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Abstract

The excellent physical properties of graphene can be exploited to both reinforce and give functionality
to polymeric matrices such as electromagnetic interference (EMI) shielding. Incorporation of graphene
in a polymer imparts electrical conductivity and permittivity to the matrix, and the nanocomposite can
be used as a light-weight EMI shielding material. In the current study, graphene nanoplatelets were
embedded in two polymers at different concentrations and the EMI shielding effectiveness of the
nanocomposites were measured by using a vector network analyser and waveguide setup. Addition of
graphene nanoplatelets enhanced the shielding performance of both polymers significantly.
Furthermore, effect of sample thickness on shielding effectiveness of the nanocomposites was studied.
Results showed that depending on the graphene content of the nanocomposite and frequency of
radiation, increasing the sample thickness could either enhance the shielding performance of the
sample or decrease its shielding effectiveness.

1. Introduction

Graphene-based polymeric nanocomposites have been investigated for a wide range of applications.
The significant mechanical reinforcement obtained in graphene-based systems can be used in
producing light-weight parts for automotive and aerospace applications. Addition of graphite oxide
(GO) to polyamide 6 has also proved to result in nanocomposites with good short-term fire resistance
[1]. Graphene-embedded polymers have also shown enhanced thermal stability and mechanical
properties [2-4]. Graphene-based nanocomposites have been explored for biomedical applications such
as in biosensors [5] and drug delivery systems [6] as well. However, due to the excellent electrical
conductivity of graphene, the focus of many studies has been on applications of graphene-based
nanocomposites in electronic and electrical devices. Energy storage devices [7] and solar cells [8] are
among the areas where such materials can be used. Furthermore, these materials can be used in
electrostatic discharge protection, lightening-protection panels, thermoelectric materials applications
[9]. One of the areas where graphene-embedded polymers have shown promising results is in
electromagnetic interference (EMI) shielding applications as viable light-weight replacement for the
conventional metal-based shielding materials [9, 10]. Undesirable electromagnetic radiations are
becoming a new source of pollution world-wide as a result of rapid increase in the use of electronic
and telecommunication devices. Such radiations not only could interfere with function of other
devices, they could also be a threat to human health [11, 12]. This critical issue drives the great
demand for development of EMI shielding technology [13]. As a result, polymeric nanocomposites
with electromagnetic properties are attracting attention as the next generation of efficient, light-weight
and flexible EMI shielding materials [12, 14-16]. In the present study, we investigate the simultaneous
effects of graphene nanoplatelets (GNP) loading and sample thickness on EMI shielding performance
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of two sets of nanocomposites with poly lactide and poly (butylene adipate-co-terephthalate) as the
polymeric matrices. Morphology and rheological behavior of these systems have been reported
previously [17-19].

2. Experimental

4032D grade PLA was purchased from NatureWorks LLC, having a density of 1.24 g/cm® and a
melting temperature range of 155- 170 °C. PBAT, under the catalogue name of Ecoflex F Blend
C1200, was purchased from BASF. According to the technical data sheet, it has a density of 1.25—
1.27 g/cm® and melting range of 110 - 120 °C. Grade M GNPs were obtained from XG Sciences
(USA) with an average thickness of 6 - 8 nm, surface area of 120 - 150 m%g, density of 2.2 g/cm?® and
electrical conductivity of 10?and 10 S/m for perpendicular and parallel to the surface, respectively.
GNPs were embedded in PLA and PBAT at six different concentrations of 0, 3, 6, 9, 12, and 15 wt%
in an internal mixer at temperatures of 180 °C and 140 °C, respectively. The mixer was operated at 60
rpm with roller rotors for ten minutes. PLA/GNP and PBAT/GNP nanocomposites were then moulded
using a hot press at a temperature of 180 °C and 140 °C, respectively, with a force of 80 kN for 5 min.
Samples were coded as PL3, ..., PL15 and PB3, ..., PB15, where the number indicates the GNP
content of the nanocomposite. Moulded samples of all the nanocomposites were prepared with two
thickness of 1.5, and 2.8 mm and their EMI shielding effectiveness was determined via measuring
their scattering (S-) parameters with a Wiltron vector network analyser (VNA) model 37269A over x-
band frequency range (8.2-12.4 GHz).

3. Results and Discussion

EMI shielding is defined as the attenuation of electromagnetic radiation by reflection and/or
absorption of the incident power [9]. When electromagnetic radiation (P,) faces the shielding material,
some of it will reflect back (Pr) and some will enter the material, which will be partially absorbed (Pa)
and the rest will be transmitted (Pt) to the outer world.
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Figure 1. SEt of nanocomposites vs. frequency as a function of GNP loading; (a) PLA/GNP, 1.5 mm
thick, (b) PBAT/GNP, 1.5 mm, (c) PLA/GNP, 2.8 mm and (d) PBAT/GNP, 2.8 mm.
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Total shielding effectiveness (SEr) of a material is the logarithmic ratio of the incident power to the
transmitted power as in Eq. 1. Reflected and transmitted powers can be calculated from the S-
parameters, measured by VNA, according to Egs. 2-3. Efficiency of a material in attenuating EMI
depends on frequency of radiation, thickness and electromagnetic properties of the material [20, 21].
Figure 1 depicts the SEt of PBAT/GNP and PLA/GNP nanocomposites as a function of GNP loading
for two different thicknesses. It is observed in Figure 1(a,b) that with SE+ of less than 1 dB, pure PLA
and PBAT are transparent to the radiation. Addition of GNPs continuously increases the SEr of both
polymers. This can be attributed to the enhancement of electrical conductivity and electrical
permittivity of the polymers with GNP incorporation. For 1.5 mm thick samples in Figure 1(a,b), SEr
of all nanocomposites with GNP loading of up to 9 wt% does not exhibit significant variations with
frequency. However, a decreasing trend is observed in SEt behavior of PL12 and PB12.

SEr=-10log (P/P7) =10 log (1/T) , unit: decibels (dB) @
Transmissivity (T) = Pt/Pi=] Sz1 |* , no unit 2)
Reflectivity (R) = Pr/P1 = Su | , no unit (3)

It is interestingly observed from Figure 1(c,d) that increasing the thickness of sample does not always
result in higher SE+. It can be seen that SEt of thicker samples have stronger frequency dependency
and this dependency becomes stronger at higher GNP loadings. Considering PLA/GNP
nanocomposites in Figure 1(a,c) for example, different trends are observed in variations of SEr with
increasing thickness depending on the GNP content of the nanocomposite; for pure PLA and PL3, SEr
increases with increasing sample thickness. For PL6, SEr of 2.8 mm sample exhibits much stronger
frequency variations over 8.2-12.4 GHz frequency range compared to SEr of its 1.5 mm thick sample.
The variations of SEt for PL9 and PL12 with thickness are more complex. The significant difference
in frequency dependency of SEr behavior of pure polymers (similar to low GNP content
nanocomposites) with thickness and that of highly filled polymers can be more clearly seen in Figure
2. Figure 1c shows that SEt of 2.8 mm thick samples of PL9 - PL12 go through a minimum as the
frequency increases. With increasing GNPs from 9 to 12 wt% in the nanocomposites, this minimum
shifts to lower frequencies. While SEr of 2.8 mm-thick PL12 is lower than SEy of 1.5 mm-thick PL12
over 8.2-11.8 GHz, it overtakes SEt of thin sample for frequencies above 11.8 GHz (Figure 2c).
Similar observations can be made for PB9 and PB12 (Figure 1d and Figure 2d).
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Figure 2. Effect of thickness on SEt behvaiour of (a) pure PLA, (b) pure PBAT, (c) PL12 and (d)
PB12 samples with two different thickness.
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Figure 3 illustrates the transmissivity and reflectivity of PLA/GNP and PBAT/GNP nanocomposites
for 2.8 mm-thick samples. Pure polymers and nanocomposites with low GNP loading in Figure 3(a,b)
have relatively constant T values versus frequency while at 6 wt%, T shows an increasing trend with
increasing frequency from 8.2 to 12.4 GHz. Considering the reverse relation between SEr and T (Eq.
1), this explains the decreasing behavior of SEr of PL6 and PB6 in Figure 1(c,d) versus frequency. T
values for 2.8 mm-thick samples of nanocomposites with 9 and 12 wt% GNPs have significant
variations with frequency in Figure 3(a,b) and exhibit curves with maximum. As the GNP loading
increases from 9 to 12 wt%, the peak in T becomes smaller and it occurs at lower frequencies. The
reflectivities of the nanocomposites in Figure 3(c,d) exhibit trends opposite to those of their
counterpart transmissivities in Figure 3(a,b). The peaks and dips in T and R, can be attributed to the
multiple reflection phenomenon [22].
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Figure 3. (a,b) Transmissivity and (c,d) reflectivity of PLA/GNP and PBAT/GNP nanocomposites vs.
frequency for 2.8 mm-thick samples.

To better understand the effect of thickness on the EMI shielding effectiveness of the nanocomposites,
their S-parameters were calculated (using the method of ref. [23]) at a fixed frequency of 10 GHz for
the thickness range of 0 - 20 mm. Subsequently, T values were calculated and are illustrated in Figure
4 for pure polymers and nanocomposites with GNP content of 12 wt%. T of all samples show a
general decreasing trend with periodic extremums (maximums and minimums) with increasing
thickness. It is also observed that the fluctuations in T become smaller as the thickness increases from
0 to 20 mm. Furthermore, for highly filled nanocomposites (Figure 4 (c,d)), the fluctuations are found
to dampen faster; it can be seen that T values of PL12 and PB12 do not vary appreciably with
thickness for thicknesses above 10 and 16 mm, respectively. The fluctuations in the transmissivity
behavior of the samples can be attributed to the multiple reflections of electromagnetic waves inside
the shielding material. When the thickness of the nanocomposite is an even multiple of quarter
wavelength of the wave inside the material, the multiple reflections have constructive effect on the T
value and maximize it, minimizing the SE1. On the other hand, when the thickness is an odd multiple
of quarter wavelength of the wave in the material, multiple reflections affect the transmitted power in a
destructive manner and minimize it and therefore maximizing SEr [24].
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Figure 4. Calculated transmissivity of (a) pure PLA, (b) pure PBAT, (c) PL12 and (d) PB12
nanocomposites at fixed frequency (10 GHz) versus thickness.

4. Conclusions

The EMI shielding effectiveness of two series of nanocomposites was assessed over 8.2-12.4 GHz
frequency range and the effects of filler loading and sample thickness on SEr of the nanocomposites
was studied. Unmodified polymeric matrices were transparent to the electromagnetic radiations but
addition of graphene nanoplatelets enhanced their SEr significantly. Increasing the thickness of
nanocomposites samples from 1.5 mm to 2.8 mm showed that thicker samples do not necessary have
higher SE+ values. Calculations revealed a periodic behavior in the transmissivity of samples versus
thickness, which explained the minimum SET values observed for 2.8 mm-thick highly filled
nanocomposites.
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