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ABSTRACT: Polymer composites have been studied recently as
electromagnetic interference (EMI) shielding materials as the need for
versatile, low-cost and lightweight materials grows. EMI shielding material is
heavily affected by electrical conductivity. One problem associated with
utilizing polymers as shielding materials is their inherent non-conductive
nature. This study aims to investigate the effects of silane treatment using
vinyltrimethoxysilane (VIMS) of graphene nanoplatelets (GNP) on the
electrical conductivity of nylon 66 composites reinforced with GNP. The
pristine GNP and functionalized GNP were incorporated into the nylon 66 via
melt compounding method using twin screw extruder and injection
moulding. The functionalization of GNP is found to be significantly
improving electrical conductivity of nylon 66 by ten orders of magnitude,
from 107% to 10% S/m. The improvement is attributed to the enhanced
dispersion of modified GNP and stronger interfacial interactions between the
modified GNP and polymer matrix, which is associated with the covalent
linkage of VIMS-GNP with nylon 66. In a nutshell, the VIMS treatment
provides an appropriate modification of GNP particles to effectively improve
the multifunctional properties of nylon 66/GNP nanocomposites.
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1.0 INTRODUCTION

Electromagnetic interference (EMI) refers to the occurrence of
disruptive electromagnetic energy that can be transmitted from one
electronic device to another via both radiated and conducted paths. It
can result in disturbances or malfunctions in the affected devices [1].
EMI occurs when vulnerable electronic devices receive electromagnetic
waves emitted by other electronic devices. This interference has the
potential to cause malfunctions or disruptions in electronic systems [2].

In the past, metal and alloy shrouds were commonly employed to
protect electric and electronic devices from functional disruptions
caused by EMI. However, with the growing demand for lightweight
and cost-effective electronic devices, there has been a shift in focus
towards exploring plastics as potential EMI shielding materials. This
increased attention on plastics is driven by the need to develop
alternatives that offer both effective EMI shielding capabilities and the
desired characteristics of being lightweight and cost-efficient. Electrical
conductivity plays a crucial role in the effectiveness of an EMI shielding
material.

Two general approaches used to increase conductivity in polymers are
by coating with conductive metal, and blending with conductive fibers
or particles [3, 4]. On the other hand, coatings for EMI shielding also
have certain drawbacks. These include the potential for delamination,
the need for additional surface preparation, and the requirement for
specialized equipment. These disadvantages ultimately contribute to
increased costs associated with the final product [5].

The blending technique enables the creation of conducting polymer
composites by incorporating conductive nanofillers with high aspect
ratios. Numerous studies have been conducted on different types of
conductive polymer composites, employing various conductive fillers
such as carbon black, carbon nanotubes, stainless steel fiber, and more,
with the aim to explore the potential of these materials for enhancing
conductivity and other desired properties in the composites. [6-10].
Incorporating highly conductive metal particles like gold and silver
into a polymer is a technique used to enhance electrical conductivity.
However, certain conductive fillers such as metal powders and carbon
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black may not be suitable as EMI shielding materials due to their high
tiller loading requirements for such applications. Typically, achieving
effective EMI shielding requires a substantial amount of these fillers,
ranging from 40 to 60 wt% [5].

GNPs have been discovered to be highly effective in enhancing the
electrical conductivity of polymers even at low filler content [11]. The
incorporation of GNPs into polymers allows for a significant
improvement in electrical conductivity without the need for high
concentrations of the filler material. This property makes GNPs an
excellent choice for applications where maintaining low filler content
is desired while still achieving enhanced electrical conductivity in the
polymer matrix. Moreover, GNP shows a much better dispersibility
and relatively cheaper than CNT. The two-dimensional nature of GNP
makes them a more compelling choice as EMI shielding fillers
compared to the one-dimensional CNT.

The unique structure of GNPs, consisting of thin, flat layers, provides
a larger surface area for interaction and improved conductivity, which
is advantageous for EMI shielding applications. This characteristic
allows GNPs to offer enhanced performance in terms of EMI shielding
effectiveness, making them a more appealing candidate than CNTs for
such purposes [12, 13]. However, the large surface area and strong Van
der Waals forces of GNPs often result in the formation of irreversible
agglomerates and uneven dispersion within the polymer matrix. To
address this challenge, one effective approach is to employ GNP
functionalization, which may possibly enhance its dispersion in the
polymer matrix.

Nylon 66 is a widely used type of engineering polymer that finds
frequent application as housing material in portable electric and
electronic devices. It is chosen for its exceptional thermo-mechanical
properties, which make it well-suited for demanding environments.
Nylon 66 exhibits excellent resistance to severe atmospheric conditions,
ensuring durability and stability even in challenging environments.
These qualities make Nylon 66 a reliable choice for housing materials,
providing protection and longevity to portable electric and electronic
devices [14].

However, it should be noted that nylon 66 is inherently an electrically
non-conductive material. While nylon 66 excels in numerous
mechanical and environmental aspects, its electrical non-conductivity
should be taken into account when selecting it for applications such as
EMI shield, where electrical conductivity is essential. In other words, if
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nylon 66 is to be utilized as a housing material for electronic devices
with EMI shielding capability, it becomes crucial to enhance its
electrical conductivity. To the best of our knowledge, there is currently
no available study or report that investigates the effects of VIMS
functionalization of GNP on the properties of nylon 66. This specific
research area appears to be unexplored, and no existing literature or
publications have documented the findings regarding this subject
matter, which make this study significant. The purpose of this study is
to investigate the effects of covalently functionalized GNP on the
electrical conductivity of nylon 66/GNP nanocomposites. The finding
will contribute towards the development of a polymer-based
composite that is specifically designed for use as an EMI shielding
material.

2.0 METHODOLOGY

In this study, GNP was functionalized using VIMS, prior to mixing
with nylon 66 at various weight percent per GNP, to evaluate the
effects on electrical conductivity. The composite samples were
compounded using melt mixing followed with injection molding to
obtain the final samples. The composite samples were characterized
using Melt Flow Index, X-ray Diffraction (XRD) and Field Emission
Scanning Electron Microscope (FESEM), while electrical conductivity
was evaluated using resistance values obtained using LCR meter.

2.1 Materials

Nylon 66 was used as the polymer matrix, without any purification. It
was purchased from Terra Techno Engineering with density of melt of
970 kg/m3. GNP were purchased from Terra Techno Engineering with
the surface area of 750 m?/g and bulk density of 0.4 g/cm?®.

2.2 Sample Preparation

In order to facilitate the exfoliation of the GNPs and achieve better
dispersion within nylon 66, a sonication process was employed. The
GNPs were dispersed in ethanol and subjected to sonication at 40 Hz
for 60 minutes using a Fisher Scientific ultrasonic instrument. The
functionalization of GNPs was performed in a mixture of water and
ethanol (40:60 ratio). A total of 30 grams of GNPs was added to 300 mL
of the ethanol-water mixture, and the mixture was sonicated for 60
minutes to ensure proper dispersion. Subsequently, VTMS was added
to the mixture and allowed to react for an additional 60 minutes. The
resulting product, VIMS functionalized GNP (abbreviated as GNPfn),
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was subsequently subjected to multiple washes using methanol and
distilled water in sequential order. The subscript n refers to weight
percentage of VIMS, which was varied at 0, 15, 20, 25 wt% per GNP. A
dry mixing method was performed prior to melt compounding of
nylon 66 and GNP using a high-speed mixture at room temperature for
5 minutes. A constant amount of 0.3 wt% of GNP was applied in this
study. Subsequently, the mixtures of nylon 66 with GNP were extruded
by co-rotating twin screw extruder. The extrudates were further
processed by cutting them into pelletized form, preparing them for
injection using an injection molding machine. These pellets are then fed
into the injection molding machine, where they are heated, melted, and
injected into a mold to form the final samples.

2.3 Characterization

Melt flow index was performed by using melt flow apparatus by
Thermo Haake according to Procedure A of ASTM D1238. The
electrical resistivity of the nylon 66/GNP composite was determined by
measuring the resistance values obtained using an LCR meter. These
resistance values were then used to calculate the electrical resistivity,
which provides valuable information about the material's conductivity
characteristics. The electrical conductivity, o is determined by taking
the reciprocal of resistivity. XRD analysis was conducted using an X-
ray diffractometer equipped with nickel filtered copper Ka radiation
(A = 0.154 nm). For the examination of the fractured surface of the
samples, Field Emission Scanning Electron Microscope (FESEM)
analysis was performed utilizing a Zeiss microscope.

3.0 RESULTS AND DISCUSSION

3.1 Melt Flow Index

The viscosities of nylon 66/VIMS-GNP nanocomposites are
determined by their respective MFI values. As seen in Table 1,
nanocomposite containing unfunctionalized GNP shows a lower MFI
value than neat nylon 66. The MFI value decreases from 37.8 to 25.4
(/10 min) with the addition of 0.3 wt% GNP. The decrease in flow
index indicates an increase in viscosity of the system. The presence of
GNP creates a significant energetic barrier for the segmental motions
of polymer chains within a confined space. As a result, the flow
activation energy of the polymer is increased. This means that the
inclusion of GNP into the nylon 66 matrix hinders the mobility and
movement of the polymer chains, requiring additional energy for them
to flow and deform [15].
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The increased flow activation energy indicates that the presence of
GNP affects the rheological behavior of the polymer, leading to
changes in its flow properties and potentially impacting processing
conditions and material behavior. In other words, this effect can be
attributed to the fact that the graphene nanoplatelets confine the
mobility of the polymer chains. The presence of graphene nanoplatelets
restricts the movement and flexibility of the polymer chains, thus,
limiting their ability to freely flow and deform.

Table 1: Melt flow indices of nylon 66/VTMS-GNP nanocomposites

Material VTMS (wt% per GNP) MFI (g/10 min)
Nylon 66 Not related 37.8
Nylon 66/GNPfo 0 25.4
Nylon 66/GNPfis 15 109.2
Nylon 66/GNPf20 20 132.6
Nylon 66/GNPf2s 25 159.0

Contrarily, the MFI value increases in the nanocomposites with
functionalized GNP. As the VTMS amount is increased to 25 wt%, there
is an increase in the MFI value up to 159.0 g/10 min, therefore a
decrease in viscosity or resistance to flow [16]. The overall decrease in
viscosity with the addition of VIMS-GNP is likely due to improved
flow-capacity properties compared to the composites with non-
functionalized GNP and neat nylon 66. This result supports the fact
that functionalized graphene can be used as a good lubricant additive
for various applications [17]. This is evident from the morphological
analyses where functionalised GNP are well dispersed within nylon 66
matrix than unfunctionalized GNP.

3.2 XRD

The purpose of X-ray diffraction (XRD) characterization of nylon
66/GNP is to analyze the crystalline structure and obtain information
about the arrangement of atoms or molecules within the material. XRD
can provide valuable insights into the orientation, crystallinity, and
intermolecular spacing within the polymer/GNP composite.

The XRD patterns for nylon 66/VIMS-GNP nanocomposites are shown
in Figure 1. Both nylon 66 and its composites displayed XRD diffraction
patterns that indicated a predominant amorphous nature with some
degree of crystallinity. Broad diffraction with peaks at 20.4° and 23.1°
is observed, which correspond to the reflection of (100) and (110) of a-
phase of nylon 66 crystal. The pattern observed aligns with the findings
reported by Garcia-Perez et al [18].

22 ISSN: 1985-3157 e-ISSN:2289-8107 Vol.17 No.2 May -August 2023



Enhancing the Electrical Conductivity of Nylon 66 via the Incorporation of
Silane-Functionalized Graphene Nanoplatelets

It is also demonstrated that the two peaks attributed to the a-phase
were less intense for nylon 66 containing functionalized GNP (GNPf1s,
GNPf2 GNPfs) than for the neat nylon 66, indicating reduction in
crystallinity in the composites. The improved interaction between the
polymer chains and GNPs at the nylon 66-GNP interface influenced the
crystalline structure of nylon/GNP composites. The strong interactions
restrict the chain mobility, thus limit crystallization. In other words,
VIMS functionalization of GNP is effective to improve interaction
between nylon 66 and GNP.

Another significant finding is that an intense diffraction peak is
observed at 20 = 26.2° in the composite with unfunctionalized GNP.
The peak does not appear in neat nylon 66 and composites with
functionalized GNP. This diffraction peak is associated with (002)
crystalline plane of GNP as reported by Wang et al [19]. The result
further proves an improvement in interaction between GNP and nylon
66 in the composites containing VIMS functionalized GNP.

The diffraction peak associated with GNP around 26.2° disappears in
the nanocomposites added with functionalized GNP. This observation
suggests that the GNPs are exfoliated into individual graphene sheets
within the polymer matrix. As a result, the regular and periodic
structure of graphene is no longer present, indicating the presence of
disordering and loose stacking of GNPs in the nylon 66/VTMS-GNP
composites. These findings align with the observations made by
Poosala et al [20]. It shows that the VIMS functionalised GNP,
especially GNPfis effectively contributes to the increase in surface
interaction hence resulted in exfoliated morphology of GNP within the
matrix. This is in good agreement with the SEM micrographs of the
nanocomposites, in which the VIMS functionalised GNP in nylon
66/GNPfis are well dispersed and free from aggregation or
agglomeration in the nylon 66 matrix. It can be summarised that the
functionalization of GNP has significant influence on the aggregation
or assembly behaviors of nylon 66 chains.
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Figure 1: XRD spectra (15° < 20 < 80°) for nylon 66 added with differently
functionalised GNP

3.3 Electrical Conductivity

Electrical conductivity values of the nylon 66/VTMS-GNP
nanocomposites are presented in Figure 2. The incorporation of a
minimal quantity (0.3 wt%) of VIMS functionalized GNP has been
shown to markedly enhance the electrical conductivity of nylon 66. The
conductivity shows a significant improvement by ten orders of
magnitude (from 1073 to 10°S/m) , which recorded by nylon 66/GNPf1s.
The obtained result demonstrates a comparable level of conductivity,
albeit at much lower filler content, to that of the same polymer
incorporating CNT as a conductive filler. In the case of the CNT-filled
nylon (2 wt%), a conductivity of 7 x 10° S/m was recorded [21].
However, as the concentration of VIMS increases further to 20 and 25
wt%, the conductivity value does not exhibit any additional
improvement. This could be attributed to the system reaching a
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saturation limit for functionalization, where further increases in VIMS
concentration do not lead to significant enhancements in conductivity.

107

10

Conductivity,  {S/m})
=)

Nylon66 0 15 20 25
VTMS amount (wt%)

Figure 2: Electrical conductivity of neat nylon and nylon 66/VTMS-GNP
nanocomposites at various VIMS amount

The level of dispersion of GNPs plays a critical role in determining the
ultimate electrical properties of the nanocomposites. The excellent
dispersion of GNPs in nylon 66/GNPfis composites results in the
formation of a highly effective network for transmitting electron paths.
This network formation is responsible for the remarkable electrical
conductivity observed in the composites. This is obtained by a highly
dispersed GNP nanocomposites system.

3.4 Morphological Analysis

Figure 3 (a-d) show the FESEM micrographs of neat nylon 66 and nylon
66/GNP nanocomposites. The fracture surface of nylon 66 (Figure 3(a))
appears lighter with smoother and flatter surface. Meanwhile, nylon
66/GNP nanocomposites (Figure 3 (b-d)) show darker constrast with
rougher surface and clear plate-like structure distributed uniformly
throughout the matrix; attributed to the presence of graphene platelets.
Serious thickening of graphene platelets are observed in the composite
with 25% VTMS functionalised level (Figure 3(d)), which resulted from
stacking of graphene sheets. This is in agreement with the results
shown in Figure 2, in which a slight decrease in electrical conductivity
is observed in naocomposites filled with 20 and 25 wt% VTMS
functionalized GNP.
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Figure 3: FESEM images of (a) unfilled; (b) unfunctionalized GNP; (c) 15 wt%
VTMS-functionalized GNP; (d) 25 wt% VIMS-functionalized GNP filled
nylon 66 at 500x magnification

In contrast, seemingly thin platelets of GNPs are observed to be
uniformly dispersed and distributed in the composite with 15% VTMS-
GNP (Figure 3(c)), hence better interaction between fillers and
matrices. The chemical interaction formed between the functionalised
GNP and nylon 66, as observed in FTIR results enables a better stress
transfer under applied forces. The externally applied stresses can be
transferred and distributed efficiently from matrix to fillers, thus only
small proportion of the load will be sustained by the matrix phase.

4.0 CONCLUSION

The potential of using VIMS functionalized GNP for producing nylon
66/GNP nanocomposite with improved electrical performance has been
explored. The incorporation of 0.3 wt% of functionalized GNP has been
found to significantly improve the melt flow index, filler dispersion and
electrical conductivity of nylon 66. The electrical conductivity showed a
significant increase by ten orders of magnitude (103 to 10°S/m) at 15
wt% of VIMS. However no further increase was observed when the
concentration of VIMS was further increased to 20 and 25 wt%. The
results can be attributed to the improved dispersion of GNP in nylon
66/GNPfis and good interaction between GNP and matrixIn conclusion,
the addition of a small quantity of VIMS functionalized GNP has

26 ISSN: 1985-3157 e-ISSN:2289-8107 Vol.17 No.2 May -August 2023



Enhancing the Electrical Conductivity of Nylon 66 via the Incorporation of
Silane-Functionalized Graphene Nanoplatelets

proven to be highly effective in significantly improving the electrical
properties of nylon 66. The conductivity is enhanced by ten orders of
magnitude, from 103 to 10 S/m. Importantly, achieving a high level of
GNP dispersion is crucial for realizing the full potential of this addition
and maximizing its impact on the electrical conductivity of the
composite.
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