Therefore, for
very high interface conductance (10’ W/(m?* K)), increasing
the projected area of the CNF on the top surface of the
nanocomposite lowers the interface maximum transient
temperature (Figure 7a—c).

The interface heat entrapment and the localized temperature
rise, for low values of interface thermal conductance, will
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generate a temperature gradient on the CNF—matrix interface
that will guide the entrapped heat in the matrix along the
interface. As a result, the localized heated interface will not be
limited to the top surface of the nanocomposite; rather, the
heat will get distributed along the interface, as shown in Figure
8. The distribution of the heat along the interface will reduce
the maximum transient temperature. For instance, the
redistribution of heat from x = 0 to x = 0.33 um, reduces the
peak temperature from 407 °C to 107 °C.

This local heating of the interface and the propagation of the
hot spot along the interface can result in thermal degradation of
the polymer near the interface, and it is likely to accelerate
fiber—matrix debonding under thermomechanical loads. These
results further point to the importance of interface thermal
conductance engineering in nanocomposites as a means to
postpone interface thermal degradation.

4.4, Heat Transfer in Composites Reinforced with
Discontinuous CNFs. Another factor that can significantly
alter the heat flow within nanocomposites is the discontinuity
of reinforcements (or equivalently, the CNF—CNF junctions),
which can occur, for instance, as a result of the residual stresses
that develop in the material during processing or curing of the
matrix. The effect of fiber discontinuity on heat transfer in
nanocomposites is strongly dependent on the interface
resistance between CNFs and the matrix. The correlation
between heat flow patterns within a nanocomposite, the
interface thermal conductivity between CNF and the matrix,
and the discontinuities of CNF is presented in Figure 9. This
figure shows the steady state heat flow when the temperature
difference between the top and bottom surface is set to an
arbitrary value of 10 °C.

One of the interesting aspects of steady state heat flow in a
nanocomposite with discontinuous nanofibers, when the
thermal conductivity of the nanofiber is significantly higher
than the matrix, is the temperature distribution in the fiber. A
combined effect of the interface resistance at the broken ends of
the fiber and the high resistance of the matrix between the
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disrupted ends of the nanofiber suppresses the heat flow
between the two portions of the fiber (or two nanofibers at a
CNF—CNF junction). This leads to a redistribution of heat and
a reduction in the temperature gradient within the fiber. For
instance, the temperature gradient in discontinuous nanofibers
with a gap of 2d, with d being the nanofiber diameter, and the
interface thermal conductivity of 10° W/(m?* K), is 0.05% of the
temperature gradient in a continuous nanofiber, when subjected
to the same boundary condition as in Figure 9. Therefore, the
heat flux within the CNF will be suppressed by almost the same
ratio (0.06%), compared to continuous CNFs subjected to
similar boundary conditions. Therefore, the effectiveness of
CNFs in heat flow within the nanocomposites will be
substantially reduced. This ratio will increase by reducing the
spacing between CNFs and the interface thermal resistance. For
instance, for a gap of d/10 with no interface resistance, the heat
flux will be suppressed to about 3.89% (compared to the
previous value of 0.06%, stated above) of the heat flux within
the continuous CNF.

The discontinuity in the CNFs will also have a significant
effect on the heat flow within the matrix. Regardless of the
magnitude of discontinuity (gap between the two halves of
CNE), at very low interface thermal conductance, (~10° W/
(m* K)"), the presence of the discontinuous CNF will have a
negligible effect on the temperature contours in the matrix
compared to neat epoxy (Figure 9b,d). In other words, similar
to the case of a continuous CNF, which is parallel to the heat
flow (Section 4.2), high interface resistance will thermally
isolate the CNF from the matrix. On the other hand, when the
interface thermal resistance is negligible (Figure 9ac), the
presence of the CNF, with its significantly higher conductivity
than the matrix, will have a distinct effect on the temperature
distribution and heat flow around CNF. Most notably, the high
thermal conductivity CNFs will act as a heat sink/source, to
reduce the temperature gradient in the matrix (Figure 9ef).
This effect will suppress the heat conduction within the matrix.
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It is worth mentioning the interplay between interface
thermal resistance and gap distance in modulating the thermal
conductivity of the nanocomposite with discontinuous nano-
fibers. As the gap spacing between CNFs increases, the
temperature gradient in the CNF and heat flux within the CNF
will drop. In addition, increasing the interface resistance
between CNF and the matrix will suppress the temperature
gradient in the CNF and heat flux within the CNF. On the
other hand, for very low interface conductance values (~10°
W/(m? K)'®), the temperature gradient in the matrix will not
be affected by the rather uniform temperature distribution in
the CNF. Therefore, high interface resistance will increase the
heat flux within the matrix.

The competing effect of the gap distance and interface
resistance is evident in Figure 10. At relatively large gap
distances (about the CNF radius), heat flow within the
nanocomposite is predominantly through the matrix. In this
case, reducing the interface resistance will facilitate the
temperature redistribution (homogenization) in the matrix,
via heat exchanges with the CNF, resulting in suppressed heat
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flux within the matrix and thus reduced conductivity of the
nanocomposite. On the other hand, at a relatively low gap
distance (~0.20d), heat flow within the nanocomposite is
predominantly through the CNF. In this case, reducing the
interface resistance will facilitate the heat flow through the
CNEF, resulting in enhanced conductivity of the nanocomposite.

5. CONCLUSION

This study points to the significance of thermal interface
resistance in modulating the heat flow within nanocomposites
that are composed of high aspect ratios and thermally
conductive reinforcements in a matrix with low thermal
conductivity. It was observed that, although the interface
thermal conductance only marginally affects the thermal
conductivity of nanocomposites with continuous reinforce-
ments, it has a significant effect on the patterns of heat flow and
temperature distribution in the material under both steady state
and transient conditions. For instance, during a transient
response to a heat pulse on one surface, when the interface
thermal conductance is very low, the nanocomposite will
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experience an area of heat concentration at the interface
between the CNF and matrix. This interface heat entrapment
will generate high temperatures and temperature gradients
locally, which leads to the flow of the heated zone along the
interface. For poor interface conductivities, the magnitude of
the entrapped heat and the elevated temperature increases as
the nanofibers projected area in the direction perpendicular to
the overall temperature gradient increases. The propagation of
this trapped heat through the interface can promote CNF—
matrix debonding and can adversely affect the mechanical
properties of the nanocomposites.

The discontinuity of nanofibers within the nanocomposite
has a drastic effect on both the patterns of heat conduction and
thermal conductivity of nanocomposites. In general, at
relatively large gaps (a few times the diameter of the CNFs)
between the pieces of discontinuous nanofibers or the spacing
between neighboring nanofibers, the interface thermal resist-
ance will reduce the temperature gradient and thus heat flux
within the nanofibers. On the other hand, very low interface
thermal resistance will reduce the heat flux within the matrix by
promoting nanofiber—matrix heat exchange. Therefore, at
relatively large gap distances, low interface resistance will
facilitate the temperature redistribution (homogenization) in
the matrix, resulting in reduced heat flow within the
nanocomposite. On the other hand, at relatively small gap
distance, heat flow within the nanocomposite is predominantly
through CNF. Hence, reducing the interface resistance will
facilitate the heat flow through CNF, resulting in enhanced
conductivity of the nanocomposite.

Therefore, our finite element analysis of the heat transfer in
nanocomposites suggests that the effective thermal conductivity
of nanocomposites may be reduced by 2—3 orders of
magnitude by introducing nanofiber discontinuities or nano-
fiber—nanofiber junctions on the heat conduction path, whereas
other parameters, such as nanofiber misorientation with respect
to overall temperature gradient and interface thermal resistance,
affect the thermal conductivity of nanocomposite to a lesser
degree.
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B NOTE ADDED AFTER ASAP PUBLICATION

This paper was published on the Web on December 31, 2013,
with errors in Figure 8b. The inset images in Figure 8b have
been correctly positioned with respect to the graphic, and the
corrected version was reposted on December 31, 2013.
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