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ABSTRACT

Filler particle size and shape influence interconnectivity within a polymer matrix and play a significant role in
controlling the effective thermal conductivity of a composite. This study examines the effect of nanofiller particle
shape in a polytetrafluorethylene (PTFE) matrix on thermal energy transport. Experimental measurements using a
laser flash analysis method are performed on PTFE with three different shaped carbon fillers: nano-diamond spheres,
carbon nanotubes (CNT) and graphene flakes. The experimental results are coupled with a particle connectivity
model to understand the relationship between energy transport and filler connectivity. Results show filler particles
with more micron scale dimensions form better interconnected networks at lower volume concentrations than fillers
with fewer micron scale dimensions. Filler connectivity influences effective conductivity: specifically, nano-diamond
spheres showed negligible interconnectivity and result in negligible change in thermal conductivity. The CNT, with
one-micron scale dimension (i.e., length) and flakes, with two-micron scale dimensions (i.e., length and height), both
exhibited linear increases in interconnectivity and effective thermal conductivity. Graphene interconnectivity is six
times that of CNT and thermal conductivity is two times that of CNT, respectively. These results provide new
insights on how to optimize nanoparticle structure to enhance thermal energy transport.
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Abstract

Filler particle size and shape influence interconnectivity within a polymer matrix and
play a significant role in controlling the effective thermal conductivity of a composite. This study
examines the effect of nanofiller particle shape in a polytetrafluorethylene (PTFE) matrix on
thermal energy transport. Experimental measurements using a laser flash analysis method are
performed on PTFE with three different shaped carbon fillers: nano-diamond spheres, carbon
nanotubes (CNT) and graphene flakes. The experimental results are coupled with a particle
connectivity model to understand the relationship between energy transport and filler
connectivity. Results show filler particles with more micron scale dimensions form better
interconnected networks at lower volume concentrations than fillers with fewer micron scale
dimensions. Filler connectivity influences effective conductivity: specifically, nano-diamond
spheres showed negligible interconnectivity and result in negligible change in thermal
conductivity. The CNT, with one-micron scale dimension (i.e., length) and flakes, with two-
micron scale dimensions (i.e., length and height), both exhibited linear increases in
interconnectivity and effective thermal conductivity. Graphene interconnectivity is six times that
of CNT and thermal conductivity is two times that of CNT, respectively. These results provide

new insights on how to optimize nanoparticle structure to enhance thermal energy transport.

KEY WORDS: carbon nanotubes; Nano particles; Thermal properties; Polymer-matrix

composites (PMCs); Modelling
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1. Introduction

Fluoropolymers are generally poor conductors of thermal energy, yet offer many other
desirable properties such as low cost, ease of manufacturing and good mechanical properties
such as wear resistance[1]. The effective thermal properties of a fluoropolymer can be controlled
by adding a small concentration of conductive material, called filler. In this way, the
fluoropolymer matrix and filler produce a composite with the advantages of a fluoropolymer plus
tailored thermal properties associated with the filler. One approach is to identify a highly
conductive filler and calculate an optimal effective thermal conductivity based on a weighted
average of the matrix plus filler. But, the weighted average approach often does not correspond
well with measured effective thermal conductivity[2]. For example, Biercuk et al. added single-
wall carbon nanotubes (SWNT) and vapor grown carbon fibers to augment the thermal transport
properties of industrial epoxy[3]. They predicted that carbon fibers would increase effective
thermal conductivity 100% more than the SWNT based on a weighted average estimate. In
contrast, experimental results showed thermal conductivity only increased 45% in carbon fiber
composites but increased an astounding 125% with 1.0 wt.% SWNT. They suggested that the
lager aspect ratio of the SWNT compared to the carbon fibers formed a percolation network at
loading[3]. In another study, Weidenfeller et al. [4]used copper and talc fillers in a
polypropylene (PP) matrix to increase effective thermal conductivity. The bulk thermal
conductivity of copper is forty times greater than talc and a weighted average model predicted
that the thermal conductivity of PP/Cu would be significantly greater than PP/talc. But, at 30
vol. % filler, results showed PP/Cu effective thermal conductivity was half that of PP/talc [4].
These studies indicate that thermal properties alone do not control the effective conductivity of a

heterogeneous composite.
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Another form of the weighted average approach was proposed by Nielesen et al. [4] for a

mixture with two continuous phases and is given in Eq. (1).

In this model, P is a property of the material such as elastic modulus, dielectric constant, or
thermal conductivity and X is volume concentration of phase 4 or B, respectively. In Eq. (1), the
mixing parameter #z is a function of the morphology (size, shape, and orientation) and the type of
property being measured. If morphology is the same for both phases, 7 is constant and has been
shown to vary based on the property being measured. Davies et al. showed n = 1/3 for the dielectric
constant and n = 1/5 for elastic modulus [5]. When n = 1, Eq. (1) results in the ordinary rule of mixtures;
when n = -1, the inverse rule of mixtures; and, when n = 0, a logarithmic rule of mixtures is obtained. If
morphology is considered, the value of n varies with volume concentration. To the authors’ knowledge

this model has not been applied to thermal conductivity, yet Eq. (1) is proposed to apply to thermal

conductivity [4].

The idea that filler size, shape, orientation and concentration have a significant influence
on effective thermal conductivity of a composite is not new [6—13]. Wang et al.[9] and Zhang et
al. [8] developed heat transfer simulations to examine filler size and shape influences on
effective thermal conductivity. Zhang et al.[8] found that a rectangular shape had the greatest
increase in thermal conductivity while Wang et al.[9] found that a Double Y shape had an even
greater increase in thermal conductivity. They both showed that thermal conductivity is affected
by the orientation angle of the fillers. For example, if the longest filler dimension is parallel to
the direction of heat flow, the filler enhanced effective thermal conductivity up to 100% more
than if the longest filler length was perpendicular to the direction of heat flow[8].Also, Liang et
al. found that effective thermal conductivity increased with filler size in PP/AI(OH)3 and
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PP/Mg(OH)2 composites [10]. They looked at sizes ranging from 1 to 10um and showed an
increase in effective thermal conductivity of 13% [9]. Zhang et al. [7] found that thermal
conductivity increased by 50% with filler size in Al2O3 ranging from 0.1um to 10um in diameter.
The objective of this study is to examine the effects of dimensionality for nanoparticle
fillers on connectivity through a matrix and the resulting effective thermal conductivity of a
composite. This objective will be accomplished using a model that describes filler connectivity
coupled with experimental thermal property measurements of polytetrafluoroethylene (PTFE) as
a base matrix combined with three different morphologies of a carbon powder filler. The filler
particles include rectangular graphene flakes, carbon nanotubes (CNT), and spherical nano-
diamond particles. Thermal properties measurements were performed for compacted powders
using a laser flash analyzer (LFA). Also, the applicability of Eq. (1) to the matrix-filler
composites studied here was examined and new n values applicable for thermal conductivity

were determined as a function of filler morphology.

1.1 Interconnectivity

Quantifying filler interconnectivity was done using the Hashin-Shtrikman (HS) model
[14,15]. This method defines an upper and lower bound based on a transport coefficient (i.e.
thermal conductivity) and the volume percent filler and assumes a two-phase composite with one
phase a polymer matrix (M) and the second phase spherical filler particles () with no porosity
within the composite. The expression for the upper bound is given by Wagner[16] for electrical
conductivity and later modified for thermal conductivity [17]. The lower bound describes a
composite with effective thermal conductivity limited by the lower value of thermal conductivity
(i.e., PTFE) with fillers of higher thermal conductivity (i.e., carbon). The upper bound describes

a composite with effective thermal conductivity limited by a matrix of higher thermal
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conductivity (carbon) with filler of lower thermal conductivity (i.e., PTFE). The expressions for

the upper and lower bound are given in Eq. (2) and (3) [17].

2A+ AN —2Xp (Ap—An)

Upper Bound = A5+ = A, Dt X o)

(2)

2AMAAR—2Xp(AM—AF)

— JHS— _
Lower Bound = A = Ay g A X Gt —)

(3)
In Eq.(2) and (3), Ag is the thermal conductivity of the filler, A, is the thermal conductivity of
the polymer matrix, and X, and X are the volume concentration of the matrix and filler,
respectively. Using the HS model for the upper and lower bounds, a value of interconnectivity is

given by a method described by Schilling and Partzsch [18].

Am -AHS—
X. _ easured (4)
interconnected — /1HS+ —AHS—

In Eq. (4), Apreasurea 1S the measured composite thermal conductivity. This method was modified
to include the effects of air by estimating values of Ar and Am from measurements taken from

compressed powder pellets with similar bulk density.
2. Experiment
2.1 Materials

The composites consisted of DuPont Teflon® PTFE 60 (~5um particle size) matrix filled
with varied concentrations of three different shapes of carbon fillers: graphene flakes, nanotubes

(CNT), spherical diamond.

Graphene (Grade AO-2), Fig.1a, was supplied by Graphene Supermarket (Calverton,
NY) and are irregularly shaped but approximated as rectangular with two lateral micron-scale

dimensions ranging from 150-3000 nm and 8 nm thickness. The CNT, Fig.1b, was supplied by
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Alfa Aesar; Ward Hill, MA) with a 3-20 nm outside diameter with 1-3 nm inside diameter and a
0.1-10 um length. The diamond nanoparticles, Fig. 1c, were supplied by Skyspring

Nanomaterials (Houston, TX) and are spherical with a 3-4 nm diameter.

Figure 1. SEM images of a) graphene b) CNT c) diamond aggregate

Five different filler concentrations ranging from 0 to 30 vol. % were calculated with
supplier specified material densities and controlled volume to achieve a constant bulk density of
1.1 g/em’. A maximum concentration of 20 vol. % was made for diamond because beyond that
concentration, the pellets became fragile and did not maintain constant dimensions. The filler
and PTFE were weighed and mixed until dispersion quality appeared good. The powder was cold
pressed into a cylinder pellet with 12.6 mm diameter and 1.7 mm thickness using a die designed

to facilitate pressing powders with a hydraulic press. Pellets were weighed and measured. Using
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the thickness of 1.7mm and diameter of 12.6 mm, the volume of each pellet was calculated. The
bulk density was then calculated using the measured mass and volume of each pellet. The pellets

were then coated with a dry graphite film lubricant to facilitate absorption of incident radiation.

2.2 Laser Flash Analyzer

Thermal diffusivity measurements were made with a Netzsch Laser Flash Analyzer
(LFA) 447 at 25° C for each sample. The Netzsch LFA 447 works on the flash diffusivity
method. In this method, a xenon flash lamp placed inside a parabolic mirror emits a 115 or 230
V, 50/60 HX, and 10 A short light pulse onto the sample. The time it takes for the sample to heat
up is measured by a liquid-nitrogen cooled indium antimonide infrared detector. From this

thermal diffusivity is calculated by Eq. (5)[19].

l2
a=13.881 (5)

tso

In this equation, « is the thermal diffusivity, [ is the thickness of the sample, and #50is the time
corresponding to 50% of the temperature increase. Five measurements for each sample were
averaged for the final data. Analysis and determination of thermal conductivity was done with

Netzsch Proteus software.

3. Results

3.1 Thermal Conductivity

Effective thermal conductivity measured for each filler shape and concentration are
presented in Fig. 2. The effective thermal conductivity of PTFE/flake and PTFE/tube increased
linearly with filler volume concentration and reached a maximum of 0.65 and 0.2 W/mK,

respectively. The effective thermal conductivity of PTFE/diamond remained around the original
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value 0.07 W/mK until 20 vol. % filler where it increased to 1.0 W/mk. At greater than 20 vol.%

diamond filler, pellets with consistent dimensions could not be produced.
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Figure 2. Measured effective thermal conductivity (A) of PTFE/Filler composites with
different filler shapes and concentrations. Flakes indicated by diamond symbols, tubes
indicated by triangle symbols and spheres indicated by square symbols.

3.2 Interconnectivity

To calculate filler interconnectivity, a pellet of pure PTFE at the same bulk density was
prepared and the thermal conductivity was measured to be 0.06W/mK. This was the value used
for Ay in Eq.(2) and Eq.(3). The value for Az was found similarly for graphene and was 2.0

W/mK. The results for interconnectivity are shown in Fig. 3.

9|Page



0.45

0.40 S
0.35 QGrnphpnp
0.30 —mbiamond ®
o 0% Tube
0.20
2
0.15
0.10 r'y
0.05
000 @@= O
0.0% 10.0% 20.0% 30.0% 40.0%

Concentration of filler by volume

Figure 3. Calculated interconnectivity (X) using Eq. (2-4) for different shapes and
concentration of filler.

Interconnectivity increased with filler concentration for flakes and tubes with a maximum
of 0.4 and 0.075 at 30 vol. %, respectively. Interconnectivity for diamond remained negligible up
to 20 vol. % filler. Interconnectivity for flakes was nearly six times greater than for tubes at all

volume concentrations.

3.3 Mixing Parameter

The mixing parameter, n, in Eq. (1) provides a quantitative correction factor for a
weighted average estimate of effective thermal conductivity. To calculate n in Eq.(1), PTFE
along with air void space is assumed to comprise a continuous matrix with a dispersed carbon
filler. The measured thermal conductivity of the PTFE matrix (i.e., 0.06 W/mK) is used to
determine the mixing parameter in Eq.(1). Thermal conductivity of the carbon filler is 1000
W/mK and assumed constant for all shapes to isolate the influence of shape. Thermal

conductivity of the three fillers is reported in the range of 25-5800W/mK[20][21][22]. A
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constant value 1000 W/mK is chosen because this value is in the range reported for all three

shapes. The mixing parameter as a function of filler concentration is shown in Fig. 4.
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Figure 4. Mixing parameter (n) as a function of filler concentration by volume percent and

filler morphology.

The value of n near 0 vol. % is 0.4 for all filler shapes and » decreases as filler
concentration increases for flakes and tubes, but remains constant for diamond. The value of
decreases faster for graphene then for tubes with values of 0.17 and 0.34 at 30 vol. %,

respectively.

4. Discussion

The measured effective thermal conductivity shown in Fig. 2 are much lower than
reported values of 0.25 W/mK for PTFE and up to 5800 W/mK for carbon [21]. This difference
may be a result of the influence of air voids in the pellets which has a thermal conductivity

significantly lower than PTFE or carbon (i.e., 0.025 W/mK)[23]. The concentration of air voids
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in the samples can be assessed through the bulk density expressed in terms of percent theoretical
maximum density (TMD). All pellets here have the same bulk density which corresponds to 50%

TMD such that half of each sample is air void space.

Interconnectivity is a measure of how well the filler particles connect throughout the
PTFE/air matrix. At low filler concentrations, very few or no connected filler pathways are made
through the matrix and the filler is considered a dispersed phase. At high filler concentration,
multiple pathways are formed and combine to form a single, continuous pathway or phase. All
fillers studied here are identified as nanoparticles because each has at least one dimension 100
nm or less. Figure 3 shows interconnectivity negligibly increased for diamond because the nano-
sized diameter did not allow for a continuous path of spherical particles to connect. The micron-
scale length of the CNT allowed some connectivity through the matrix. Graphene flakes have
two micron-scale dimensions (i.e., length and height) while CNT only one (i.e., length) and the
diamonds have none. The multiple micron-scale dimensions associated with the graphene flake
morphology may be a key parameter influencing interconnectivity of the filler and explains the

significant increase in thermal conductivity associated with graphene.

There is an inverse relationship between interconnectivity and the mixing parameter n
shown in Fig. 4. Nielson explains that not all materials attached to a continuous matrix act as a
second continuous phase but can instead act as a dispersed phase [5]. The inverse relationship
between interconnectivity and #n shows this. At 0.2 vol. %, the filler for all three shapes acts like
a dispersed phase in a continuous phase (i.e., PTFE). The two micron scale dimensions in
graphene allow it to act more like a continuous a phase at lower concentration. The value of n
remains constant for diamond because with no micron-scale dimensions, the filler acts as a

dispersed phase up to 20 vol. %. Nielsen [4] noted that if the filler phase is continuous and
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randomly oriented, then a value of n near zero would be expected. This is supported by the
values of n for graphene that decreases from 0.4 at 0.2 vol. % filler to 0.17 at 30 vol. % filler,

showing a decreasing value of n as the filler phase becomes more continuous.

The shape of the thermal conductivity curve in Fig. 2 is interesting. Zhang et al. [6]
showed that thermal conductivity as a function of concentration exhibits behavior that is
analogous to percolation in electrical conductivity. It takes fewer connected pathways to
effectively transfer electrical energy than thermal energy[24]. Because of this, there is no definite
percolation concentration for thermal conductivity but instead a variation in thermal transport is
indicated by an inflection point. At a certain filler concentration, there is an initial inflection
point where there is a sharp increase in thermal conductivity and a second inflection point where
the increase in thermal conductivity stabilizes [7]. Zhang et al. [7]showed that both inflection
points occur at different concentrations for different filler sizes. In Zhang et al.[7], thermal
conductivity was separated into three stages. The first stage describes a condition for no filler
connected pathways (i.e. dispersed phase) and the increase in thermal conductivity is from the
difference in thermal conductivity of the filler and PTFE as described by Eq.(1) with a constant
n. The second stage is marked by the morphology of the filler particles that have a significant
influence on the effective thermal conductivity by increasing the number of connected pathways
which makes the filler act less like a dispersed phase and more like a continuous phase. In this
stage, the value of n in Eq.(1) changes as a function of filler concentration and is directly related
to the change in interconnectivity(shown in Fig. 5). In the third stage, the filler has made enough
connected pathways that it is no longer a dispersed phase but transitioned to a continuous phase.
In this stage, PTFE and filler are both considered continuous phases, # remains constant and the

increase in effective thermal conductivity with concentration is from the material thermal
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properties, not the morphology. These inflection points are also related to interconnectivity.

Figure 5 shows a concept sketch of effective thermal conductivity with HS bounds.

...... HS- ,
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Figure 5. Concept sketch of effective thermal conductivity (solid line) and HS upper (long-

dashes) and lower (short dashes) bounds.

In Fig. (5), interconnectivity is smaller at the origin where the measured value is closer to the
HS" line. Interconnectivity approaches unity, the maximum value, as the measured value
approached the HS™ line. Interconnectivity increases the most in Stage 2 and is relatively stable
in both Stage I and 3, which follows the same pattern as » in Eq. (1). Measured values of
interconnectivity could be used to predict the behavior of » which will allow us to more

accurately calculate the effective thermal conductivities of polymer composites from Eq. (1).

From Fig. 2, the inflection point for graphene was at very low concentration (i.e., 0.2 vol.
%) and most of the measured values were in Stage 2. This low concentration for the inflection
point makes sense because the two micron-scale filler dimensions create more connected
pathways at lower concentrations. The first inflection point for CNT was between 5-10 vol. %.

The slope of the line in Stage 2 for CNT is smaller than for graphene. It is predicted that
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graphene, because of its earlier infection point and steeper slope, will reach its second inflection
point at lower concentration than CNT because the two micron-scale lengths will form a
continuous phase at lower concentrations. The smaller slope in Stage 2 of the CNT is because
with only one micron-scale dimension, a higher filler concentration is needed to create
interconnected pathways. The diamond filler never reached the inflection point which is shown

by a constant n value and interconnectivity of 0.

5. Conclusions

The effects of filler shape on the interconnectivity and effective thermal conductivity of
PTFE/carbon composites was studied. Below 20 vol. % filler, 3-4 nm diameter spherical
diamond particles show no interconnectivity. Graphene flakes with two micron-scale dimensions
and CNT with one micron-scale dimension showed approximately linear trends below 30 vol. %
filler concentration. Graphene exhibited interconnectivity six times greater in the CNT, and an
increase in effective thermal conductivity 3 times greater than CNT for 20 vol. % filler
concentration. Fillers with more micron scale dimensions form a more interconnected network
through the composite. A modified weighted average model based on a mixing parameter was
also presented. The mixing parameter was determined to be a function of both filler
concentration and shape. These results show the importance of a continuous and dispersed
phases on effective thermal conductivity and enable tailored thermal properties via selection of

filler shape to control energy transport.
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