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showing their potential as EMI shielding composites in various practical applications.
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1. Introduction

The use of electronics and 5G telecommunications technol-
ogy is becoming increasingly widespread, but undesirable
electromagnetic (EM) radiation can affect nearby electronics
and human health [1-4]. Thus, it is necessary to develop
materials for electromagnetic interference (EMI) shielding to
satisfy the demands of the electronics and communications
industries [5—9]. Many researchers have attempted to fabri-
cate EMI shielding composites using carbon-based materials
such as carbon nanotubes (CNTs), carbon black, and carbon
fiber because they have high electrical conductivity and are
excellent compatible with polymeric matrices [10-12].
Among these carbon-based materials, CNTs are considered
to be a promising candidate for electrically conductive fillers
in polymeric composites because they have a unique struc-
ture with a high aspect ratio. This means that high electrical
conductivity can be achieved using a small amount of CNTs
[13—16]. Zhao et al. [5] embedded CNTs in a sponge-type
polymer, and investigated its EMI shielding capability.
Their CNT-embedded sponge-type polymer provided
approximately 18 dB of EMI shielding for frequencies of
8—12 GHz [5]. Nam et al. [17] produced epoxy-based poly-
meric composites incorporating 5 wt% of CNTs, which pro-
vided approximately 12 dB of EMI shielding for frequencies of
2-5 GHz.

Recently, carbonyl iron powder (CIP) has been highlighted
for the development of EMI shielding composites due to its
magnetization properties [18—20]. In particular, CIP re-
sponds to an external applied magnetic field, which means it
can be controlled easily [21—-23]. Chen et al. [18] fabricated
epoxy nanocomposites with 30 wt% of CIP for efficient EMI
shielding, and achieved 36 dB of EMI shielding for fre-
quencies of 9.5-1.2 GHz. Wang et al. [19] fabricated 70 wt%
CIP-embedded polymeric composites with approximately
10 dB of reflection loss at and input frequency of 8 GHz.
Many efforts have been made to fabricate the CIP-based
polymeric composites for EMI shielding, but few studies
have investigated the synergistic effects of CNTs and CIP
with respect to the EMI shielding capability. Furthermore,
investigations into the effect of magnetization curing on the
EMI shielding capability of CIP-based nanocomposites have
rarely been reported, and this has great potential to improve
performance.

Therefore, this study aims to investigate the synergistic
effects of CNT and CIP on EMI shielding capability. First, a
facile strategy will be proposed to fabricate nanohybrid par-
ticles composed of CNTs and CIP (CNT@CIP) directly in an
elastic polymer matrix (polydimethylsiloxane, PDMS). The
resulting elastic polymer composites, embedded with
CNT@CIP nanohybrid particles, can be used for EMI shielding.
The formation of the CNT@CIP nanohybrid particles will be
confirmed using various characterization tools such as zeta
potential analysis, scanning electron microscopy (SEM),
Fourier-transform infrared (FT—IR) spectroscopy, and Raman
spectroscopy. Subsequently, the effects of the magnetization
curing process and the synergy of the incorporated CNT@CIP
nanohybrid particles on the EMI shielding capability of the
polymeric composites will be investigated.

2. Experimental section
2.1. Specimen preparation

PDMS and its curing agent, purchased from Dow Corning,
were used as the polymeric matrix. Multi-walled CNTs (Hyo-
sung Inc.) 12—40 nm in diameter and 10 pm in length, and CIP
(BASF) with particles 4.5-6.0 pm in diameter were utilized as
electrically conductive fillers. The detailed specifications of
the CNTs and CIP were summarized in the previous study
performed by the authors [10]. To improve the dispersion of
the CNTs, poly sodium 4-styrenesulfonate (PSS) was added to
composites as a dispersant [11,21,24]. The compositions of the
specimens are given in Table 1.

The method used to fabricate the CNT@CIP nanohybrid
particle-embedded polymeric composites is illustrated in
Fig. 1. First, the CNTs and PSS were added to a beaker, followed
by 100 ml of isopropyl alcohol (IPA). The solution was hand-
mixed for 1 min, then sonicated using ultrasonication
(40 kHz, 200 W) for 1 h. Next, PDMS was added to the solution,
which was mixed using a magnetic stirrer at 200 rpm and
heated to 130 °C for 12 h. The curing agent was added once the
IPA solvent had evaporated completely, and the mixture was
hand-mixed for 1 min. It was then cured in a mold with and
inner diameter of 3 mm, outer diameter of 7 mm, and thick-
ness of 10 mm for use in EMI shielding investigations. As the
specimens cured, some samples were exposed to a magnetic
field to examine the effect of magnetization on the EMI
shielding capability (Fig. 1).

2.2. Experimental methods

The solutions prepared for the zeta potential measurements
are summarized in Table 2. The zeta potentials of the solu-
tions were measured using a zeta potential analyzer (ELSZ-
2000, Otsukael) to examine the dispersion of the conductive
fillers. A field emission scanning electron microscope (FE-SEM,

Table 1 — Composition of the fabricated specimens (wt%).

Specimen Code PDMS CNTs PSS CIP
Base Curing
agent
Group-A COPO 100 10 0 0 0
C0.5P0 0.5 0.5
C1PO 1.0 1.0
C2P0 2.0 2.0
COP10 0 0 10
COP30 0 0 30
COP50 0 0 50
Group-B C0.5P10 100 10 0.5 0.5 10
C1P10 1.0 2.0
C2P10 2.0 2.0
C0.5P30 0.5 0.5 30
C1P30 1.0 2.0
C2P30 2.0 2.0
C0.5P50 0.5 0.5 50
C1P50 1.0 2.0
C2P50 2.0 2.0
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Fig. 1 — Fabrication of CNT@CIP nanohybrid particle-embedded polymeric composites.

Hitachi S4800) was used to obtain microstructural images
showing the formation of the nanohybrid particles composed
of CNTs and CIP. The SEM images were discussed with respect
to their corresponding zeta potentials. The FT-IR spectra of the
CNTs, CIP, and CNT@CNT nanohybrid particles were exam-
ined using a FTIR-7600 (Lambda scientific, Australia). The
Raman spectra of the CNTs and CNT@CIP nanohybrid parti-
cles were obtained using a XperRam S (Nanobase Inc., South
Korea). The electrical resistances of the fabricated specimens
were measured using a portable multi-meter (U1281A, Key-
sight Technologies) with the two-probe method. The electrical
resistance was used to calculate the electrical resistivity and
electrical conductivity using the equation [25—27].

o=pt=LxAlxR? (1)

where ¢ and p denote the electrical conductivity and re-
sistivity, respectively; and L, A, and R indicate the length, area,
and measured electrical resistance of the specimens, respec-
tively [21]. The EMI shielding capability of the specimens,
expressed as the shielding effectiveness, was measured using
a programmable network analyzer (PNA; N5239A, Agilent
Technologies) and 7-mm airline instrument (85050D, Agilent
Technologies) at frequencies between 300 MHz and 8.5 GHz
[28], as shown in Fig. 2. An EM wave was generated at port 1
and flowed to port 2. The intensity of the EM wave at portiand
port j was measured using the network analyzer, and the

Table 2 — Composition of the solutions used for zeta
potential analysis.

Solution IPA (mL) CNTs (g) CIP (g)
IPA with CNTs 40 0.01 0
IPA with CIP 40 0 0.2
IPA with CNTs and CIP 40 0.01 0.2

difference between the readings was expressed as S;. Thus,
the intensity of the incidence, reflection, and transmission
waves was obtained, as the reflection and absorption losses
were given by S;; and S;,, respectively [29] (Fig. 2b).

3. Results and discussion

The zeta potentials of the solutions containing IPA, IPA with
CNTs, IPA with CIP, and IPA with CNTs and CIP are summa-
rized in Table 3. The relative surface charges of the CNTs and
CIP were positive (5.94 eV) and negative (—28.2 eV), respec-
tively. These opposing surface charges indicate that the CNTs
and CIP can be hybridized through electrostatic interaction
[30]. This hypothesis was verified by the intermediate surface
charge of the CNT@CIP nanohybrid particles (—2.89 eV).

SEM images showed that the CNTs were approximately
15—40 nm long and 100 um in diameter (Fig. 3a), and that the
CIP particles had a broad size distribution with diameters
between 300 nm and 5 um (Fig. 3b). As expected, SEM images
of the CNT@CIP nanohybrid particles confirmed that individ-
ual CNTs were attached to the surfaces of the CIP (Fig. 3c) [31].
This agrees with the results of the zeta potential analysis
(Table 3).

The FT-IR spectrum for the CNTs showed peaks at
1095 cm~* from typical of C-O stretching, 1214 cm™~* from C-O-C
stretching, 1382 cm ™! from O-H deformation, 1631 cm™* from
aromatic C=C stretching, 1735 cm™* from C=0 stretching, and
3451 cm ™ from O-H stretching, respectively (Fig. 3d) [32]. The
FT-IR spectrum for CIP was almost featureless, but there were
peaks at 1382, 1627, and 3451 cm ! from O-H deformation, C=0
carbonyl stretching, and O-H stretching, respectively. The FT-IR
spectra for the CNTs and CIP suggested that their surfaces were
decorated with a few oxygen-containing functional groups,
thus they could form hydrogen bonds (Fig. 3d). As expected, the
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Fig. 2 — (a) Experimental setup used to measure EMI shielding effectiveness, and (b) principle of PNA.

FT-IR spectrum for the CNT@CIP nanohybrid particles showed
a superposition of the features of the CNTs and CIP.

The Raman spectrum for the CNTs exhibited characteristic
D- and G-peaks at 1337 and 1594 cm ™, which originate from
the disordered and ordered sp? carbon domains, respectively
(Fig. 3e) [33]. After hybridization with CIP, the D- and G-peaks
were shifted to 1341 and 1600 cm™?, respectively. There was
also a slight decrease in the relative intensity of the D- and G-
peaks (Ip/Ig), from 1.20 + 0.04 to 1.17 + 0.06 (Fig. 3e), which is an
indicator of crystallinity in graphitic carbon materials [33]. All
the spectroscopic analyses indicated that the CNTs and CIP

were well hybridized with strongly-interactive interfaces. It
should be noted that the incorporation of CNT@CIP nano-
hybrid particles into PDMS matrix did not lead to the changes
of their Ip/I; value (Fig. 3f).

The electrical resistivity and conductivity of the fabricated
specimens are shown in Fig. 4. The electrical conductivity
increased dramatically from 4.05 x 1072 to 1.02 x 107> S/cm as
the CNT content increased from 0.5 to 1.0 wt% (Fig. 4). This
range indicated a percolation threshold, meaning the elec-
trical conductivity increased by three orders of magnitude as
the CNT content increased [34—36]. The observed percolation

Table 3 — Zeta potential values of the CNTs and CIP in IPA solution.

Zeta potential value (mV) IPA IPA with CNTs IPA with CIP IPA with CNTs and CIP
Absolute values -15.71 -9.77 —43.91 —18.60
Relative values 0 5.94 —28.20 —2.89
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Fig. 4 — Electrical resistivity and conductivity of specimens with different (a) CNT and (b) CIP contents.

threshold was equal to or less than those reported in previous
studies [21,34]. Furthermore, the electrical conductivity
increased as the embedded CIP content increased from
9.61 x 107 to 1.41 x 107 S/cm (Fig. 4b); however, CIP inclu-
sion had a much smaller effect on the electrical conductivity
than the CNTs.

The effect of the CNT and CIP contents on the shielding
effectiveness of the specimens is illustrated in Fig. 5. The EMI
shielding effectiveness increased as the CNT and CIP contents
increased. The specimens without CIP and with CNT contents
of 0%, 0.5%, 1%, and 2% showed shielding effectiveness of
approximately —0.52, —5.64, —10.92, and —16.54 dB, respec-
tively, at 8.9 GHz (Fig. 5a). In addition, the specimens without
CNTs and with CIP contents of 0%, 10%, 30%, and 50% showed
shielding effectiveness of approximately —0.52, —0.81, —1.96,
and —3.23 dB, respectively, at 8.9 GHz (Fig. 5b). From this, it can
be concluded that the addition of CNTs has a greater effect on
EMI shielding effectiveness than the addition of CIP. This can
be explained by the fact that EMI shielding effectiveness is
proportional to electrical conductivity [18,37,38]. Thus, the EMI
shielding effectiveness results showed good agreement with

the measured electrical conductivity shown in Fig. 4 and
previous studies [18,37,38].

The effects of magnetization curing on the electrical con-
ductivity of the specimens with various CNT and CIP contents
were investigated. The electrical conductivities of C0.5P10,
C1P10, and C2P10 were 1.84 x 1078 2.09 x 1077, and
3.15 x 107 S/cm, respectively. These values were not signifi-
cantly affected by an increase in the CIP content to 30% or 50%
after conventional curing (Fig. 6). In contrast, the electrical
conductivities of the specimens increased to 3.18 x 1078,
5.96 x 1077, and 2.26 x 10~° S/cm, respectively, when they
were cured under magnetization (Fig. 6). These results indi-
cate that magnetization curing improved the electrical con-
ductivity of the specimens. In particular, the electrical
conductivity of the specimens with 0.5% and 1% CNT were not
significantly affected when the CIP content was increased to
30%, despite magnetization curing. However, the electrical
conductivity increased significantly to 7.18 x 1078 and
9.91 x 1077 S/cm, respectively, with magnetization curing
when the CIP content was 50% (Fig. 6a, b). It is noteworthy that
the electrical conductivity of the C2P10 specimens linearly


https://doi.org/10.1016/j.jmrt.2022.02.134
https://doi.org/10.1016/j.jmrt.2022.02.134

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2022;18:1256-1266

1261

Shielding effectiveness (dB)

—COP0  —C0.5P0
—C1P0__ ——C2P0 (a)
-20
0 1 2 3 4 5 6 7 8 9

Frequency (GHz)

Shielding effectiveness (dB)

3 \
4| [ ===COPO  ==COP10
——COP30 ——COP50 (b)
5 L L L L L L L
0 1 2 3 4 5 6 7 8 9

Frequency (GHz)

Fig. 5 — EMI shielding effectiveness of specimens with different (a) CNT and (b) CIP contents.

a) 1.0g-07 b) 1.4e-06
qaahal e CNT 0.5% ) —=—CNT 1.0%
£ »— CNT 0.5%M £ 1.26-06 | —%— CNT 1.0%-M
S 8.0E-08} S
) 7}
& - = 10E-06} i
= 6.0E-08} =
g S 8.0E-07 }
© ©
[ = c
3 40E-08} S 6.0E-07} . 1
3 * ¥ 2
£ | £ 40E-07}
S 20€-08} _ | 3 3 I
w — m ]
2.0E-07 } —_—
0.0E+00 " . . : " .
10 30 50 10 30 50
CIP contents (wt%) CIP contents (wt%)
C) 80E-06
—=—CNT 2.0%
£ «— CNT 2.0%-M
=2 L ]
& 6.0E-06 | ,
=
=
z .
3 4.0E-06 | e
= |
o
(5]
=
S20E-06f Y }
o e
w __—_}___.-f"'
0.0E+00 r : .
10 30 50

CIP contents (M%)
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content under conventional and magnetization curing.

increased to 4.14 x 107° and 6.28 x 10~° S/cm under magne-
tization curing when the CIP content was 30% and 50%,
respectively (Fig. 6c). These results clearly indicate that
magnetization curing enhanced the electrical conductivity of
the specimens. According to the previous studies, it has been
reported that the hybridization of natural filler with the
addition of nano-sized CNTs can mitigate the weak interfacial
bonding between CNT and polymer matrix, improving the
mechanical properties of the composites [39,40]. Thus, based
on the findings derived from this study, it can be said that the
utilization of CIP and magnetization curing may improve both
mechanical and electrical properties of the fabricated
composites.

The interesting changes in the electrical conductivity of the
specimens can be attributed to the alignment of the CNT@CIP
nanohybrid particles during the magnetization curing pro-
cess. As reported previously, individual CNTs can wrap the CIP
particles when the CNTs and CIP are combined in polymeric
composites [10]. The CIP-based polymeric composites respond
to the magnetic field, leading to the formation of CIP-based
chain-like structures (Fig. 7) [41—43]. Thus, the CNT@CIP
nanohybrid particles can efficiently form dense electrically
conductive networks in the polymeric matrix through the
alignment of these structures, improving the electrical con-
ductivity (Fig. 7a, b, c). As a control, a C2P50 specimen was
fabricated without magnetization curing, and the aligned
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Fig. 7 — SEM images of specimens prepared with (a) 10%, (b) 30%, and (c) 50% CIP content, without CNT, and with

magnetization curing.

structures did not form (Fig. 8d). This control specimen clearly
showed the importance of magnetization curing in the con-
struction of aligned chain-like structures of CNT@CIP nano-
hybrid particles.

The effect of magnetization curing on EMI shielding
effectiveness was explored. Figure 9 shows that the EMI
shielding effectiveness with and without magnetization
curing was —5.82 and —5.78 dB, respectively, for specimen
C0.5P10, and -12.58 and —14.33 dB, respectively, for specimen
C0.5P10. These results indicate that EMI shielding effective-
ness was not affected by magnetization curing (Fig. 9a). In
contrast, the EMI shielding effectiveness of C2P10 specimen
was greatly enhanced by magnetization curing. The EMI
shielding effectiveness of C2P10 specimens fabricated with
and without magnetization curing were —14.55 and —19.51 dB,
respectively. This indicates that the CNT content is an
important factor in the creation of electrically conductive

networks (Fig. 9a). Moreover, the EMI shielding effectiveness
increased as the CIP content increased. The EMI shielding
effectiveness of C0.5P30, C1P30, and C2P30 specimens was
commonly enhanced by magnetization curing (Fig. 9b), and
the degree of this enhancement was further augmented by
increasing CIP content to 50% (Fig. 9c). Thus, it is clear that
magnetization curing can significantly improve the EMI
shielding effectiveness of polymeric composites containing
CNT@CIP nanohybrid particles. This phenomena can be
attributed to the formation of a percolation network of aligned
CNT@CIP nanohybrid particles in the polymeric matrix during
the magnetization curing process (Fig. 8a, b, c).

The EMI shielding capability of the specimens observed in
the present study is compared with that found in the similar
literatures [6,12,44]. Lei et al. developed Au@CNT-incorporated
PDMS composites, and it showed about 10 dB of shielding
capability at 8 GHz [6]. The CNT-embedded polymeric

Fig. 8 — SEM images of specimens (a) C0.5P50-M, (b) C1P50-M, and (c) C2P50-M fabricated using magnetization curing. (d)
SEM image of specimen G2P50 fabricated without magnetization curing.
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composites fabricated in Wang et al. exhibited approximately
12 and 18 dB of shielding effectiveness at 8.2 GHz, when 1 and
2 wt.% of CNT was added to the composites [12]. These values
are lower than that found in the present study, indicating 15
and 20 dB of shielding effectiveness when 1 and 2 wt.% of CNT
was used (Fig. 9). In addition, Al-Saleh et al. manufactured
CNT-embedded PP/PE blended polymeric composites, and it
showed approximately 18 db of EMI shielding capability when
both CNT 5.1 wt.% and GNP 4.4% were added to the compos-
ites [44]. This EMI shielding capability can be obtained in the
present study by using only less than 2 wt.% of CNT was used
(Fig. 9). In this regard, it can be said that the fabricated poly-
meric composites using the proposed CNT@CIP nanohybrid
particles showed enhanced EMI shielding performances with
low amount of fillers.

Figure 10 represents the mechanism analyses of devel-
oping CNT@CIP nanohybrid particles and the magnetization
curing method. The CIP was utilized to allow individual CNT
particles to adhere to the CIP surface since the CIP can be
easily controlled by the magnetic force (Fig. 10a). The
CNT@CIP nanohybrid particles were then embedded into the
polymeric composites for fabricating the conductive poly-
meric composites. During the curing process, the magnetic
force was applied to the specimens for aligning the CNT@CIP
nanohybrid particles in a specific direction (Fig. 10b). As the
CNT@CIP nanohybrid particles aligned in a direction, the
extent of forming conductive networks increased, improving
the electrical conductivity of the specimens. The total EMI

shielding capability (SEita) of the conductive polymeric
composites can be calculated by following equation [45]:

SEwu =395+ 10log o+ 8.7\ /nfuo @

where r and d denote the permeability and thickness of the
specimens, respectively.

Meanwhile, the previous studies reported that the inter-
facial bonding between the conductive fillers and polymer
matrix is possibly increased with increasing of the effective
contact area [46,47]. As found in the present study, the
development of CNT@CIP nanohybrid particles can lead to the
increase of contact area with the polymer matrix compared to
that found when only CNT or CIP particles are added in the
polymer matrix. In addition, it has been reported that the
increased interfacial bonding caused by the increasing contact
area can improve the connection of conductive fillers in the
polymer matrix, which are in close agreement with the results
in the present study [46,47]. For these reasons, it can be said
that the utilization of CNT@CIP nanohybrid particles can in-
crease both effective contact area and interfacial bonding,
thereby leading to the improvement on electrical conductivity
of the polymeric composites.

In this regard, the proposed methods including develop-
ment of CNT@CIP nanohybrid particles and magnetization
curing method can reduce the CNT content required to obtain
a given electrical conductivity and EMI shielding capability,
demonstrating the potential of reducing fabrication costs. In
addition, the present method is expected to be used in
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Utilization of CNT and CIP particles can
develop CNT@CIP nanohybrid particles.
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| CNT@CIP nanohybrid particles |
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’ With conventional curing |

| Magnetization dlrectlon

‘ With magnetization curing |

Magnetization curing can align CNT@CIP
nanohybrid particles in a direction, improving
electrical conductivity and EMI shielding capability.

(b)

Fig. 10 — Mechanism analyses of (a) developing CNT@CIP
nanohybrid particles, and (b) advantages of magnetization
curing method.

fabricating conductive polymeric composites with high elec-
trical conductivity for various functional purposes such as
piezoresistive sensors and/or electrical heating composites.

4., Conclusion

This study proposed a novel method for manufacturing
electrically conductive fillers composed of CNT@CIP nano-
hybrid particles-embedded polymeric composites, and
investigated their electrical conductivity and EMI shielding
capability. The CNT@CIP nanohybrid particles were prepared

by attaching CNT particles to the surface of CIP through an
electrostatic interaction. The interfacing structure of the
CNT@CIP nanohybrid particles was systematically character-
ized using various tools, showing that they have strongly
interactive interfaces.

Conductive polymeric composites were fabricated suc-
cessfully by incorporating the CNT@CIP nanohybrid particles
into an elastic polymer matrix. The effects of magnetization
curing on the electrical conductivity and EMI shielding capa-
bility of the polymeric composites were examined with
respect to the alignment of the CNT@CIP nanohybrid particles.
The magnetization curing process aligned the CNT@CIP
nanohybrid particles into chain-like structures, which
considerably improved the electrical conductivity and EMI
shielding capability of the composites compared to those
fabricated without magnetization curing. The CNT@CIP
nanohybrid particles-embedded polymeric composites fabri-
cated with magnetization curing have great potential for use
as EMI shielding composites across various practical
applications.
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