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ABSTRACT

Rubber-based conductive polymer composites are deformable and flexible, which have
been demonstrated tremendous applications in electromagnetic interference (EMI)
shielding materials. Here, we filled different dimensional carbonaceous fillers,
including zero-dimensional carbon black (0D CB), one-dimensional carbon nanotubes
(1D CNTs), two-dimensional graphene (2D GP), and their combinations, into isoprene
rubber (IR) to fabricate the flexible EMI shielding composites. Both the electrical,
mechanical, and EMI shielding properties were investigated. It was found that the EMI
shielding properties of IR-based composites mainly dominated by the microwave
absorption consumption. Since 1D CNTs possess a highest EMI shielding effectiveness
for absorption, IR/CNTs composites exhibit the best electromagnetic interference
shielding properties compared to other carbonaceous nanoparticles filled composites.
Moreover, partially replacing CNTs with CB particles to fabricate hybrid IR/CB/CNTs
composite is an effective route to improve the electrical properties and lower the cost
of the composites. However, it is found that hybrid IR/CB/CNTs composite has a lower
EMI shielding effectiveness than IR/CNTs composites, indicating that EMI shielding
properties depend on a lot more than just the electrical conductivity of the resulting
composites. Nevertheless, based on comprehensive consideration of cost, electrical,
mechanical and EMI shielding properties of the composites, it is still an effective to
design the high-performance EMI shielding materials via the combination of different
dimensional fillers.

Keywords: Electromagnetic interference shielding; Conductive polymer composites;

Carbonaceous conductive particles; Conductive filler dimensionality



1. Introduction

In recent decades, the explosive growths of electronic devices in industrial,
household, military and telecommunication bring us great convenience, while also
bring the electromagnetic radiations. These electromagnetic radiations generated by
various electronic devices not only interfere with the normal functioning of electronic
devices but also have harmful effects on human beings, which are regarded as a new-

type of pollution, ie. electromagnetic pollution '°

. To solve this problem,
electromagnetic interference (EMI) shielding materials were developed. Traditionally,
metals are widely used as the EMI shielding materials due to their high electrical
conductivity /. However, metals have many disadvantages, such as heavy weight, prone
to corrosion and inconvenient for processing, which limit their practical applications as
EMI shielding materials in many fields. On the other hand, conductive polymer
composites (CPCs) are considered as the promising alternatives of metals in the
electromagnetic shielding materials because of their light weight, high flexibility,
resistance to corrosion, low cost and good processing performance *'*. In general,
CPCs are fabricated by filling the conductive fillers, including metal nanoparticles and
carbonaceous nanoparticles, into the polymer matrix.

Different dimensional carbonaceous nanoparticles, such as zero-dimensional (0D)
carbon black (CB) ' '°, one-dimensional (1D) carbon nanotubes (CNTs) '7- ¥  carbon
fiber > ?°, and two-dimensional (2D) graphene (GP) >'"** and MXene?, have been
widely used as the conductive fillers to fabricate the CPCs-based EMI shielding
materials. For instance, Mondal et al. »* filled 0D CB into chlorinated polyethylene to
fabricate the flexible EMI shielding composites, which exhibited a highest EMI
shielding effectiveness (EMI SE) value of 38.4 dB (at 30 wt% loading) in the X-band
frequency range (8.2-12.4 GHz). Yang and coworkers *° dispersed 1D CNTs at the
interface of polyvinylidene difluoride and ethylene-a-octene block copolymer blend by
melt compounding, which can significantly improve both the EMI SE and mechanical
properties of the nanocomposites. Fan et al. ?’ utilized the prefabricated ultrathin

graphene papers to fabricate the EMI shielding film materials with EMI SE value of
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46.3 dB at a thickness of 0.3 mm. In addition, a combination of different dimensional
fillers together to construct the hybrid conductive network was also used to improve
the EMI shielding properties of the CPCs-based composites ***. Although it is obvious
that EMI shielding properties of CPCs highly depend on the conductive filler
dimensionalities, there is rare systematical investigation on this issue.

In this work, we blend different dimensional carbon materials, including 0D CB,
1D CNTs, 2D GP, and their combinations, into isoprene rubber (IR) by a simple and
large-scale preparation way. The dependence of the microstructure, electrical
conductivity, EMI shielding properties and mechanical properties of composites on the
filler dimensionality are systematically studied. It is found that IR/CNTs composites
exhibit the highest EMI shielding properties attributed to the large aspect ratio and good
dispersion of CNTs in IR matrix. Although GP nanosheet also has large aspect ratio, its
serious stacking in IR matrix results in the poor electrical conductivity and EMI
shielding properties of the composite. Moreover, it is found that utilizing the cheap CB
to replace part of expensive CNTs to construct a hybrid network in IR matrix can
fabricate the high-performance EMI shielding materials, which are comparable to

IR/CNTs composite.

2. Experimental

2.1 Materials

Isoprene rubber (SKI-3, Russia) was chosen as the matrix of the rubber-based
composite. The Mooney viscosity of raw rubber (ML1+4100 °C) is ca. 70. CB (Printex
XE 2B) used here is a super conductive carbon black with a particle size of < 30 nm
and surface area of 950 m?/g. CNTs (TNM1, purity > 98%) with lengths of 10-30 um,
inside diameters of 2-5 nm, outside diameters < 8 nm, special surface area of 220-300
m?/g, is provided by Chengdu Organic Chemistry Co. Ltd., Chinese Academy of
Sciences. GP with a particle size about 5 um, C/O ratio > 20 %, special surface area of
30 m?/g, is supplied by Changchun Mote Technology Co., Ltd. The layer number in
each single GP nanosheet is less than 10. Other compounding ingredients like stearic

acid, sulfur, ZnO and accelerant CZ (N-Cyclohexyl-2-benzothiazolylsulfenamide) are
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of industrial grade.
2.2 Composites preparation

The isoprene rubber-based composites filled with carbon materials were fabricated
by a two-roll mill. For the detailed process, firstly, the IR was masticated for 1 min by
a two-roll mill at the temperature of 70 °C to form a large IR thin sheet. Subsequently,
the compounding ingredients of 2 wt% stearic acid, 5 wt% ZnO, 0.9 wt% accelerant
CZ and 2.2 wt% sulfur were rapidly added into the IR. After mixing for 2 min, the
carbon fillers of CB, CNTs, GP, CNTs/CB or CNTs/GP were added. The total blending
time for all the isoprene rubber-based composites with carbon materials was kept at 10
min to get better dispersion of fillers. Then, the resulting composites were let stand 24
h for stress relaxation and diffusion of ingredients. After that, the composites were re-
blended by a two-roll mill for 3 min. Finally, the isoprene rubber-based composites
with carbon materials were vulcanized in a compression molding press at 150 °C and
10 MPa for 25 min to receive the sheets with a thickness of 1 mm. For simplification,
individual samples are labeled as conductive filler type and content, for example, CB10
is expressed as the composite with 10 wt% CB nanoparticles.
2.3 Characterization

Two different instruments were used to carry out the electrical conductivity
measurements in this study. For the composites with conductivity lower than 10 S/m,
the alternating-current (AC) conductivity measurements were performed at room
temperature in the frequency range between 10° and 10° Hz by an Alpha high-
performance frequency analyzer coupled to a Novocontrol Broadband Dielectric
Spectrometer. For the composites with conductivity higher than 10* S/m, a digit
precision multimeter (DMM7510, Keithley Instruments Inc., USA) was used to test the
electrical resistance of the composites and the conductivity was calculated by the
following equations: 6=1/p and p=RS/L, where o, R, S and L represented the electrical
conductivity, electrical resistance, the cross-section area of the sample, and the gauge
length between the two electrodes, respectively. Scanning electron microscopy (SEM,
FEG, Micro FEI PHILIPS) was utilized to characterize the morphologies of the

isoprene rubber-based composites with carbon materials. Before the SEM
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measurements, the samples were immersed in liquid nitrogen for 40 min and then
fractured in liquid nitrogen. Subsequently, fracture surfaces of the samples were
sputter-coated with a thin layer of gold for SEM measurements. Electromagnetic
interference shielding performance and scattering parameters of the composites was
measured with an Agilent N5230 vector network analyzer in accordance with ASTM
ES7-83. All the samples with 10 mm diameter and 1.0 mm thickness were measured in
the frequency range of 12-18 GHz. Mechanical testing was carried out on a universal
test machine (Instron-5889, USA) at a rate of 500 mm/min. Specimens for the test were
cut into a dumbbell-shape with a dimension of 50 mm (length overall) X 4 mm (width

of the narrow section) x 1 mm (thickness).

3. Results and discussion

Electrical conductivity, one of the intrinsic requirements of electromagnetic
interference shielding materials to absorb the electromagnetic energy, is crucial for
electromagnetic interference shielding effectiveness. The dependence of the electrical
conductivities of IR-based composites filled with different dimensional conductive
fillers on the filler content is presented in Fig. 1. It is clear that the electrical properties
of the IR-based composites highly depend on the filler dimensionality. It is observed
that IR/CNTs composites exhibit superior electrical conductivity than those of the
IR/CB and IR/GP composites at the same loading. This is because 1D CNTs have a
large-aspect-ratio and outstanding electrical conductivity, which are easier to form the
perfect conductive network inside polymer matrix. Yet surprisingly, GP/IR composites
display very poor electrical properties even GP nanosheet also possesses excellent
electrical conductivity and large-aspect-ratio. The electrical conductivity of GP/IR
composites almost remains unchanged as the increasing of GP content. This implies
that GP may have serious aggregation or stacking in IR matrix, which are not well
dispersed during the blending. For CB/IR composites, it is observed that the electrical
conductivity is increased slowly when CB content is lower than 20%. Thereafter, its
electrical conductivity is rapidly increased with the further increase of CB loading. This

indicates that it needs a relatively high loading of CB nanoparticles to construct a
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completely percolated network in IR matrix.
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Fig. 1 Dependence of the electrical conductivity of IR-based composites filled with

Electrical conductivity (S/m)

different carbon fillers on the filler content.

It is clear that the electrical properties of CPCs highly depend on the dispersion of
filler inside polymer matrix. Generally, good dispersion of conductive fillers inside
polymer matrix helps to the construction of percolated conductive network, which is
critical to the electrical properties of the resulting composites. Figure 2 presents a series
of SEM images to visualize the microstructures of IR-based composites filled with
different conductive carbonaceous nanoparticles. For IR/CB composite, it is observed
that OD CB nanoparticles are well dispersed in IR matrix (Figure 2al and a2). Only few
small spherical or cluster-like aggregations are observed. 1D CNTs exhibit an excellent
dispersion in IR matrix, as shown in Figure 2bl and b2. Even at a high loading of 20
wt% CNTs (Figure 2b2), no agglomeration of CNTs is observed. However, serious
stacking of GP layers is observed from the SEM images of IR/GP composites (Figure
2cl and c2). From the partial enlarged image (Insert in Figure 2c2), it can clearly

observe the stacking of GP nanosheets. This maybe because that the original GP
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nanosheets possess the multi-layer structures, which cannot be exfoliated after by the
blending in the two-roll mill. In addition, these stacked GP nanosheets also tend to
aggregate into large-scale agglomerations instead of uniform dispersing in IR matrix.

As a result, IR/GP composites show very poor electrical properties, as shown in Figure

1.

Fig. 2 SEM images of IR-based composites filled with different dimensional fillers. (al)
CB10 sample, 10 wt% CB; (b1) CNT10 sample, 10 wt% CNTs; (c1) GP10 sample, 10
wt% GP; (a2) CB20 sample, 20 wt% CB; (b2) CNT20 sample, 20 wt% CNTs; (c2)
GP20 sample, 20 wt% GP.
EMI SE of the IR-based composites were measured in the frequency range of 12-

18 GHz by an Agilent N5230 vector network analyzer at room temperature. The power
coefficients of reflection (R), transmission (T), and absorption (A) can be determined
by measuring the scattering parameters (S11 and S12), and their relationship can be
described as R+A+T=1. Then, SET (the total EMI SE), SEr (SE reflection), and SEa
(SE absorption), can be calculated by the following equations *:

SEr=-10logT (1)

SEr=-10log(1-R) (2)

SEA=SEr-SEr-SEm 3)
where SEwm is the microwave multiple internal reflections, which can be neglected when
SEr = 15dB *°. SEt values of IR-based composites filled with different dimensional

fillers in the range of 12-18 GHz are presented in Fig. 3. Basically, SEr is increased as
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the content of conductive filler is increased. However, there is a large difference
between the SEt of the composites loaded with different dimensional fillers. At the
same loading, 1D CNTs-filled composites exhibit a significantly higher SEr value than
those of IR/CB and IR/GP composites. When the loading of CNTs 1s 30 wt% (CNT30),
its SEt reaches up to 60 dB. At the same content, however, the SEr values of GP30 (30
wt% GP in IR) and CB30 (30 wt% CB in IR) are ca. 5 dB and 25 dB, respectively. It is
worth to note that GP filled composites exhibit the worst EMI shielding properties
because of their poor electrical properties. Compared Fig. 3 and 2, it is clear that EMI
shielding properties of the composites correspond with their electrical properties, i.e.,

the higher the electrical conductivity, the higher the EMI SE.
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Fig. 3 SEt of IR-based composites filled with different dimensional conductive fillers.

In order to make clear the contributions of each shielding mechanism, i.e. absorption
and reflection, the values of SEa and SEr of IR/CB and IR/CNTs composites are
compared in Fig. 4a and 4b, respectively. It is clearly observed that SEa is much higher
than SERr, indicating that the electromagnetic interference shielding properties mainly
dominated by the microwave absorption. This implies that absorption consumption is
the main mechanism of electromagnetic shielding for carbon nanoparticles filled CPCs.
For metal EMI shielding materials, their primary mechanism of electromagnetic
shielding is the reflection mechanism. Moreover, the microwave absorption, i.e. SEa,

is rapidly increased as the increase of filler content. However, only a slight increase of
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SEr with filler content is observed for both IR/CB and IR/CNTs composites. Take
sample CNT30 as an example, the contribution of the absorption is ca. 9 times larger

than that of the reflection at a frequency of 12 GHz.
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Fig. 4 SEa and SERr of IR/CB (a) and IR/CNTs (b) composites, respectively.

For the elastic materials, elongation at break is a very important parameter for their
practical applications. In Fig. 5, we present the curves of young's modulus as a function
of the strain for the composites containing with different conductive fillers, i.e. CB (Fig.
5a), CNTs (Fig. 5b), and GP (Fig. 5¢), respectively. Clearly, the addition of conductive
fillers into the IR matrix can largely enhance the young's modulus of materials.
Moreover, it can be seen that 1D CNTs can bring a more significant enhancement in
young's modulus compared to 0D CB and 2D GP. This may be attributed to the
formation of perfect CNTs networks in IR matrix. However, there is an obvious decline
of the elongation at break for IR/CB and IR/CNTs composites as the filler content is
increased. Taking IR/CNTs composites as the example, the elongation at break of the
material is declined from 1200% to 260% with the increasing of CNTs loading from 0
to 40 wt%. The reason why the elongation at break of the IR/CB and IR/CNTs
composites decreases with the filler content may be attributed to the strong interaction
between IR and filler particles, which limits the movement of IR chains. It is interesting
to note that the elongation at break of IR/GP composites almost remain unchanged with
the increasing of GP loading. This phenomenon is attributed to the serious stacking and
aggregation of GP particles in IR matrix, which only has the negligible influence on the

continuity of the rubber matrix and the movement of the IR chain.
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Fig. 5 The elongation at break of composites filled with different proportions of
conductive fillers. (a) IR/CB composites with different CB loadings. (b) IR/CNTs
composites with different CNTs loadings. (c) IR/GP composites with different GP
loadings.

Combing different conductive fillers together to construct the hybrid conductive
network is an effective strategy to improve the electrical properties of CPCs ***°. For
instance, Zhao et al. observed that the percolation threshold of hybrid CB/MWCNTs
fillers filled CPCs was much lower than MWCNTs or CB filled CPCs *°. Moreover, it
is also an effective strategy to reduce the cost of the CPCs by partially replacing
expensive conductive fillers with the cheap conductive fillers. However, the influence
of the hybrid conductive network on the EMI shielding properties is still not so clear.
Herein, we combine 0D CB and 1D CNTs together to blend with IR to fabricate the
hybrid IR/CB/CNTs composites. Their electrical properties, EMI shielding properties,
and mechanical properties are compared with the corresponding CB or CNTs filled
composites in Figure 6. Figure 6a shows the electrical conductivities of CB20, CNT20
and CB+CNT20 (CB/CNT=1:1) composites, respectively. It is worth to note that the
hybrid CB+CNT20 composite even exhibits higher electrical conductivity than CNT20
composites. This may be attributed to the synergetic effect on the electrical properties
when replacing part of CNTs by CB nanoparticles *. In Fig. 6b, we present the SEM
image of the hybrid CB+CNT20 composite. It is observed that both CB and CNTs are
homogeneously mixed together in IR matrix. Clearly, the combination of 0D CB and
1D CNTs can form a more perfect conductive network, as illustrated in Fig. 6¢ and 6d.
First, the particulate CB can serve as “crosslinked points” to connect the neighboring

CNTs (Fig. 6¢). Second, CNT has large aspect ratio, which can act as long-distance
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charge ‘transporters’ to connect the isolated CB clusters (Fig. 6d). Attributed to the
synergistic effect of hybrid CB-CNT nanofillers, CB+CNT20 (CB/CNT=I1:1)
composite possesses higher electrical conductivity than those of CB20 and CNT20
composites.

The similar synergetic effect of hybrid CB and CNTs on the electrical properties
was reported in different polymer matrices *'***. However, it is still not clear whether
hybrid CB-CNT network has the synergetic effect on the EMI shielding properties of
the resulting CPCs. Therefore, we compare the electromagnetic interference shielding
properties of IR/CB, IR/CNTs, and hybrid IR/CB/CNTs composites in Fig. 6e. It is
found that the total EMI shielding effectiveness of hybrid CB+CNT20 composite is
around 30 dB, which is between that of CB20 (ca.15 dB) and CNT20 (ca.50 dB). This
implies that there is no synergetic effect of CNTs and CB on the EMI shielding
properties of the CPCs and the electromagnetic interference shielding properties is not
only determined by the electrical conductivity of the composites. To clearly understand
the mechanisms, the microwave absorption (SEa) and reflection (SEr) of CB20,
CNT20, and CB+CNT20 composites are compared in Figure 6f. For the microwave
reflection, it is observed that the values of SEr-CB20, SEr-CNT20, and SEr-
CB+CNT20 are comparable. However, there are distinct gaps between the values of
SEA-CB20, SEA-CNT20, and SEA-CB+CNT20. At a frequency of 12 GHz, SEa-
CNT20 is almost 3.7 times of SEA-CB20, while SEA-CB+CNT20 is between SEa-
CB20 and SEA-CNT20. This implies that the electromagnetic wave absorption loss
highly depends on the conductive filler dimensionality. For example, Qin et al. *°
analyzed the microwave absorption in CPCs filled with different carbonaceous particles,
which also found that CNTs were the better absorbing candidates than CB and graphite.
In addition, the mechanical properties of the hybrid composite are also examined. Fig.
7 presents the elongation at break of CB20, CNT20, and CB+CNT20. It is observed
that the elongation at break of CB+CNT20 is also between that of CB20 and CNT20.
Based on a comprehensive consideration of cost, EMI and mechanical properties of the
composites, it is an effective strategy to design the high-performance EMI shielding

materials via the combination of different dimensional fillers.
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Fig. 6 Properties and morphologies of the composite of CB+CNT20: (a) Electrical

conductivity; (b) SEM image showing the microstructures of hybrid CB+CNT20

composite; (c) Schematic diagram showing the CB particles act as the “cross-linked”

points to connect the CNTs; (d) Schematic diagram showing large-aspect-ratio CNTs

act as long-distance charge ‘transporters’ to connect the isolated CB clusters. (e) EMI

shielding effectiveness of CB20, CNT20 and CB+CNT20; (f) The microwave

absorption (SEa) and reflection (SEr) of CB20, CNT20 and CB+CNT?20, respectively.
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Fig. 7 The elongation at break of different conductive fillers with the same loading.

4. Conclusion

In the current study, we systematically investigate the mechanical, electrical, and
EMI shielding properties of IR-based composites filled with different dimensional
carbon nanoparticles, including 0D CB, 1D CNTs, and 2D GP. At the same loading,
IR/CNTs composites always exhibit much higher EMI shielding effectiveness than
IR/CB and IR/GP composites because of the outstanding electrical conductivity of
CNTs and their good dispersion in IR matrix. In contrast, IR/GP composites possess the
poor electrical conductivity and EMI shielding effectiveness because of the serious
stacking and agglomeration of GP in IR. In addition, the EMI shielding mechanism of
IR-based composites is investigated, which finds that the contribution of absorption
consumption plays a decisive role on the EMI shielding properties of the composites.
It is found that the electromagnetic wave absorption of CNTs is significantly higher
than CB and GP, thus causing the higher EMI shielding effectiveness of IR/CNTs
composites. Furthermore, it is interesting to note that hybrid IR/CB/CNTs (CB/CNTs:
1/1) composites have the comparable EMI shielding properties but higher mechanical
properties and electrical conductivity compared to IR/CNTs composites. This proposes

an effective route to fabricate the high-performance but low-cost EMI shielding
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materials by partially replacing expensive CNTs with CB.
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