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Abstract: We report the enhanced electromagnetic interference (EMI) shielding properties of hybrid
carbon nanotube (CNT) composites consisting of more than two kinds of fillers through the use of
segregate conducting networks. An excluded volume was created by micro-sized silica particles
that concentrate the CNT network, resulting in improved electrical conductivity and microwave
properties. To achieve the optimal dispersion of CNTs and silica particles, high shear force was applied
to the pre-cured composite mixture via three-roll milling. Depending on the micro-silica content
ratio, we observed improved electrical conductivity and EMI shielding properties. For a quantitative
comparison to observe the excluded-volume effects, a CNT composite without micro-silica was
measured in parallel with the other sample.
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1. Introduction

Carbon-based polymer composites have been researched for use in various applications, including
structural reinforcement, heating elements, electronic packaging, electromagnetic interference (EMI)
shielding, storage capacitors, and so on [1-7]. Among them, EMI shielding is one of the applications
especially important to the military, vehicle, and electronics sectors. Unwanted electromagnetic waves
from electronic devices can be absorbed by the human body and interfere with detailed electronic
instruments. For example, mobile phone usage is one of the suspected causes of premature cataracts [8].
Current developments in wireless charging and electric motor vehicles are accelerating to produce an
increasing amount of electromagnetic pollution. To solve this problem, a polymer-composite containing
carbon fillers such as carbon fiber [9], carbon black [10-12], and carbon nanotubes (CNTs) [7,13-15] have
been investigated owing to their flexibility, light weight, chemical corrosion resistance, and relatively
good shielding efficiency (SE). A polymer is used as the matrix material in the composite systems,
as it has flexibility and electrically insulating properties. With the incorporation of conducting fillers,
the low conductivity of the polymer is dramatically increased as conducting networks form. Traditional
micro-size conducting fillers have a limit to the filler loading of the polymer due to embrittlement
and degradation of the mechanical properties as the amounts of filler used is increased. In addition,
intrinsically conducting polymers still require improvement of their mechanical properties [16].
Therefore, a nanosized, high aspect ratio filler is an ideal material to achieve low electrical percolation
along with mechanical reinforcement. CNTs are one of the promising fillers for EMI shielding
applications, owing to their unique mechanical strength, high aspect ratio (as high as 10°), and large
surface area (>1300 m?/g) [17]. However, there are still many problems facing the commercialization of
CNT composites as EMI shielding materials such as bundling and the aggregation of CNTs due to the
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strong van der Waals attraction between them, resulting in poor dispersion in the polymer. Previously,
we have developed an effective CNT dispersion method using three-roll milling, which is effective,
especially in high-loading CNTs. Consequently, a maximized EMI SE was attained for a given CNT
volume fraction with a very low electrical percolation threshold [13].

Recently, hybrid CNT composites comprising more than two types of fillers have been developed
to improve the mechanical properties and electrical conductivity [18-20]. When a micro-size second
filler is added to a CNT-polymer composite system, it can create an excluded volume, resulting
in concentrated CNT networks in the polymer matrix. Consequently, in the case of hybrid CNT
composites having segregated CNT networks, increased conductivity is achieved compared with
two-component CNT-polymer composites [21,22]. Advantages of the segregated CNT composite
are material cost reduction for expensive CNTs and mechanical strengthening by adding silica and
BaSOy [23].

In this study, we report enhanced electrical properties and EMI shielding properties through the
use of segregate conducting networks. To create an excluded volume and segregated CNT networks,
micro-sized silica (5i0,) was used. The concept is illustrated in Figure 1. While Figure 1a shows
a general, random fiber composite scheme, Figure 1b shows excluded volumes that are created by
adding micro-silica particles. Even if the same number of CNTs was used in both cases, the number of
contact junctions (red points in Figure 1) between CNTs is different. Consequently, higher electrical
conductivity and EMI SE were achieved in the segregated CNT composite.

(b)

Figure 1. Scheme of (a) nanotube composite and (b) segregated nanotube composite with secondary

micro-silica filler.
2. Materials and Methods

For the fabrication of a hybrid CNT composite, multi-walled CNTs approximately 10-15 pm in
length and 15 nm in outer diameter (CM250, Hanwa Nanotech Inc., Seoul, Korea) were used for the
CNT component, and silica powder of approximately 3—7 um in particle size (Silbond, Quarzwerke,
Bahnhofstrafie, Germany) was used as a filler. Polydimethylsiloxane (PDMS Sylgard 184, Dow Corning,
Midland, MI, USA) was used as the polymer matrix. To optimize the dispersion conditions of CNTs
and silica in a high-viscosity polymer matrix, a paste mixer (Daehwa, PDM-1k, Seoul, Korea) and a
three-roll mill (Intech Inc., Gyeonggi-do, Korea) were used. The PDMS part A (elastomer base) and
part B (curing agent) were mixed in a 10:1 ratio, following which the CNTs/silica were pre-mixed using
the paste mixer. These pre-mixed pastes were then milled by three-roll milling for several minutes.
By reducing the gap between the rollers of the mill, a higher shear strain was obtained, resulting in
efficient de-bundling of the CNTs. After the mixing process, a heat press (Qmesys Inc., Gyeonggi-do,
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Korea) was used to cure the composite film at 130 °C (30 min) with constant force (1 ton). The final
composite films used for electrical measurements and EMI SE measurements were 2 mm thick.

To determine the CNT and silica dispersion conditions, scanning electron microscopy (SEM: Phillips
XL30, North Billerica, MA, USA) was used. To prepare samples that would allow clear visualization of the
bulk morphology, CNT composite films were fractured in liquid nitrogen. The fracture surfaces were coated
with ~10 nm Au to wick off electrons to enable clear imaging. For electrical conductivity measurements,
CNT-composite films were treated with an oxygen plasma (Femto Science Inc., Gyeonggi-do, Korea)
to ensure a low contact resistance, followed by sputtering 50 nm of Au/Ti onto the sample to form
the electrodes.

In the case of the resistance, R < 1 G(), the 4-point resistance method was used to obtain an
electrical conductivity (Keithley 2400 source-meter and Keithley 487 picoammeter, Cleveland, OH,
USA). For measurement, CNT films were prepared as 10 mm X 2 mm-thick coupons (length: a 50 mm
gap for the outer current region, and a 25 mm gap for the inner voltage region). For the EMI SE
measurement, uncured CNT paste was inserted into the wave-guide holder as shown in Figure 2a, and
then pressed with heat press machine to cure the composite film at 130 °C (30 min) with constant force
(1 ton). To avoid air gaps in the sample, press, and release sequences were repeated 3 times at the first.
The X-band microwave frequency (8.2-12.4 GHz), employed in military and civil communications, was
used for the SE experiments. From a two-port vector network measurement, scattering parameters
(S11 = by/a1, S»1 = by/a;, where a and b are normalized incident and reflected wave) were obtained as
shown in Figure 2b. The EMI shielding effectiveness (SE) was calculated as follows:

Shielding Effectiveness (SE) = —10 log(|—Sp1 1) =10 log (pi/pr) 1

where p; and p; are the magnitudes of the incident and transmitted power densities [7]. The EMI
SE calibration was conducted using the Thru Reflect Line (TRL) method [24]. In TRL method, thru
measurement was conducted by connecting the two waveguide sections (15 cm). For the reflect
calibration, an aluminum was placed between two waveguide sections, and line calibration was
conducted by insertion of WR-90 waveguide.

Sample Sample Holder

w a,] > >
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a & b are normalized incident and reflected wave

(a) (b)

Figure 2. (a) Image of the wave-guide holder. (b) Scheme of the EMI SE measurement mechanism.

3. Results and Discussion

In general, in our specimens, high aspect ratio CNTs exist in 5-30 um bundle-type formations
due to van der Waals interactions. To maximize the electrical conductivity of the CNT composite
at a given CNT loading, each CNT must be de-aggregated and dispersed in the polymer matrix.
In addition, a considerable amount of micro-silica should be added to form a segregated CNT network
in the polymer matrix. Uniform dispersion is possible through the use of the three-roll milling
method, as shown Figure 3, which is optimal for a high-loading mixture-dispersion. High shear forces
are created by three rollers moving in opposite directions and with differing speeds, and this can
disentangle CNTs. A higher shear force can be obtained by reducing the gap distance between two
adjacent rollers. Advantages of this method are uniform shear in the assemblage being mixed in this
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solvent-free process. In addition, surfactants and chemical functionalization preventing re-aggregation
of CNTs are unnecessary due to the high viscosity of the paste.
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CNT/PDMS/silica
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Figure 3. Scheme for the dispersion of highly loaded composites of CNT (carbon nanotube), silica, and
PDMS (Polydimethylsiloxane) by three-roll milling. A high shear strain by the three rotating rollers
disentangles the CNT and micro-silica.

For a quantitative comparison, two different types of composites (CNT/micro-silica/PDMS and
CNT/PDMS) were fabricated with 5 wt% CNT loading. In both cases, a uniform dispersion of CNT and
silica was achieved, as shown Figure 4. Also, to investigate the effect of the secondary silica filler, CNT
loading was fixed at 6 wt%. The electrical conductivity was measured with varying micro-silica loading,
as shown in Figure 5. Increasing micro-silica content increased the electrical conductivity, which is
attributed to the creation of exclude volume in the polymer matrix, similar to that in Figure 1b. Greater
micro-sized exclude volumes lead to more concentrated CNT networks, indicating the formation of
more contact points between CNTs.

Figure 4. SEM images of (a) CNT/micro-silica/PDMS composite and (b) CNT/PDMS composite (both
6 wt% CNT). The inset shows a high resolution image of CNT/micro-silica/PDMS composite.

To investigate the trend of the conductivity increment, the CNT wt% was increased with a
fixed micro-silica content, as shown in Figure 6. One purpose of this study was to make an efficient
EMI shielding material. Therefore, all CNT composites were made above the CNT volume-fraction
percolation threshold. The secondary filler’s (excluded volume) effect on the electrical conductivity
increased when CNT loading was decreased, while its effect at high CNT loading was relatively small.
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From the power-law trend (opc ~ oo(p — pc)P) of the fiber-type composite [25], a CNT composite
with low CNT loading is more sensitive than a composite with high CNT loading (where opc is
the conductivity of composite, oy is a constant parameter, p is the volume fraction of filler, p. is the
percolation threshold, and f3 is a critical exponent).
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Figure 5. Electrical conductivity of CNT/micro-silica/PDMS composites as a function of micro-silica
content. CNT content is fixed at 6 wt%.
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Figure 6. Electrical conductivity of CNT/micro-silica/PDMS and CNT/PDMS composites as a function
of CNT content. In the case of the CNT/micro-silica/PDMS composite, silica was fixed at 40 wt%.

Even if high conductivity is not necessary for EMI SE in the high-frequency range, a conductivity
related to the conducting network is still the dominant parameter in EMI shielding [26-28]. In addition,
for effective EMI shielding, conductivity of the composite should be higher than 10 S/m [13].

The EMI SE of CNT/silica/PDMS and CNT/PDMS composites in the X-band range were measured,
with results shown in Figure 7. The EMI SE of the CNT/PDMS composite was about 30 dB, while a
higher SE (40 dB) was attained for the CNT/silica/PDMS composite (CNT content in this case was fixed
at 4 wt%). In contrast, in the case of 6 wt% CNT loading, the EMI SE of the CNT/PDMS composite was
about 38 dB, while a higher SE (46 dB) was attained for the CNT/silica/PDMS composite, as shown
Figure 7b. In both cases, segregated CNT networks in a polymer matrix enhanced the EMI SE, which is
a similar trend as that seen with the conductivity behavior. The increment of SE is relatively greater in
the “4 wt% CNT” composite (10 dB) than in the “6 wt% CNT” composite (8 dB). Saturation behavior
has a similar power law characteristic. For a further understanding of EMI shielding, the measured
total SE(T) of the composite is divided into the reflection component (R) and the absorption component
(A) as follows [7,24]:

SE(T) = SE(R) + SE(A) )
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where SE(R) = =10 log(1 — R) and SE(A) = =10 log[T/(1 — R)]. R, A and T were obtained from the S
parameter as follows:
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Figure 7. Comparison of EMI SE of CNT/micro-silica/PDMS and CNT/PDMS composites, (a) with
4 wt% CNT, and (b) with 6 wt% CNT. (¢) Total SE of CNT/micro-silica/PDMS (6 wt% CNT) can be
decomposed into contributions from absorption, SE(A) and reflection, SE(R).
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It was seen that absorption-dominated shielding was observed in Figure 7c. In the figure,
the SE(A) of CNT/silica/PDMS (6 wt% CNT) composite is higher than SE(R) indicating the microwave
absorption is more important parameter in EMI shielding at X-band. This trend regarding the relatively
high conductivity composite case is similar to that observed in our previous work [7]. In a further
investigation, multi-layer composites having different compositions and contents (by coupling several
layers) are planning to enhance the EMI SE and microwave absorption [29,30].

4. Conclusions

In summary, we have enhanced the EMI shielding properties of a CNT composite through the use
of segregated CNT networks with the assistance of micro-silica particles. Micro-size silica particles
create an excluded volume in the polymer matrix, resulting in concentrated CNT network paths.
Consequently, the electrical conductivity increased, which is attributed to more CNT-CNT contact
points. These advantages can be applied to improve EMI shielding properties. Successful EMI SE
values were obtained in this work. Our proposed scheme of using a segregated CNT network with our
results could be used as a strong design guideline for EMI shielding materials.

Author Contributions: Conceptualization, S.-H.P.; methodology, J.-H.H.; formal analysis, S.-H.P. and J.-H.H.;
resources, ].-H.H.; writing—original draft preparation, S.-H.P.; writing—review and editing, S.-H.P.; supervision,
S.-H.P; project administration, S.-H.P.; funding acquisition, S.-H.P.

Funding: This work was supported by the Soongsil University Research Fund of 2015.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Hong, SK,; Kim, D.; Lee, S.; Kim, BW.,; Theilmann, P.; Park, S.H. Enhanced thermal and mechanical
properties of carbon nanotube composites through the use of functionalized CNT-reactive polymer linkages
and three-roll milling. Compos. Part A 2015, 77, 142-146. [CrossRef]

2. Chu, K, Lee, S.C; Lee, S.; Kim, D.; Moon, C.; Park, S.H. Smart conducting polymer composites having zero
temperature coefficient of resistance. Nanoscale 2015, 7, 471-478. [CrossRef] [PubMed]

3. Park, S.; Theilmann, P.; Asbeck, P.; Bandaru, PR. Enhanced dielectric constants and shielding effectiveness
of uniformly dispersed functionalized carbon nanotube composites. Appl. Phys. Lett. 2009, 94, 243111.
[CrossRef]

4. Paddubskaya, A.; Demidenko, M.; Batrakov, K.; Valusis, G.; Kaplas, T.; Svirko, Y.; Kuzhir, P. Tunable perfect
THz absorber based on a stretchable ultrathin carbon-polymer bilayer. Materials 2019, 12, 143. [CrossRef]
[PubMed]

5. Park, S.; Bandaru, PR. Improved mechanical properties of carbon nanotube/polymer composites through the
use of carboxyl-epoxide functional group linkages. Polymer 2010, 51, 5071-5077. [CrossRef]

6.  Chu, K;; Park, S.H. Electrical heating behavior of flexible carbon nanotube composites with different aspect
ratios. |. Ind. Eng. Chem. 2016, 35, 195-198. [CrossRef]

7. Park, S.; Theilmann, P.; Asbeck, P.; Bandaru, P.R. Enhanced electromagnetic interference shielding through
the use of functionalized carbon nanotube-reactive polymer composites. IEEE Trans. Nanotechnol. 2010, 9,
464-469. [CrossRef]

8. Lln,].C. Cataracts and cell-phone radiation. IEEE Antennas. 2003, 45, 171. [CrossRef]

9.  Bigg, D.M. Plastic composites for electromagnetic interference shielding applications. Polym. Compos. 1983,
4,40. [CrossRef]

10. Jana, P.B.; Mallick, A.K; SK, D. Electromagnetic interference shielding by carbon fibre filled polychloroprene
rubber composites. Composites 1991, 22, 451. [CrossRef]

11.  Wen, S.; Chung, D.D.L. Partial replacement of carbon fiber by carbon black in multifunctional cement-matrix
composites. Carbon 2007, 45, 505. [CrossRef]

12.  Chung, D.D.L. Electrically conductive cement-based materials. Adv. Cem. Res. 2004, 16, 167. [CrossRef]


http://dx.doi.org/10.1016/j.compositesa.2015.05.035
http://dx.doi.org/10.1039/C4NR04489D
http://www.ncbi.nlm.nih.gov/pubmed/25351278
http://dx.doi.org/10.1063/1.3156032
http://dx.doi.org/10.3390/ma12010143
http://www.ncbi.nlm.nih.gov/pubmed/30621165
http://dx.doi.org/10.1016/j.polymer.2010.08.063
http://dx.doi.org/10.1016/j.jiec.2015.12.033
http://dx.doi.org/10.1109/TNANO.2009.2032656
http://dx.doi.org/10.1109/MAP.2003.1189664
http://dx.doi.org/10.1002/pc.750040107
http://dx.doi.org/10.1016/0010-4361(91)90204-T
http://dx.doi.org/10.1016/j.carbon.2006.10.024
http://dx.doi.org/10.1680/adcr.2004.16.4.167

Materials 2019, 12, 1395 80f8

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Theilmann, P; Yun, D.J.; Asbeck, P; Park, S.H. Superior electromagnetic interference shielding and dielectric
properties of carbon nanotube composites through the use of high aspect ratio CNTs and three-roll milling.
Org. Electron. 2013, 14, 1531-1537. [CrossRef]

Yang, Y.; Gupta, M.C.; Dudley, K.L.; Lawrence, R.W. Novel carbon nanotube-polystyrene foam composites
for electromagnetic interference shielding. Nano Lett. 2005, 5, 2131. [CrossRef] [PubMed]

Li, N.; Huang, Y;; Du, E; He, X,; Lin, X,; Gao, H.; Ma, Y;; Li, E; Chen, Y.; Eklund, P.C. Electromagnetic
interference (EMI) shielding of single-walled carbon nanotube epoxy composites. Nano Lett. 2006, 6, 1141.
[CrossRef] [PubMed]

Wang, Y.; Jing, X. Intrinsically conducting polymers for electromagnetic interference shielding. Polym. Adv.
Technol. 2005, 16, 344-351. [CrossRef]

Peigney, A.; Laurent, C.; Flahaut, E.; Basca, R.R.; Rousset, A. Specific surface area of carbon nanotubes and
bundles of carbon nanotubes. Carbon 2001, 39, 507-514. [CrossRef]

Liu, L.; Grunlan, ].C. Clay assisted dispersion of carbon nanotubes in conductive epoxy nanocomposites.
Adv. Funct. Mater. 2007, 17, 2343-2348. [CrossRef]

Svab, I.; Musil, V.; Smit, I.; Makarovic, M. Mechanical properties of wollastonite-reinforced polypropylene
composites modified with SEBS and SEBS-g-MA elastomers. Polym. Eng. Sci. 2007, 47, 1873-1880. [CrossRef]
Grunlan, J.C.; Mehrabi, A.R.; Bannon, M.V,; Bahr, J.L. Water-based single-walled-nanotube-filled polymer
composite with an exceptionally low percolation threshold. Adv. Mater. 2004, 16, 150-153. [CrossRef]

Bao, H.D.; Guo, Z.X.; Yu, J. Effect of electrically inert particulate filler on electrical resistivity of
polymer/multi-walled carbon nanotube composites. Polymer 2008, 49, 3826-3831. [CrossRef]

Kim, D.; Kim, Y.; Choi, K.; Grunlan, J.C.; Yu, C. Improved thermoelectric behavior of nanotube-filled polymer
composites with poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate). ACS Nano 2010, 4, 513-523.
[CrossRef]

Fu, S.Y,; Feng, X.Q.; Lauke, B.; Mai, Y.W. Effects of particle size, particle/matrix interface adhesion and particle
loading on mechanical properties of particulate-polymer composites. Compos. Part B Eng. 2008, 39, 933-961.
[CrossRef]

Pozar, D.M. Microwave Engineering, 2nd ed.; John Wiley & Sons, Inc.: New York, NY, USA, 1998.

Weber, M.; Kamal, M.R. Estimation of the volume resistivity of electrically conductive composites. Polym.
Compos. 1997, 18, 711-725. [CrossRef]

Chung, D.D.L. Materials for electromagnetic interference shielding. J. Mater. Eng. Perform. 2000, 9, 350-354.
[CrossRef]

Arjmand, M.; Apperley, T.; Okoniewski, M.; Sundararaj, U. Comparative study of electromagnetic
interference shielding properties of injection molded versus compression molded multi-walled carbon
nanotube/polystyrene composites. Carbon 2012, 50, 5126-5134. [CrossRef]

Arjmand, M.; Mahmoodi, M.; Gelves, G.A.; Park, S.; Sundararaj, U. Electrical and electromagnetic interference
shielding properties of flow-induced oriented carbon nanotubes in polycarbonate. Carbon 2011, 49, 3430-3440.
[CrossRef]

Micheli, D.; Pastore, R.; Vricella, A.; Marchetti, M. Matter’s Electromagnetic Signature Reproduction by
Graded-Dielectric Multilayer Assembly. IEEE Trans. Microw. Theory Tech. 2017, 65, 2801-2809. [CrossRef]
Micheli, D.; Pastore, R.; Delfini, A.; Giusti, A.; Vricella, A.; Santoni, F.; Marchetti, M.; Tolochko, O.; Vasilyeva, E.
Electromagnetic characterization of advanced nanostructured materials and multilayer design optimization
for metrological and low radar observability applications. Acta Astronaut. 2017, 134, 33—40. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.orgel.2013.02.029
http://dx.doi.org/10.1021/nl051375r
http://www.ncbi.nlm.nih.gov/pubmed/16277439
http://dx.doi.org/10.1021/nl0602589
http://www.ncbi.nlm.nih.gov/pubmed/16771569
http://dx.doi.org/10.1002/pat.589
http://dx.doi.org/10.1016/S0008-6223(00)00155-X
http://dx.doi.org/10.1002/adfm.200600785
http://dx.doi.org/10.1002/pen.20897
http://dx.doi.org/10.1002/adma.200305409
http://dx.doi.org/10.1016/j.polymer.2008.06.024
http://dx.doi.org/10.1021/nn9013577
http://dx.doi.org/10.1016/j.compositesb.2008.01.002
http://dx.doi.org/10.1002/pc.10324
http://dx.doi.org/10.1361/105994900770346042
http://dx.doi.org/10.1016/j.carbon.2012.06.053
http://dx.doi.org/10.1016/j.carbon.2011.04.039
http://dx.doi.org/10.1109/TMTT.2017.2679749
http://dx.doi.org/10.1016/j.actaastro.2017.01.044
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

