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Abstract In this research, the thermal diffusivity of composites based on ethylene-
vinyl acetate (EVA) copolymer filled with two kinds of reinforcement graphite materi-
als was investigated. The reinforcement graphite fillers were untreated natural graphite
(UG) and expanded graphite (EG). Composite samples up to 29.3 % graphite parti-
cle volumetric concentrations (50 % mass concentration) were prepared by the melt-
mixing process in a Brabender Plasticorder. Upon mixing, the EG exfoliates in these
films having nanosized thicknesses as evidenced by TEM micrographs. Thus, the ther-
mal diffusivity and electrical conductivity of composites based on the ethylene-vinyl
acetate matrix filled with nanostructuralized expanded graphite and standard, micro-
sized graphite were investigated. From the experimental results it was deduced that the
electrical conductivity was not only a function of filler concentration, but also strongly
dependent on the graphite structure. The percolation concentration of the filler was
found to be (15 to 17) vol% for micro-sized natural graphite, whereas the percolation
concentration of the filler in nanocomposites filled with expanded graphite was much
lower, about (5 to 6) vol%. The electrical conductivity of nanocomposites was also
much higher than the electrical conductivity of composites filled with micro-sized
filler at similar concentrations. Similarly, the values of the thermal diffusivity for the
nanocomposites, EG-filled EVA, were significantly higher than the thermal diffusivity
of the composites filled with micro-sized filler, UG-filled EVA, at similar concentra-
tions. For 29.3 % graphite particle volumetric concentrations, the thermal diffusivity
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was 8.23 x 107" m? - s7! for EG-filled EVA and 6.14 x 10~"m? - s~! for UG-filled
EVA. The thermal diffusivity was measured by the flash method.

Keywords Conductive nanocomposites - Electrical conductivity - EVA -
Expanded graphite - Unexpanded graphite - Flash method - Thermal diffusivity

1 Introduction

Polymeric materials are limited in their applications because of their inherent low
thermal conductivity and diffusivity, low thermal stability, high electrical resistivity,
and ductile mechanical properties. However, polymers are easily processed to give
them the required forms, and they are inexpensive and have high strength-to-weight
ratios. With the addition of micro- and nano-meter size particles or fibers into a poly-
mer matrix, the properties may be drastically enhanced and become suitable for the
particular use intended for the material. For this, it is important to choose the right
kind of polymer and filler as well as the concentration of the filler and processing
method. The shape and size of the filler material are extremely important, in general
micro-sized additions weakens the mechanical properties of polymers; whereas, for
the same type, the addition of nano-sized fillers causes an improvement in mechanical
properties. For a given particulate volume fraction, the composite strength increases
with decreasing particle size. Smaller particles have a higher total surface area for
a given particle loading. This indicates that the strength increases with increasing
surface area of the filled particles through a more efficient stress-transfer mechanism
[1]. In brief, the particle size clearly has a significant effect on the strength of par-
ticulate-filled polymer composites, which generally increases with decreasing size.
In order to make polymeric materials electrically and thermally conductive, metals,
metal oxides, and carbon fillers are added to the matrix material. Among a number of
techniques that are used in the preparation of nanocomposites, melt mixing is the most
widely used because of the ease of preparation and it’s less time consuming than the
other processes. Numerous carbon additives have been used to enhance the properties
of a pure polymer, the most popular being carbon blacks, natural graphite, expanded
graphite, carbon nanotubes, and carbon nanofiber. Graphite is a naturally occurring,
or synthetically produced, crystalline form of carbon that is highly conductive (with
an electrical conductivity of 104 S - cm™! at ambient temperature).

Recently, polymer-based nanocomposites reinforced with expanded graphite (EG)
have shown substantial improvements in mechanical, electrical conductivity, thermal
conductivity, and barrier properties over the pure polymer. The explanation for this
lies in the fact that the natural graphite has a sheet-like structure where the atoms
are strongly bonded on a hexagonal plane but weakly bonded normal to that plane.
From these sheets, if layers could be separated down to a nanometer thickness, they
would form high aspect ratio (200 to 1500) and high modulus (~1 TPa) graphite nano-
sheets [2]. Then, the graphite nanosheets could have an enormous surface area (up to
2630 m? - g_l) considering both sides of the sheets are accessible [3]. Therefore, the
dispersion of such nanosheets in a matrix will play a key role in the improvement of
both physical and mechanical properties of the resultant nanocomposite. This can be
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achieved by a combination of both synthesis and processing techniques that produces
complete exfoliation and good dispersion of graphite particles in the matrix.

The synthesis of EG and the formation of graphite nanosheets are well-documented
in the literature [2—5]. First, the natural graphite is converted to intercalated or expand-
able graphite through chemical oxidation in the presence of concentrated H,SO4 and
HNOs; acid. Then, the EG is obtained by rapid expansion and exfoliation of expandable
graphite in a furnace above 600 °C. A good number of studies have been conducted on
EG-reinforced conductive polymer nanocomposites [4,6—11]. Most of the investiga-
tions have been carried out on thermoplastics such as polystyrene [4], PMMA [6,7],
nylon-6 [8], and polypropylene [9]. These nanocomposites were prepared via in situ
polymerization, solution compounding, or melt mixing and their mechanical, electri-
cal, and thermophysical properties of the resultant nanocomposites were measured.

2 Experimental
2.1 Materials

In this study an ethylene-vinyl acetate copolymer (EVA) containing 14 mass% of vinyl
acetate (VA), Miravithen® D 14010 V supplied by Leuna Polymer GmbH, Germany
was used as the matrix material. Its melt flow index is 9.8 g/10 min (190 °C/2.16 kg).
The filler materials were EG having originally a size in the range of (5 to 6) um in
length and untreated graphite (UG) having a size from 20 pum to 25 um. Most of the
particles have an aspectratio between 20 and 250. Figure 1 shows an SEM image of EG.

2.2 Preparation of Composites

EVA—graphite mixtures were prepared in a Brabender Plasticorder PLE 331 internal
mixer at 150 °C for a total mixing time of 10 min, the mixing chamber capacity being

Z—

Fig. 1 SEM image of EG
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Fig. 3 SEM image of EVA filled with 15 % by mass of unexpanded graphite (UG) composite

30 mL. The rotors turned at 35 rpm in a counter-rotating fashion with a speed ratio of
1.1. After 10 min, the mixing chamber of the Brabender apparatus is opened and the
resulting mixture is taken out, then after passing through rollers, the mixture is solid-
ified. The resultant mixture in then put in a compression molding die and compressed
in a compression molding press at 120 °C, under 40 kP pressure for one minute to
obtain samples in the form of sheets for electrical-conductivity and thermal-diffusivity
measurements. During this mixing process, the EG exfoliates in nanosized graphite
layers causing nanocomposites of improved physical properties. Figure 2 shows the
SEM images of EVA filled with 15 mass% of an EG nanocomposite. Figure 3 shows
the SEM image of EVA filled with 15 mass% of an unexpanded graphite (UG) com-
posite. The SEM images of the composites were taken at the breaking point of tensile
test specimens.

The effects of mixing time and temperature on electrical and mechanical proper-
ties have been studied, and the mixing time of 10 min and temperature of 180 °C
were found to be optimal values. Longer mixing times decreased the mechanical
strength of the composites. The homogeneity of the samples has been determined by
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different mechanical, thermal, and electrical tests. Tensile strength tests, with spec-
imens, taken at different locations did not show differences in the test values. Also,
electrical-conductivity tests with samples taken at different locations did not show
appreciable differences. Upon chaotic mixing in the Brabender apparatus, EG parti-
cles exfoliate and form graphite nanosheets, which possess a huge surface area and
high aspect ratio. Although the EG/EVA nanocomposites are anisotropic at the nano-
level, they are isotropic for macro-level samples, as there is no preferred orientation
due to the process of preparation.

2.3 Flash Method

In 1961, Parker et al. [10] published their pioneering work on the development of a
method for determination of the thermal diffusivity of solid materials. The method,
well-described in the literature [11-14], is elegant as it reduces a difficult thermal
measurement to a much more manageable time measurement. However, the technical
level of the flash method needs development in order to decrease the uncertainty in
thermal-diffusivity measurements. For this purpose, a number of studies have been
conducted in order to correct for the pulse length [15-17], and the radiative heat losses
[18,19].

In this method, a uniform high intensity heat pulse of short duration compared
to the transient time through the sample is incident on the front face (x = 0) of a
disc- or square-shaped sample with a thickness of a few millimeters. The tempera-
ture rise on the rear face (x = e) is recorded, as illustrated in Fig. 4. The sample is
coated with absorbing black paint if the sample is transparent to the heat pulse. If two
dimensionless parameters V and w are defined by

T(e,t)
Tm

Ve, 1) = ey

Fig. 4 Dimensionless
temperature history at the rear
face
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where T (e, t) and Ty are the instantaneous and maximum temperature increases of
the rear face; e is the sample thickness; ¢ is the time, and a is the thermal diffusivity.

If no heat losses occur, the dimensionless temperature increase on the rear face is
given by

Vie.) =1+2> (=) exp(—n’w) 3)

n=1
It is a common practice to employ the half-maximum temperature rise time 1/, for
which w is equal to 1.38; hence, the thermal diffusivity (a) can be calculated using
the following expression:

_1.38¢2
- 7[2l1/2

“)

a

In this study, we used the flash apparatus Netzsch Nanoflash LFA 447/1. The LFA
447/1 is a tabletop instrument that works with a high power xenon-flash lamp as heat
pulse source. The temperature range for measurements can be adjusted from room
temperature to 200 °C; four samples can be charged in the sample holder. An inte-
grated furnace (heater) maintains the sample temperature stable during measurements.
Figure 5 shows a schematic view of the instrument systems. A high-power xenon flash
lamp is surrounded by a parabolic mirror (reflector). The xenon flash lamp supplies a
pulse energy up to 10 J, adjustable to the desired power by the measurement software.
The pulse duration can also be adjusted by software to (0.1, 0.2, or 0.4) ms. The LFA
447/1 uses an InSb infrared detector in the wavelength range of 2000 nm to 5000 nm
and is cooled by liquid nitrogen. This allows a non-contact fast measurement of the
temperature rise in the rear of the sample. The Netzsch-LFA apparatus has built-in
software for calculating, by a curve-fitting method, the thermal diffusivity from the
transient temperature history curve obtained at the rear face. The expected uncertainty
for thermal-diffusivity measurements is (3 to 5) % for most materials.

Detector Electronics

IR Detector

Sample Changer ——
Heater
i System
gﬁzfa I = Electronics
Reflector 1 4 = T
Flash Lamp | Lamp SPow?r
upply

Fig. 5 Netzsch Nanoflash LFA 447/1
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3 Results and Discussion
3.1 Electrical Conductivity

The samples for electrical-conductivity measurements were square-shaped with a side
length of 45 mm and a thickness of 4 mm. Depending on the electrical conductivity of
the samples, two methods were used for the measurement of the volumetric electrical
conductivity. All the properties were measured at room temperature (20 °C to 25 °C).
For samples with an electrical conductivity lower then 107> S-m~!, the measurements
were performed by a two-electrode system using only a Keithley 2400 source meter. In
these cases, current-voltage characteristics were measured in a DC field. The specific
electrical conductivity (o) can be expressed as follows:

1 e 5
7TUA ©)
where [ is the electrical current, U is the voltage, A is the area of electrodes, and e is
the thickness of the sample.

For samples with an electrical conductivity higher then 107> S-m~!, the mea-
surements were performed by a four-electrode system (Van der Pauw) [20], using the
combination of a Keithley 2400 high precision current source and Keithley 2182 nano-
voltmeter. The four electrodes were positioned along a straight line, with spacing s. A
current (/) is passed through the sample via the outer probes (force probes), and the
voltage (U) is measured at the inner probes (sensing probes). The electrical resistivity
(p) is then obtained by the following equation:

p =2 FsR (6)

where R is the resistance (R = U/I) and F is a correction factor depending on the
sample geometry (sample thickness (e¢) and distances from the edges of the sample).
For s > e, F can be expressed as

B e
"~ 2(In2)s

(N

The electrical conductivity which is the inverse of the electrical resistivity can be
calculated as

o =

1
- ®)
o

A main advantage of four-probe measurements is the elimination of the contact resis-
tance [21].

The variation of the electrical conductivity of both EVA—unexpanded graphite (UG)
and EVA-EG composites is shown in Fig. 6 as a function of volumetric filler content.
In the two cases the steep increase of the electrical conductivity was observed around
a particular concentration of the filler. This concentration is called the percolation
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Fig. 6 Electrical conductivity of EVA-EG and EVA-UG composites versus volume filler fraction

concentration or percolation threshold. At this concentration, clusters of conductive
particles are formed in a polymeric matrix and they represent a conductive path for
a movement of electrons throughout the sample. It may be seen from Fig. 6 that
the percolation threshold is (15 to 17) vol% for micro-sized natural graphite-filled
EVA and it is much higher compared with the percolation threshold of the EG-filled
EVA nanocomposite, for which the percolation threshold is only (5 to 6) vol%. The
electrical conductivity of nanocomposites was also much higher than the electrical
conductivity of composites filled with micro-sized filler at similar concentrations.
The electrical conductivity for pure EVA was 1.99 x 10714 S . cm™!, whereas this
value was 2.455 x 107* S - cm™! for 29.3 vol% UG-filled EVA composites and
7.24 x 1072 S - cm ™! for 29.3 vol% EG-filled EVA nanocomposites.

3.2 Thermal Diffusivity

The thermal diffusivity of the composites samples was measured by the flash technique
at room temperature (20 °C to 25 °C). The samples were square-shaped with a side
length of 10 mm and a thickness of 4 mm. For each filler concentration, four samples
were prepared and five measurements were performed on each of these samples.

By analogy to the electrical-conductivity results, the thermal diffusivity increases
as the filler content increases, Fig. 7. Uniform dispersion of the filler has high influ-
ence on the increase in thermal diffusivity as in the case of electrical conductivity.
Since graphite is a good conductor of heat and electricity, an increase in graphite level
will result in an increase in the electrical conductivity and thermal diffusivity of the

EVA/graphite composites.
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Fig. 7 Thermal diffusivity of EVA-EG and EVA-UG composites versus volume filler fraction

Figure 7 shows the thermal diffusivity of the exfoliated graphite-filled EVA versus
the unexpanded graphite-filled EVA at various filler contents. As with the electrical
conductivity, it can be seen that the thermal diffusivity of EG-filled EVA increases more
rapidly than for unexpanded graphite-filled EVA composite. The maximum thermal
diffusivity occurs at 29.3 vol% concentration of filler, this value is 8.23 x 107 "m2.s7!
for EG-filled EVA and 6.14 x 10~ "m?-s~! for UG-filled EVA which means an increase
of 4.7 times for the EG/EVA nanocomposite, while the increase was only 3.5 times
for the UG/EVA composite over that for pure EVA having a thermal diffusivity of
1.74 x 107"m? - s~!. This is due to the exfoliation of the graphite flake into sheets
producing highly conductive material with a higher aspect ratio for EG than for typical
natural graphite (UG).

4 Conclusions

In this study, we focused on comparing the electrical conductivity and thermal diffu-
sivity of two different graphite-reinforced EVAs: one with UG and one with EG. The
materials were mixed in a Brabender Plasticorder PLE 331 internal mixer at 150 °C for
a total mixing time of 10 min. Apparently, the EG system demonstrated better proper-
ties arising from a larger surface area and, as a result, a higher aspect ratio, compared
to the UG system. The electrical conductivity for the composites showed a transition
from an insulator to a conductor. Only (5 to 6) vol% filler content was required to
reach the percolation threshold for EG-containing EVA, whereas significantly higher
((15to 17) vol%) filler content was required for the UG system. Similarly, the incorpo-
ration of EG in EVA provided a significant improvement in thermal diffusivity com-
pared with the unexpanded graphite in EVA. An understanding of the transition would
allow future design for nanocomposites using EG fillers. As also noted in a recent
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study on electrical and thermal conductivities of ethylene—octene copolymer/expand-
able graphite composites [22], thermal diffusivity of the composites showed a trend of
increment with addition of graphite filler, but no percolation threshold was observed.
An understanding of the transition would allow future design for nanocomposites
using EG fillers.
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