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Thermal Percolation

Thermal Properties of the Binary-Filler Hybrid Composites
with Graphene and Copper Nanoparticles

Zahra Barani, Amirmahdi Mohammadzadeh, Adane Geremew, Chun-Yu Huang,
Devin Coleman, Lorenzo Mangolini, Fariborz Kargar,* and Alexander A. Balandin*

The thermal properties of epoxy-based binary composites comprised

of graphene and copper nanoparticles are reported. It is found that the
“synergistic” filler effect, revealed as a strong enhancement of the thermal
conductivity of composites with the size-dissimilar fillers, has a well-defined
filler loading threshold. The thermal conductivity of composites with a
moderate graphene concentration of f, = 15 wt% exhibits an abrupt increase
as the loading of copper nanoparticles approaches fc, = 40 wt%, followed

by saturation. The effect is attributed to intercalation of spherical copper
nanoparticles between the large graphene flakes, resulting in formation

of the highly thermally conductive percolation network. In contrast, in
composites with a high graphene concentration, f, = 40 wt%, the thermal
conductivity increases linearly with addition of copper nanoparticles.

A thermal conductivity of 13.5 + 1.6 Wm™'K™" is achieved in composites with
binary fillers of f, = 40 wt% and f, = 35 wt%. It has also been demonstrated
that the thermal percolation can occur prior to electrical percolation even in
composites with electrically conductive fillers. The obtained results shed light
on the interaction between graphene fillers and copper nanoparticles in the
composites and demonstrate potential of such hybrid epoxy composites for

conduction properties of commercial
TIMs, which include thermal greases,
adhesives, and thermal phase-change
materials. The polymer-based TIMs,
applied between heat sources and heat
sinks, are vital components of pas-
sive heat management in electronic
systems. Polymers, in general, due to
their amorphous structure, possess low
thermal conductivity in the range of
0.2 — 0.5Wm™'K LB The conventional
approach for producing TIMs is incorpo-
ration of microscale and nanoscale parti-
cles into the polymer matrix in order to
enhance the overall heat conduction prop-
erties of the resulting composites.”! The
filler particle can be metallic or electri-
cally insulating. In some applications, one
desires to increase thermal conductivity
while preserving electrical insulation,
in other applications, one benefits from
increasing both thermal and electrical

practical applications in thermal interface materials and adhesives.

1. Introduction

The growth in power densities in electronic, optoelectronic,
and microwave devices makes efficient thermal management
a critical issue.')l The development of the next generation of
thermal interface materials (TIMs) with substantially higher
thermal conductivity is essential for various device technolo-
gies. The state-of-the-art light emitting diodes, lithium-ion
batteries,>® and solar cells!”! suffer from the inadequate heat

conductivity. The commercially available
TIMs, with complex preparation recipes,
have the “bulk” thermal conductivities in
the range of 0.5 — 5 Wm™K™!, achieved at high filler loading
fractions of ¢ = 50 vol%.1% To satisfy the industry needs one
need to develop novel TIMs, including cured epoxies and non-
cured thermal greases, with the “bulk” thermal conductivity
in the range of 15-25 Wm™K"! near room temperature (RT).
Substantial increase in the heat conduction properties of com-
posites requires detailed investigation of the alternative heat
conduction fillers and better understanding of the fillerfiller
and filler-matrix interactions.
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Graphene has attracted a lot of attention owing to its extraor-
dinary electrical,l'*'?l optical,'¥l and thermal properties.t14-20]
The intrinsic thermal conductivity of a large sheet of single-layer
graphene (SLG) can exceed than that of the basal planes of
high-quality graphite, which by itself is high: =2000 Wm 1K
at RT.[101421-23] Although the few-layer graphene (FLG) sheets
have lower intrinsic thermal conductivity than SLG, they are
more technologically feasible for practical applications.[1-242]
The FLG fillers preserve the high thermal conductivity, close to
that of graphite, and possess mechanical flexibility, facilitating
coupling to the matrix material. It is known that FLG can be
mass produced at low cost, which is an important factor for
any fillers in TIMs, composites, and coatings.[>>7:10.20.24-28]
The sheets of FLG are also less vulnerable to defects induced
by processing, mechanical stresses, rolling, and folding, which
happens often during the mixing of fillers with the polymer
matrix.l'%20.24] The first study of graphene composites reported
an enhancement of the thermal conductivity of epoxy from 0.2
to = 5 Wm™K™ at the low graphene loading of = 10 vol%.1¥
The results have been independently confirmed and improved
by other research groups, which obtained similar enhancement
factors at lower graphene concentrations.?%-31

The first graphene-based composites have been prepared
using raw graphite as the source material to produce SLG and
FLG fillers via liquid phase exfoliation (LPE). The preparation
method includes chemical processing, sonication, and centrifu-
gation.l'% These procedures do not allow for an accurate con-
trol of the lateral dimensions and thicknesses of the resulting
graphene fillers. However, a certain range in the size distribu-
tion of FLG fillers turned out to be even beneficial. The size
distribution of the fillers can result in the “synergistic” effect,
characteristic for the fillers of different dimensions.?1~*1 The
“synergistic” effects constitutes a stronger enhancement of the
thermal conductivity of the composites with the size-dissim-
ilar binary fillers than with the individual fillers of the same
total concentration.B1*11 Recent technological advancements
made it possible to produce FLG fillers of different sizes
and thicknesses using LPE“?*3 or graphene oxide reduction
methods.[**8] These developments open up a possibility of
industrial production of composites with the high loading of
graphene.?**8] Here and below, in the thermal context, we use
the term graphene to indicate a mixture of SLG and FLG.

The physical nature of heat transport is different in metallic
and non-metallic fillers. In non-magnetic solid materials, heat
is carried by electrons and phonons—quanta of the ion-core
crystal lattice vibrations. The thermal conductivity of solid mate-
rials is described as A = 4, + A, where 4, and 4, are the phonon
and electron contributions, respectively. In electrical insulators
and semiconductors, heat is mostly transferred by acoustic
phonons with long mean free paths (MFP).'! The same is true
for graphene and other carbon allotropes.!'®! An equation for 4,,
based on the gas kinetics, is 4, =(1/3)c,vA,, where ¢, is the
specific heat, v is the phonon’s average group velocity, which
in many solids can be approximated by the sound velocity, and
A, is the phonon MFP, respectively. The average grey MFP of
acoustic phonons in graphene is =750 nm at RT.'>?2 For this
reason, in thermal applications, it is favorable to use graphene
fillers with comparable or large lateral dimensions, exceeding
the phonon MFP in order to avoid degradation of the intrinsic
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thermal conductivity of the fillers due to the phonon-filler
edge scattering. It should be noted that using excessively large
graphene fillers can lead to the agglomeration of the fillers
during mixing as well as filler bending and rolling. There exists
optimum lateral size and thickness ranges for FLG fillers for
each specific matrix material and desired characteristics of the
composites. In metals, the heat conduction is dominated by
electrons due to their high concentration. For example, pure
copper has thermal conductivity of = 400 Wm™'K~! in which
electrons contribute ~98% of the total thermal conductivity at
RT.! Electrons have much shorter average MFP compared
to acoustic phonons. In pure copper, the electron MFP is
A, =40 nm.* For this reason, one can envision using metallic
fillers of much smaller dimensions as compared to those of
graphene without degrading their intrinsic heat conduction
properties. The use of fillers of different sizes and aspect ratios
is considered to be promising for achieving strong enhance-
ment of thermal properties via “synergistic effect”.31-41]

Here, we report the results of the investigation of the
thermal conductivity of the epoxy composites with hybrid
fillers comprised of FLG with the large lateral size (few pum)
and copper nanoparticles (Cu-NP) with the small lateral size
(few nm). In the high-loading composites with FLG and
Cu-NP fractions of f, = 40 wt% and fc,, = 35 wt%, we achieved
13.5 + 1.6 Wm'K! thermal conductivity, which translates
into =6750% enhancement of the polymer’s thermal conduc-
tivity. It has been established that the increase in the Cu-NP
loading, at constant graphene concentration, results in incor-
poration of Cu-NPs between the large graphene flakes, with
the corresponding formation of the thermally conductive net-
work of fillers. The thermal transport in the thermal percola-
tion regime is characterized by a significant enhancement in
thermal conductivity. Our results show that a combination
of graphene fillers (high-aspect ratio and pum-scale lateral
dimensions) with the phonon-dominated heat conduction and
metallic fillers (small aspect ratio and nm-scale dimensions)
with the electronic heat conduction is promising for TIM
applications.

2. Results and Discussion

In Figure la-g, we illustrate the step-by-step preparation pro-
cedures for the samples. The base polymer material is a curing
epoxy composed of a resin (Bisphenol-A; Allied High Tech
Products, Inc.) and a hardening agent (Triethylenetetramine;
Allied High Tech Products, Inc.). Commercially available
Cu-NPs (US Research Nanomaterials, Inc.) with the vendor-
specified average diameters of 40, 100, and 580 nm have been
utilized. The scanning electron microscopy (SEM) images and
information on the physical properties and impurity contents
of the nanoparticles are presented in Figure S1, and Tables S1
and S2 in the Supporting Information. The criteria for size
selection of Cu-NPs was based on the MFP of electrons
(A,) in Cu which is = 40 nm at RT.H# The Cu-NP sizes have
been selected to be larger than A, so that the nanoparticles
preserve their intrinsic electronic heat transport properties
(see Figure S2, Supporting Information for thermal conduc-
tivity data of the epoxy with 40, 100, and 580 nm Cu-NP fillers).
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Figure 1. Schematic of the composite preparation and sample characterization. a) Addition of Cu-NPs to the epoxy resin and mixing them inside
the glove box in argon gas environment in order to prevent oxidation of Cu-NPs. b) SEM image of large FLG fillers with the lateral dimensions in the
range of =15-25 um. c) Mixing FLG fillers and hardener with the prepared resin-Cu-NP mixture and vacuuming. d) Curing the mixture in the tem-
perature controlled oven for =2 h. e) Optical image of a highly loaded composite with 15 wt% of FLG and 40 wt% Cu-NP fillers. f) SEM image of the
cross-section of the same sample demonstrating the overlapping of FLG fillers and intercalation of Cu-NPs between them. g) Schematic of the thermal
percolation network of the fillers. The Cu-NPs bridge between the FLG fillers and create thermal paths, which significantly enhance the thermal transport

via the highly conductive fillers.

In some cases, the application of smaller size Cu-NPs can also
be beneficial to prevent agglomeration or take advantage of
the size dissimilarity to achieve the “synergistic effects”.’1=*1l
Cu-NPs with 100 nm size distribution are mixed with the resin
in pre-calculated proportions inside a glove box in the argon
gas atmosphere (Figure 1a). The level of oxygen inside the glove
box is carefully monitored and kept below =0.2 ppm to prevent
oxidation of Cu-NPs. It should be noted that Cu-NPs like other
metallic nanoparticles are highly flammable and tend to oxidize
upon exposure to air (Figure S3, Supporting Information). The
oxidation of nanoparticles reduces the thermal conductivity of
copper at least one order of magnitude.% In the next step, gra-
phene fillers (graphene, grade H, XG-Sciences) with the vendor
specified original lateral dimensions of =25 pum are weighed
and added to the Cu-NP-resin mixture outside the glove box.
Figure 1b shows a representative SEM image of graphene flakes
confirming their large lateral dimensions. At the next step, the
hardening agent is added and mixed with the rest of the fillers
and resin using a high shear speed mixer (Flacktek Inc.). The
mixture is vacuumed for =10 min to extract possible gas bub-
bles, which are trapped inside the solution during the mixing
process (Figure 1c). This process is repeated several times in
order to achieve a uniform dispersion and minimize the voids
inside the composite. The samples are poured in silicon molds,
lightly pressed, and left inside the oven for =2 h at 70 °C to cure
and solidify (Figure 1d). All composites are prepared in the form
of disks with a diameter of 25.6 mm and thickness of =1 mm.
An optical image of a highly loaded composite with f, = 15 wt%
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and fc, = 40 wt% is shown in Figure le. In Figure 1f, we show
an SEM image of the cross-section of the same sample, which
clearly demonstrates that the smaller Cu-NPs tend to reside
between the large graphene fillers (more SEM images are pro-
vided in Figure S4, Supporting Information). The latter helps
in creation of the thermal percolation networks, illustrated in
Figure 1g. In this image, the large hexagons and small spheres
represent FLG and Cu-NPs, respectively. The red arrows show
the highly conductive heat transport paths through fillers inside
the epoxy polymer host.

An accurate measurement of the mass density of the com-
posites is important in order to determine thermal conduc-
tivity from the measurement of the thermal diffusivity. The
mass density of the samples was measured using an elec-
tronic scale utilizing Archimedes’ principle. The mass density
was then utilized to calculate the porosity of the samples and
determine the thermal conductivity, A, by the transient “laser
flash” (LFA) method.P?*4 We measured the specific heat and
thermal diffusivity of the samples with the LFA instrument
and calculated the cross-plane thermal conductivity according
to 4 = p, c,0, where p,, c,, and « are composite’s density, spe-
cific heat, and cross-plane diffusivity, respectively. The details
of the density and LFA thermal diffusivity, conductivity, and
specific heat measurements are provided in the Experimental
Section. Figure 2a,b shows the mass density and specific heat
of the prepared samples, respectively. The data are presented
for the binary fillers at constant graphene loadings of 5, 15, and
40 wt% and various Cu-NPs loading fractions.
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Figure 2. a) Mass density, and b) specific heat of the hybrid composites
at constant mass loading fraction of graphene as a function of Cu-NP
loading. The dashed lines show the fitting of the thermos-physical proper-
ties of the composites based on the rule of mixtures, which indicates an
excellent agreement with the experimental data. While the density of the
composites increases non-linearly with addition of Cu-NPs, the specific
heat decreases linearly as a function of the copper mass loading fraction.

The results of the mass density measurements presented
in Figure 2a indicate that the density of the samples increases
with addition of Cu-NP fillers to the composites with the con-
stant graphene content. This is because Cu has a much larger
density compared to graphene (pc./p, = 4) and pure epoxy
(Pcu/pe = 7.8). More importantly, the density data confirm that
the porosity of the samples is less than 7% of the composite
total volume, even at high loading fractions. The porosity is
calculated as B = (Dexp — Pin)/Pth, Where pey, is the measured
density of the actual sample and py, is the theoretical density
of the composite according to the rule of mixture, defined as
P = 2m;/2(m;/p;), where m; and p; are the mass and density
of the composite constituents (epoxy, graphene, and Cu-NPs).
The excellent agreement between the experimental data and
theoretical dashed lines confirms that our composites have a
negligible fraction of air gaps. In contrast to the density, the
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specific heat of the composites decreases linearly with the addi-
tion of Cu-NP due to the fact that the specific heat of Cu is
smaller than that of both graphene (c,c,/c,, = 0.55) and pure
epOXY (Cpcu/Cpe = 0.25). In Figure 2a,b, the horizontal error bars
include the uncertainties associated with the Cu-NP mass frac-
tion in the samples determined from averaging over several
samples. The vertical error bars are defined by the uncertainties
in the experimental measurements, including the instrumental
and standard deviation in multiple measurements.

The cross-plane thermal diffusivity of the composites was
measured at RT using the LFA technique. Figure 3a shows the
thermal diffusivity of the composites at a constant graphene
concentration as a function of Cu-NP loading. In order to ana-
lyze the data, we introduce three different thermal regimes
determined by the concentration of the graphene filler: low
(fy = 5 wt%), medium (f, = 15 wt%), and high (f; = 40 wt%) as
illustrated with the cyan circles, orange triangles, and violate
squares, respectively. At low and medium graphene loading,
the diffusivity of the composites increases linearly with addition
of Cu-NP fillers up to a certain loading threshold. At the low
graphene concentration regime, starting at fc,, = 40 wt% Cu-NP
loading, the diffusivity increases linearly at a higher rate. At the
medium graphene loading regime, the diffusivity experiences
an abrupt jump when the Cu-NP loading reaches fc, = 40 wt%.
At this point, the diffusivity increases by almost factor of x 2
and then saturates, i.e., adding more Cu-NP fillers does not
affect the thermal diffusivity. For the high graphene loading
fractions, adding Cu-NP fillers increases the diffusivity linearly
without jumps or changes in the slope.

Figure 3b—d shows the thermal conductivity of the composites
determined from their measured thermal diffusivity (Figure 3a),
mass density (Figure 2a), and specific heat (Figure 2b). The
thermal conductivity of the samples at all three graphene load-
ings (low, medium, and high) follows the same trend as described
for the thermal diffusivity. At the low graphene loading fraction,
fe = 5wt%, graphene fillers are dispersed randomly in the
polymer matrix and are separated apart, not forming a percolated
network. Addition of the Cu-NP fillers increases the thermal
conductivity slightly as expected from the effective medium con-
siderations.**>3>% At a large loading of Cu-NP, f, = 40 wt%, the
Cu-NPs fill in the gaps between the highly thermally conductive
graphene fillers, and create a limited number of highly con-
ductive thermal paths (see Figure 1g), which results in steeper
increase in the thermal conductivity (Figure 3b). It should be
noted that copper by itself has a rather high thermal conduc-
tivity of = 400 Wm™'K~15 although it is smaller than that of
FLG fillers, which is on the order of =2000 Wm™K™! at RT.['+6]
The change in the dependence of the thermal conductivity of
composites with a single type of filler at high loading fractions
has been discussed in literature previously.’”! Available models
predict that the thermal conductivity of the polymer composites
increases linearly with the increasing loading of the highly ther-
mally conductive fillers. At certain filler loading fraction, defined
as the thermal percolation threshold, a percolated network of
highly conductive fillers forms inside the poorly conducting
polymer matrix and enhances the thermal transport. The latter
reflects in the change in the slope of the linear dependence. Our
results for the low graphene loading fraction are in agreement
with this previously described scenario.
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Figure 3. a) Thermal diffusivity of the epoxy composites with binary fillers of graphene and Cu-NPs as a function of copper mass loading fraction.
The diffusivity of the composites with 5 wt% of graphene increases gradually with the copper loading. The diffusivity grows faster as the copper mass
fraction exceeds 40 wt% due to creation of the thermally conductive filler paths inside the polymer host. In composites with 15 wt% of graphene and
at = 35 wt% of copper, the thermal percolation reveals as an abrupt change in the thermal diffusivity. At 40 wt% of graphene loading, the system is
already in the thermal percolation regime with the graphene fillers and thus, the diffusivity increases linearly with the addition of Cu-NPs. Thermal
conductivity of the epoxy with b) 5 wt%, c) 15 wt%, and d) 40 wt% of graphene as a function of copper loading fraction.

The analysis of our experimental results suggests a particular
physical mechanism behind the stronger enhancement of the
thermal conductivity with binary fillers. We argue that the role
of Cu-NPs is bridging the graphene fillers, thus, creating highly
thermally conductive graphene-graphene networks. As it is
shown in Figure S2 in the Supporting Information, addition
of 50 wt% Cu-NP slightly enhances the thermal conductivity
of the pristine epoxy polymer from 0.2 to =0.6 Wm™ K. For
epoxy with f; = 5wt%, the thermal conductivity increases from
=0.85 Wm™! K™ at fo, = 0 wt% to =1.1 Wm™ K at fo,, = 40 wt%.
The change in the thermal conductivity is almost of the same
order as that of the epoxy with only Cu-NPs as fillers. This means
that below fc, = 40 wit%, graphene and Cu-NPs contribute to
the thermal conductivity separately. The rate of the increase of the
thermal conductivity after fc, = 40 wit% is steep confirming that
spherical Cu-NPs facilitate the formation of the percolated net-
work of graphene fillers. The Cu-NPs reside between the graphene
fillers and enhance the heat transfer between different FLG fillers.

We now turn to the composites with the medium graphene
loading fraction, f, = 15wt%. Even before adding Cu-NP
fillers, the thermal conductivity of such composite is relatively
high, = 3 Wm K™, which surpasses the thermal conductivity
of many commercial TIMs with higher filler loadings. Addi-
tion of Cu-NP fillers to the samples, before reaching to the
thermal percolation threshold, results in slow increase in the
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thermal conductivity, at a rate similar to the one in low gra-
phene loading samples. The thermal conductivity of the epoxy
with f, = 15 wt%, changes from 3.1 Wm™'K™" at fc,, = 0 wt% to
3.32 Wm K™ at fe, = 40 wt%, which is small and it almost
equals to the increase of the thermal conductivity of epoxy with
only Cu-NPs at fc, = 50 wt% (Figure S2, Supporting Informa-
tion). The situation here is similar to the case of epoxy with the
low graphene loading. At the Cu-NP loading of fc, = 40 wt%,
the thermal conductivity reveals an abrupt increase due to
reaching the thermal percolation threshold (Figure 2c). Even
though the thermal percolation is reached at about the same
Cu-NP loading, the thermal conductivity trend as a function of
Cu-NP loading is different (compare Figure 2b,c). The change
from the below-percolation to percolation thermal transport
regime is abrupt and it reveals the saturation behavior for high
Cu-NP loading, suggesting that the highest thermal conduc-
tivity limit at a given graphene concentration is reached. In
other words, at f, = 15 wt% and fc, = 40 wt%, all possible per-
colation paths of highly conductive fillers including graphene—
graphene, graphene-Cu-NP, and Cu-NP-Cu-NP have been
formed. These results confirm the existence of an optimum
loading fraction for each filler in composites with the binary
dissimilar fillers, which has been reported in some studies
for other types of fillers.3:3258 The saturation after an abrupt
change demonstrates that the heat transport is dominated by

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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graphene—graphene fillers, and at approximately fc, = 40 wt%
the entire percolated graphene-graphene network of conduc-
tive paths has been formed. With addition of more Cu-NPs,
the change in the thermal conductivity is negligible as Cu-NPs
by themselves do not significantly enhances the thermal
conductivity.

In the high graphene loading composites, f, = 40 wt%, the
thermal conductivity increases approximately linearly with addi-
tion of the Cu-NP fillers, and reaches A = 13.5 + 1.6 WmK™!
at fo, = 35 wt%. The rate of the thermal conductivity increase
with Cu-NP loading is larger compared to the samples with
the lower graphene loadings. This can be explained in the fol-
lowing way. The composites with the 40 wt% loading of large
graphene fillers are already in the thermal percolation transport
regime or close to it. Adding the Cu-NP fillers helps to connects
the graphene fillers more effectively and thus, enhances the
overall heat transport. No saturation behavior is expected in the
high-loading graphene samples, at least up to fc, = 35 wt% con-
centration, since there are many routes of graphene-graphene
to be filled with Cu-NPs. Note that larger thermal conductivity
data scatter is a signature of the thermal percolation regime as
reported in the studies with other types of fillers.>"!

A possible question is why no saturation behavior has been
observed at low graphene loading regime as more Cu-NP fillers
added as the secondary filler to the composite. The thermal
percolation threshold is defined by the probability that Cu-NP
fillers reside between graphene fillers or that graphene fillers,
by themselves, attach to each other inside the polymer matrix.
This probability is related to the distance between graphene
fillers. The longer the distance between graphene fillers, the
lower the probability that Cu-NPs can help creating a thermally
conductive path as they are added to the composite. In order to
create multiple conductive pathways, even higher concentration
of Cu-NPs is needed. At low loading of f, = 5 wt% graphene
fillers, the fillers are distributed evenly, and the distance among
them is large. With addition of Cu-NPs to the composite, the
fillers will start to bridge locally among graphene fillers. How-
ever, the probability that the fillers can create multiple pathways
from one end of the composite to the other side is low. With
addition of more Cu-NPs, local bridging of graphene fillers
happens, which, by itself, enhances the overall thermal con-
ductivity. Inclusion of more Cu-NPs, at least up to 60 wt% does
not result in bridging of all possible graphene fillers. Based
on this argument, an optimum ratio of the first to secondary
filler is recommended in order to observe the largest enhance-
ment in any epoxy with the binary fillers. A quantitative under-
standing of heat conduction mechanism in composites with
binary fillers of dissimilar sizes and topography, e.g. graphene
as quasi-2D filler and Cu-NP as nanoscale filler, is complicated.
It requires comprehensive numerical analyses of the effect of
various parameters, e.g. thermal contact resistance between
filler-filler and filler-polymer matrix, local clustering,®® and
wrinkling and folding of graphene fillers.®] A complete theo-
retical description is beyond the scope of this experimental
study. Table 1 summarizes reported thermal properties of
composites with different hybrid fillers, which revealed “syn-
ergistic” effects. For better comparison, the data are primarily
shown for polymeric composites with various quasi-2D fillers,
e.g. graphene and h-BN.
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The thermal properties of the samples were measured in the
temperature range from RT to 425 K, which is relevant for prac-
tical applications. The measurements were conducted using
the LFA method. Figure 4a,b shows the thermal diffusivity
and conductivity of three different composites as a function of
temperature. Samples A, B, and C are epoxy composites with
5-59, 15-40, and 40-17 wt% graphene—Cu-NP fillers, respec-
tively. For all samples, the thermal diffusivity decreases with
increasing temperature. The rate of the thermal diffusivity vari-
ation with temperature depends on the graphene loading: the
higher is the graphene loading, the stronger is the decrease in
the thermal diffusivity. The trend is different for the thermal
conductivity. The results of the thermal conductivity measure-
ments, presented in Figure 4b, confirm that it remains almost
constant over the examined temperature range. This is due to
the fact that the specific heat of the samples increases with
increasing temperature. The increase in the specific heat com-
pensates the decrease in the thermal diffusivity and mass den-
sity of the composites, resulting in almost constant thermal
conductivity over the examined temperature range. The results
of thermal stability tests of the composite samples over six tem-
perature cycling from RT to 453 K are shown in Figure 5. The
data demonstrate that the composites do not degrade with the
temperature cycling. The fact that the composites preserve their
excellent thermal properties at elevated temperatures, and they
do not deteriorate with temperature cycling attest for feasibility
of their practical applications.

The cross-plane electrical resistivity, {, of the composites
was measured using a standard two-probe configuration. The
electrical conductivity, c = 1/, was calculated for each sample
and plotted as a function of graphene and Cu-NP loading frac-
tions. The details of the electrical resistivity measurements are
provided in the Experimental Section. Figure 6a shows the
cross-plane electrical conductivity of epoxy with graphene as a
function of FLG loading fraction. The epoxies are electrically
insulating materials. The electrical conductivity of pristine
epoxy is reported to be on the order of = 1071® S m~1,°3l which
is below the detection limit of the equipment used in this
study. The addition of only 5-7 wt% of graphene, increases
the electrical conductivity by =5 to =10 orders of magnitudes,
respectively. The abrupt change in the electrical conduc-
tivity of the epoxy as a result of adding electrically conduc-
tive fillers is conventionally described by the power scaling
law as 0 ~ (¢ — ¢p)" where ¢ is the filler volume loading frac-
tion, ¢ is the filler volume fraction at the electrical percolation
threshold, and t is the “universal exponent”.’ We fitted the
experimental data in Figure 6a with the power law (dashed
lines). The filler loading at the electrical percolation threshold
was extracted to be ¢p = 2.6 vol%, which corresponds to
fr = 7 wt%. The extracted universal exponent ist = 4.2. The
electrical percolation in the composites with various carbon
fillers has been investigated extensively, and the values
derived in this study agree well with the prior reports.[*794-%
In the epoxy composites with a single type of filler, the loading
fraction at which the thermal percolation is achieved is usually
larger than that of the filler loading required to obtain the
electrical percolation, i.e., thermal percolation happens after
electrical percolation. In a few studies, the thermal conduc-
tivity of the composites did not exhibit changes expected at the
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Table 1. Thermal conductivity of composites with hybrid fillers.

Filler type TC Loading (filler 1/filler 2) Matrix Refs.
GNP/Cu-NP 13.5+1.6 40/35 wt% Epoxy This work
GNS/MWCNT (both silver functionalized) 12.3 total:20 vol% PVA [62]
GNP/h-BN 47 15/2 vol% Epoxy 31]
GNP/Al,03/MgO 3.1 0.5/48.7/20.8 wt% PC/ABS 63]
CNTs grown on the GNP 2.4 20 wt% Epoxy [64]
GNP/h-BN 1.8 20/1.5 wt% PA [65]
GNP/MWCNT 1.4 18/2 wt% PC [66]
Ag NWs/GNP (functionalized) 1.4 4 vol%/2 wt% Epoxy [67]
GNP decorated with Al,O; 1.5 12 wt% Epoxy [68]
Ag nanoparticle decorated GNS 1.0 5 wt% Epoxy [69]
GNP/h-BN (nanosheet) 0.9 6.8/1.6 wt% PA6 [70]
GNP/h-BN 0.7 20/1.5 wto% PS [65]
GNP/Ni 0.7 5.0/8 wt% PVDF 7]
GNP/MgO 0.5 30 wt% Epoxy [72]
MgO/GNP (coated) 0.4 7 wt% Epoxy [73]
GNP/MWCNT 0.3 0.9/0.1 wt% Epoxy [74]
GO/MWCNT 44 49.64/0.36 wt9% Epoxy (75]
GO/AIN 2.8 6/50 wt% Epoxy [76]
Al,O;/rGO (functionalized) 0.3 30/0.3 wt% Epoxy [77]
h-BN (vertically aligned) /SiC 5.8 40 wt% Epoxy [78]
3D BN/rGO 5.1 13.2 wt% Epoxy (79]
h-BN/AIN (anisotropic/spherical) 4.1 (in-plane) 30 wt% Pl [80]
h-BN (whiskers/aggregated particles) 3.6 12.8/30.0 vol% Epoxy [81]
h-BN (um and nm size) 2.6 40/20 wt% PPS [34]
AIN/MWCNT (functionalized) 12 25/1 vol% Epoxy [82]
h-BN/MWCNT 1.7 50/1 wt9% PPS 83]
h-BN (um/nm sized) 12 30 wt% PI [35]
Ag nanoparticle-deposited BN 3.1 25.1 Epoxy [84]
MWCNT /micro-SiC (functionalized) 6.8 5/55 wt% Epoxy [85]
MWCNT/AIN (functionalized) 1.0 4/25 wt% Epoxy [86]
MWCNT/Cu 0.6 15/40 wi% Epoxy 87]
AIN/AI,O; (large/small size) 3.4 40.9/17.5 wt% Epoxy [32]
SNPs/Ag NWs 1.1 40/4 wt% Epoxy [88]
GO-encapsulated h-BN (h-BN@GO) 2.2 40 wt% Epoxy [89]
AIN (whiskers/spheres) (functionalized) 5.2 30/30 vol% Epoxy [39]
GNS/CINAP 41 5/15 wt% CE [90]
Cu/Sn-Zn alloy microfibers /GNP (high aspect ratio) 11.0 25/19/5 vol% PA6 [97]
CuNPs-CuNWs@BN 4.3 10 wt% PI [92]

percolation.”] This is because matrix materials such as epoxy,
while being completely electrically insulating, still conduct
heat. The intrinsic electrical conductivity of the fillers is usu-
ally =15 orders of magnitude larger than that of the polymer
matrix, while the thermal conductivity is =2 — 5 orders of
magnitude larger than that of the matrix. Because of the high
contrast in the electrical conductivity of the fillers and the
base polymer matrix, the formation of even a few electrically
conductive percolation networks of attached fillers leads to a
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strong enhancement of the composite electrical conductivity.
The formation of a few electrically and thermally conductive
pathways does not necessarily result in a major change in the
thermal conductivity.

Figure 6b presents the electrical conductivity of the compos-
ites at low, medium, and high graphene loadings as a function
of the Cu-NP concentration. At the low graphene loading of f, =
5 wt%, addition of the Cu-NP fillers does not affect the elec-
trical characteristics over a wide range of Cu-NP concentrations.
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Figure 4. a) Thermal diffusivity and b) thermal conductivity of three dif-
ferent composites with approximately equal total filler concentration, and
with low, medium, and high loading of graphene. Samples A, B, and C
are epoxy composites with 5-59, 15-40, and 40-17 wt% graphene—Cu-NP
fillers, respectively. Note that the thermal diffusivity decreases slightly
with increasing temperature while the thermal conductivity remains
almost constant.

However, at fc, = 60 wt%, the electrical conductivity abruptly
grows by =7 orders of magnitude, confirming the transition
to the electrical percolation transport regime. Surprisingly,
in this specific case, the electrical percolation threshold is
achieved after the thermal percolation threshold, which hap-
pens at fo, = 40 wt% (see Figure 3b). Achieving the electrical
percolation after thermal percolation provides the opportunity
to prepare electrically insulating TIMs with the high thermal
conductivity. One possible argument is that the Cu-NPs during
the mixing process are partially coated with the epoxy resin.
When they start to reside between the graphene fillers, the
electrical resistance can remain high because of the thin epoxy
layers around nanoparticles, which prevent the electrical perco-
lation. At the same time, the thermal percolation is achieved
at this loading, because heat can propagate even if the Cu-NPs
are coated with thin epoxy resin layer. Several samples at these
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Figure 5. Thermal diffusivity of composites as a function of temperature
from RT to 453 K. The results confirm the stability of the composites with
the temperature cycling.

critical concentrations were prepared and the measurements
were repeated several times in order to confirm this explana-
tion. As one can see, at lower concentrations of graphene
(5 wt%), the data scatter is small, suggesting that the uncer-
tainties in reported results are negligible, and the data are
reproducible. For the medium and high graphene loading frac-
tions, adding Cu-NP fillers does not introduce much differ-
ence since the composite is already in the electrical percolation
regime with the FLG fillers alone. As seen in Figure 6a, the
composite with the large graphene fillers undergo transition to
the electrical percolation regime at f, =~ 7 wt%.

It is interesting to estimate the contribution of electrons and
phonons to thermal transport in the low, medium, and high
graphene loading composites, at various Cu-NP concentrations.
In Cu-NP, like other metals, A, is the dominant contribution to
heat conduction owning to the large concentration of the free
electrons. The average diameter of Cu-NPs utilized in this study
is =100 nm, which is larger than the electron MFP, which is
=40 nm. One can assume that the thermal conductivity of the
metal particles does not degrade substantially due to the elec-
tron-boundary scattering, and remains close to = 400 WmK!
at RT. In graphene, on the other hand, heat conduction is domi-
nated by phonons.[™ In a complex system of epoxy with metallic
and graphene fillers, both types of heat carriers can potentially
contribute to thermal transport. We extract A, from the Wiede-
mann-Franz law, A,/(0T) = (7%/3)(kg/e)?, where T is the absolute
temperature, kp is the Boltzmann constant, and e is the charge
of an electron, respectively. The highest electrical conductivity
of the samples was measured to be o = 100 S m™! for the com-
posite with f, = 40 wt% and fc,, = 8 wt%. From the Wiedemann—
Franz law, one finds the electronic thermal conductivity to be
A, = 0.0007 Wm™'K~!. The obtained value is negligible com-
pared to the total thermal conductivity, confirming that the heat
is carried primarily by phonons. Strictly speaking, the concept
of phonons breaks apart in the disordered material systems.
However, one can argue that it is still can be used for acoustic
phonons in the elastic medium in the context of heat conduction.
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Figure 6. a) Electrical conductivity of the epoxy composites as a function
of the graphene filler concentration. The abrupt change in the electrical
conductivity, known as the electrical percolation, is achieved at = 7 wt%
of the graphene loading fraction. The orange dashed area indicates the
instrumental limitation for the electrical conductivity measurements.
b) Electrical conductivity of the epoxy composites with different copper
loading fractions at the constant graphene concentrations. The compos-
ites with 5 wt% of graphene are highly resistive to the electrical current
and addition of copper does not affect the electrical properties. At 60 wt%
of copper loading, the electric conductivity increases by six orders of mag-
nitude, revealing the creation of electrically conductive pathways. In the
composites with 15 and 40 wt% of graphene, the addition of copper does
not produce any effect on the electrical characteristics.

3. Conclusions

We reported thermal properties of the epoxy-based hybrid com-
posites with graphene and Cu-NP fillers. The high thermal
conductivity of 13.5 + 1.6 Wm™'K™! was achieved for epoxy
composites with the binary fillers of 40 wt% of graphene and
35 wt% of Cu-NPs. It was found that the thermal conduc-
tivity of composites with a moderate graphene concentration
of f, = 15 wt% exhibits an abrupt increase as the loading of
Cu-NPs approaches fc, = 40 wt %, followed by saturation. In
contrast, in composites with a high graphene concentration,
fy = 40 wt%, the thermal conductivity increases linearly with
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addition of Cu-NPs. It was also established that at low gra-
phene concentrations of 5 wt%, addition of Cu-NPs results in
the thermal percolation prior to the electrical percolation. This
finding has important implications for the design of TIMs. At
all concentrations of the fillers, below and above the electrical
percolation threshold, the thermal transport is dominated by
phonons. The obtained results shed light on the interaction
between graphene fillers and Cu-NPs in the composites, and
demonstrate potential of such hybrid epoxy composites for
practical applications in TIMs and adhesives.

4. Experimental Section

Sample Preparation: The composite samples were prepared by mixing
commercially available FLG (xGnP graphene nanoplatelets, grade H,
XG-Sciences), Cu-NPs (US Research Nanomaterials, Inc.), and off-the-
shelf epoxy set (Allied High Tech Products, Inc.). Based on the final
composite graphene and Cu-NP concentrations, the base resin and
Cu-NP were weighed and mixed inside a vacuum box in argon gas
atmosphere in order to prevent oxidation of Cu particles. The resin and
Cu-NP were stirred manually inside the vacuum box in order to be certain
that the nanoparticles are well dispersed inside the polymer. Afterwards,
the mixture was mixed outside the glove box using the high-shear speed
mixer (Flacktek Inc.) at 1000 rpm for several minutes. Afterwards,
graphene was weighed and added to the homogeneous resin-Cu-NP
mixture in 3 or 4 steps. At each step, the solution was mixed with the
speed mixer at =1000 rpm, then mixed with a home-made needle-like
mixer in order to prevent agglomeration and vacuumed in order to
obtain an air-bubble free mixture. The curing agent (Allied High Tech
Products, Inc.) was then added in the prescribed mass ratio of 1:12 with
respect to the epoxy resin. The mixture was poured inside a mold with
25.6 mm diameter and 1 mm thickness and pressed gently. The samples
were left in the oven for =2 h at 70 °C to cure and solidify.

Mass  Density  Measurements: The mass densities of the
composite samples were measured using Archimedes principle
with an electronic scale (Mettler Toledo). The sample were weighed
in two different mediums once in air and once when submerged
in the water. The density of the sample at RT can be defined using
Pe = Waf/ (W, — W) X (Py — Pa) + Pa Where w,, w,, are the sample’s
weight in air and in water and p,, and p, are the density of the water and
air at RT.

Thermal Diffusivity, Specific Heat Capacity, and Thermal Conductivity
Measurements: Thermal diffusivity of the composites were measured
using the transient “LFA” technique (NETZSCH LFA 467 HyperFlash)
compliant with the international standard ASTM E-1461, DIM EN 821,
and DIN 30 905. In this method, the bottom surface of the sample is
heated via focusing a short-light pulse irradiated from a Xenon flash
lamp. A high-speed detector acquires the temperature rise of the upper
side of the sample. The signal received by the detector is amplified
and plotted as a function of time. Thermal diffusivity of the sample is
calculated based on the thickness and the time which is required for
sample’s temperature to reach its 50% ultimate value. Specific heat
of the sample is calculated based on comparison of the temperature
rise of the sample with that of the known reference sample. The
thermal diffusivity and heat capacity are used to determine the thermal
conductivity via the equation A = p, c,a where p, c,, and a are the mass
density, specific heat, and thermal diffusivity of the samples, respectively.
More details on the measurement procedures can be found in our prior
reports on other material systems.[210:98-100]

Electrical Resistivity and Conductivity Measurements: In order to
measure the cross-plane electrical resistivity ({), two circular large
area Ti/Au contacts (15/150 nm thick) were created on both top and
bottom sides of the sample. Resistance (R) was measured following
the standard two-probe measurements using a digital multimeter
(Fluke Corp.) as well as a semiconductor device analyzer (Agilent
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technology B1500A). The contact resistance was negligible, and the
total resistance was dominated by the sample. This is partially due to
the large surface area and ohmic contact between Ti/Au and the surface
of the composite. Resistivity was calculated via the equation { = RA/t
where R, A, and t are the resistance, contact area, and thickness of the
composites, respectively. Finally, conductivity was calculated via the
equation 0 =1/§ and plotted as a function of filler loadings for different
composites.
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