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ABSTRACT KEYWORDS

With the technological progress of wearable electronics operated in 5 G net- Stretchable composite;
work communication system, a stretchable noise suppressor at GHz bandwidth carbonyl iron powder; EM
that is reliable under severe deformation coming from the user's motion noise suppression
should be developed. However, current material systems for the noise sup- X8

pressor showed a limited stretchability. This study introduces a carbonyl iron SRR TR A MR
powder — polydimethylsiloxane (CIP — PDMS) composite with partially bonded HREL IR 1 75 )
interface as a solution to enhance the stretchability. Modulation of CIP surface

to have the partial interface bonding (CIP-PID) results in the ultra large strain of

~165% even at the 40 vol% of CIP-PIDs, while only ~71% of strain is observed

for CIPs with the full interface bonding (CIP-FID). According to a microstructural

analysis and FEM simulation of the strained composite specimens, when

partially bonded to CIP at the interface, the PDMS matrix forms a free surface

that can be deformed like pure PDMS, resulting in high stretchability. The

wettability of CIP offers protection against eddy current loss while retaining

strong magnetic properties, suppressing the EM noise. Thus, the approach

eliminates the tradeoff between EM suppression and stretchability.
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1. Introduction

Researchers speculate that the electromagnetic (EM) radiation emanated from wearable electronics
operating in the gigahertz (GHz) bandwidth may cause malfunctioning of the devices or pose health
hazards to human beings (Jiang et al. 2019; Yang et al. 2020). Attempts to integrate and miniaturize
electronic devices have also increased the risks caused by EM noise (Chen et al. 2021; Fan et al. 2020;
Gupta and Tai 2019; Maruthi, Faisal, and Raghavendra 2021). Therefore, various types of materials
were studied for EM noise suppressors, including micro metal meshes (Asmatulu et al. 2020; Jiang
et al. 2019), polymer-based composites (Guo, Wu, and Yao 2021; Maruthi, Faisal, and Raghavendra
2021), and aerogels (Chen et al. 2021; Xin, Ming-Guo, and Chen 2021). Among them, composites with
a polymer matrix and magnetic/conductive fillers were considered the most promising for wearable
electronics owing to their light weight, tunable elasticity, and moldability (Gao et al. 2020; Liang et al.
2009; Wang et al. 2021; Ying-Ming et al. 2020).

As the EM noise-suppression performance of composite materials is largely governed by the
magnetic and electrical properties of fillers, the development of filler materials, including carbon-
based materials (Fan et al. 2020; Gupta and Tai 2019; Liang et al. 2009; Wang et al. 2021), Mxene (Fan
et al. 2020; Liu et al. 2021), GaN (Chen et al. 2019), conductive polymer composites (CPCs) (Gao et al.
2020; Maruthi, Faisal, and Raghavendra 2021), ferrite-based alloy powders (Asmatulu et al. 2020; Pan
et al. 2020), and carbonyl iron powder (CIP), has been thoroughly researched (Jeon, Kim, and Hyeon
Kim 2019; Seo et al. 2022a). Although carbon-based materials and MXenes exhibit efficient noise
suppression over a wide wavelength, CIP is regarded the most commercially viable filler material
because it can be mass produced for cheap by thermal decomposition and displays a high saturation
magnetization and permeability in the GHz bandwidth (Jeon, Kim, and Hyeon Kim 2019; Seo et al.
2022a).

Stretchability is a desired trait of materials for wearable electronics. When it comes to CIP
composites, a high EM noise suppression efficiency is achieved by adding a large amount of filler;
however, this reduces the stretchability of the composites. In our previous study, 40 vol% CIP - PDMS
composites exhibited 2.25 times the EM noise suppression efficiency of the 20 vol% CIP - PDMS
composites (Seo et al. 2022a). However, the failure strain was reduced from approximately 145% to
71% as the vol% of CIP decreased from 20 to 40 vol%. As the wearer’s movement induces more than
75% of strain on wearable devices (Chortos, Liu, and Bao 2016; Edwards and Marks 1995), the
stretchability of composites should be enhanced. Additionally, quality of a product should be twice
the industry standard of general use. This warrants a method to drastically enhance the stretchability
of composites without weakening the noise suppression effect, which is a classic yet unsolved problem
in this field (Mondal et al. 2018).

Although demonstration to EM noise suppression was not performed, there have been many
reports on the stretchable conductors showing excellent stretchability (Chen et al. 2021a; Feng et al.
2019; Liu et al. 2020). For example, Feng et al. demonstrated a thermoplastic polyurethane (PU)/
carbon nanotubes (CNTs) composites showing high stretchability of ~250% (Feng et al. 2019).
Structural design was also effective to enhance the stretchability, where Chen et al. achieved
a stretchability of ~100% through the kirigami structure consisting of Mxene and PDMS composite
(Chen et al. 2021b). Liu et al. also demonstrated a honeycomb structure using copper microcoils/
rubber composites showing the strechability of ~100% (Liu et al. 2020).
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In the similar perspective, several studies have been reported for the noise suppressor with the
enhanced stretchability and high EMI absorption performance (Huang et al. 2020; Wan et al. 2017;
Wang et al. 2021). For example, Huang et al. proposed 3D-structured composites for EMI noise
suppression, where PU foam with 3D sturucture backbone was coated with 4.6 vol% of CNTs, which
was then mixed with ecoflex (Huang et al. 2020). Although the 3D composites showed the high
stretchability of ~150% and EMI shielding efficiency of ~30 dB, but the relatively thick thickness of ~3
mm limited their use for the futuristic miniaturized devices. In the work by Wang et al., thin
composite films consisting of graphene oxide and PDMS were developed by using 3D printing method
(Wang et al. 2021). The developed composite films had a suitable stretchability of ~ 130%, but the EMI
shielding efficiency was relatively low showing ~25dB at 10 GHz. In the other work by Wan et al.,
a wavy structured-composites consisting of Mxene and themoplastic PU nanofiber was fabricated. The
composites showed high EMI shielding efficiency of ~30 dB, but the stretchability was relatively low
showing ~70% (Wan et al. 2017). Despite of the high stretchability and excellent EM absorption
performances of the composites in previous research, their methods utilizing stuructural engineering
or expensive nanomaterials were rather complex to be fabricated, which results in the increase in
production costs. Therefore, further research is required to develop a composite that can be fabricated
via cost-effective methods, while achieving the properties of thin thickness, high stretchability and
excellent EM absorption performance in the X-band region, simulatneously.

In this study, we introduced partial interface bonding between CIP and the PDMS matrix to
enhance the stretchability of the composite. In a typical CIP - PDMS composite, the imposed strain is
localized at the CIP — PDMS interface. As the CIP content is increased to improve noise suppression,
the fraction of strain localization at the particle — matrix interface increases, stiffening the composite
(Seo et al. 2022a). To relax the strain localization, we modified the CIP to partially bond with the
PDMS matrix (CIP - PID) at the interface and examined it as a filler for noise suppression composite
films. The PID formed a weak and incomplete bond that allowed the PDMS matrix to be stretched
without initiating cracks from the stress localization. The stretchability of the CIP - PID composites
was twice more than that of the typical composites using CIP with full interface bonding (CIP - FID).

The mechanism by which partial interface bonding enhances the stretchability was examined
thoroughly by correlating the microstructural analysis of the strained composites with a finite element
analysis (FEM) simulation. In addition, the surface changes of the CIP had no significant effect on its
dispersability, as explained by the absolute values of the large Gibbs free wetting enthalpy for both
CIP - PID and CIP - FID composites. The potential of CIP - PID/PDMS composites as deformable
noise suppressors was confirmed by examining the magnetic properties and EM noise suppression
performance. This study provides new insights into classical polymer matrix composites and help
overcome the tradeoff between EM noise suppression and stretchability for next-generation wearable
electronics that require massive data communication under severe deformation.

2. Materials and method
2.1. Fabrication of CIP - PDMS composites

Polydimethylsiloxane (PDMS; Sylgard-184, Dow Silicones Corporation, Michigan, USA) and CIP
(EW grade, BASF SE, Ludwigshafen, Germany) were purchased and used as received. CIP without
SiO, on the surface was also provided by BASF and used as received. The components were mixed by
a planetary vacuum mixer (ARV-310, THINKY Corporation, Tokyo, Japan) in two steps. First, CIP
and PDMS were mixed without a curing agent at 2,000 rpm in vacuum under 20 kPa for 5 min.
Second, a curing agent was added to the mixed samples, and the samples were remixed at 1,200 rpm
under 80 kPa for 3 min. The CIP - PDMS mixture was then poured into polytetrafluoroethylene
(PTEFE) casting molds with dimensions of 40.0 (w) x 30.0 (I) x 0.3 mm (t) and 8.0 (w) x 48.0 (1) x 0.3
mm (t). To remove the air bubbles in the CIP - PDMS mixture, it was degassed under 15 kPa for 3 h in
a vacuum oven. Third, the samples were stored in a vacuum oven at 100°C for 2 h.
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2.2. Characterization

The microstructures of CIP and CIP - PDMS composites were analyzed using field-emission scanning
electron microscopy (FE-SEM, Carl Zeiss AG, Germany). A focused ion beam (FIB) milling device
(Quanta 3D FEG, FEI Company (Thermo Fisher Scientific, Oregon, USA) equipped with an energy
dispersive X-ray dispersive spectrometry instrument (EDX, NORAN system 7, Thermo Fisher
Scientific) was used to characterize the cross-section of CIP and the line profile of Si through the cross-
section of CIP. The chemical composition of the CIP surface was analyzed by X-ray photoelectron
spectroscopy (xPS, K-alpha+, ThermoFisher Scientific) using an Al - Ka radiation source.

The crystallographic orientation of CIP was measured using X-ray diffraction analysis (xRD, New
D8-Advance, Bruker, Newark, DE, AXS, USA) at 40 kV and 40 mA with Cu - Ka photons. The
dispersion states of CIP in composites were observed using optical microscopy (OM, BX-51, Olympus,
Japan). Stress — strain curves under tensile deformation were analyzed using a rheometer (Compac-
1001L, Sun Scientific Co. Ltd., Japan) with a maximum load cell of 100 N under a tensile speed of 120
mm/min. The surface energy, and polar and dispersive components of CIP were evaluated from the
contact angle values for the polar (deionized (DI) water) and nonpolar (diiodomethane) solvents,
which were measured using a drop shape analyzer (DSA-100, KRUSS, Hamburg, Germany).

The Owens, Wendt, Rabel and Kaelble (OWRK) model was used to calculate the surface energy.
The EM noise absorption properties of CIP - PDMS composites were measured using a network
analyzer (8720D, Hewlett-Packard, USA). The samples were punched into the shape of a donut, with
inner and outer diameters of 3.0 and 7.0 mm, respectively, while fixing the inner hole to the holder for
the tests. The EM absorption performance was measured at wavelengths of 1-18 GHz with a coaxial
waveguide in the same dimensions as the donut shape of the punched samples. The power loss was
calculated as follows:

Power Loss(%) =1 — Si1 — Siz, 1)

where S;; and Sj; are the reflected and transmitted signals, respectively, measured by the network
analyzer.

2.3. Finite element analysis (FEM) simulation

We used numerical modeling to compare the mechanical response of typical CIP - PDMS and CIP -
PID/PDMS composites. Only small portion of the sample, i.e., 100 um x 30 um x 5 pm, was examined
owing to the self-similar characteristic of the PDMS. For CIP - PID/PDMS, partial interface bonding
was induced by positioning the voids in the vicinity of CIP. For CIP - PDMS, CIP and PDMS were
fully bonded. Fig. S1 illustrates the detailed geometric illustration for the simulation. The size of the
CIP particles was averaged to a diameter of 3 pum. The commercial FEM tool COMSOL was employed
to replicate the axial stretch of both composites. For fair comparison, a load/force of 100 kPa was
applied on one edge of the composite, while the other edge was fixed. The mechanical properties,
induced stress and stretching (%),were calculated using the Solid Mechanics module of COMSOL.
A refined mesh near the CIP particles was considered to ensure solution convergence. The material
properties of PDMS and CIP, including Young’s modulus, Poisson’s ratio and density, were assumed
to be 2.05 MPa, 0.495, 0.982 g/cm’, and 211 GPa, 0.29, and 7.86 g/cm’, respectively.

3. Results and discussion
3.1. Characterization of CIP for FID and PID

Figure 1a displays the cross-sectional image of raw CIP constituting CIP — FID. CIP particles are
spherical with an average diameter of approximately 1.1 um. The magnetic grade CIPs used as filler in
EM noise suppressor were covered with an SiO, insulating layer, as indicated by the EDX line mapping
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Figure 1. Cross-sectional scanning electron microscopy (SEM) images of (a) CIP - FID and (b) CIP - PID. Insets illustrate the energy
dispersive spectroscopy (EDS) line scan results for Si along the sky blue arrow. Top view of SEM images of (c) CIP - FID and (d) CIP -
PID/PDMS composites with 40 vol% of CIP. Inset of (d) is the enlarged SEM image of CIP — PID. (e) XRD patterns of the CIP — FID and
CIP - PID. XPS survey data of (f) CIP - FID and (g) CIP - PID. (h) O1s peaks of CIP — FID and (i) CIP - PID. Insets are Si2p peaks. Optical
microscopy (OM) images of water droplets on CIP - FID and CIP -PID.

results in Figure la. This layer reduces the eddy current formation between adjacent CIP particless.
The SiO, surface forms a strong chemical bond with the PDMS, [(CH3),SiO],,, through the (Si - O-Si)
covalent bonds between -Si on the silica surface and -Si at the broken PDMS chain. The reaction is as
follows.

SiOH + (CH3),08i(CH3), — SiOSi(CH;), + (CH;3),0H

In addition, the physical (O---H) bonds created by the interaction between the -OH group on the
silicon surface and -O- on the PDMS backbone contributed to the bonding of CIP and the PDMS
matrix (Klonos et al. 2019; Klonos, Pissis, and Kyritsis 2017). Because of the strong adhesion produced
by covalent bonding with additional contribution from hydrogen bonding, the SiO, layer on the raw
CIP resulted in strong and full interfacial bonding without forming the free surface of the PDMS
matrix at the interface (Figure 1c). To generate the partial interface bond of CIP with the PDMS
matrix, we removed the SiO, layer from the CIP surface.

Figure 1b displays the cross-sectional SEM images of the CIP without an SiO, layer that can form
CIP - PID in a PDMS composite (Figure 1d). The shape of the CIP without SiO, layer was also
spherical, and its EDX mapping results clearly showed the lack of an SiO, layer on the surface.
Figs. 1F-i highlight the XPS analysis results for CIP - FID and CIP - PID. In the survey data in
Figure 1F,g, Si2s and Si2p peaks were observed for the raw CIP, which were not detected for CIP -
PID. The CIP - PID composite also had a less intense Ols peak than CIP - FID (Figures. 1h,i). In
the Ols and Si2P spectra, CIP - FID consistently produced SiO, peaks at binding energies of 531.9
and 102.5 eV, respectively (Figure 1h); however, CIP - PID did not produce SiO, peaks while
exhibiting strong C=0 bond from the carbonyl group of CIP (Figure 1i). Except for the presence of
SiO, on the surface, no other significant differences were expected in the crystallographic structure
between the raw CIP and that without SiO,, because the XRD results displayed a single Fe peak with
similar full width half maximum (FWHM) values at the same 26 value of 44.6° for both CIPs
(Figure 1le).

The water contact-angle measurement revealed that the surface of the CIP - PID was more
hydrophilic than that of CIP - FID, which might owe to the presence of more -OH groups on the
surface of CIP - PID than that of CIP - FID (Figure 1j,k). Hence, more physical bonding was expected
for CIP - PID than CIP - FIDs owing to the presence of more hydroxyl groups on the CIP - PID
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surface. However, CIP - PID/PDMS composites mostly contain weak hydrogen bonds and lack strong
covalent bonds. This results in the formation of partial interface bonds between the CIP without the
SiO, layer and the PDMS matrix, leaving behind the free surface of PDMS at the powder - matrix
interface (Figure 1d).

The silica shells formed by coating CIP - PID through a reaction with Si(OC,Hs), (TEOS) or H,
N(CH,)3Si(OC,Hs); (ATPES) also produced a fully bonded interface between CIP and PDMS
similar to that of the CIP - FIDs (Fig. S2). This further confirmed the strong contribution of Si
to the interfacial bond. These observations indicated that adhesion promoters such as Si or
surfactants should be avoided to form the partially bonded interfaces in the CIP - PDMS
composites.

3.2. Dispersibility of CIP — PID and CIP - FID Composites

The surface change of CIP can change its dispersion status in the PDMS matrix, which will influence
the mechanical and magnetic performance of the composites. Thus, the change in dispersibility with
surface characteristics was evaluated. The dispersion of powder in a liquid matrix proceeds in three
steps: (1) wetting of the powder surface in a liquid, (2) mixing of the two components by a mixer, and
(Ramirez et al. 2020) blocking of the agglomeration after the initial dispersion (Freudig, Hogekamp,
and Helmar 1999). In such a viscous system of PDMS, powders can be homogenously dispersed only if
they can be spontaneously wetted in a liquid matrix (Erik et al. 1998; Garg et al. 2019). The
thermodynamic spontaneity of wetting for powders can be predicted by correlating the surface
polarities of the powders and polymer matrix, which is expressed by the Gibbs free wetting
enthalpy (AG)

AG—yz—2<\/(Y?~yzD)+\/<yf~yf’), ()

where y,, yP, y7, yP, and y are the surface tension of the liquid, the dispersion and polar fractions of
the surface tension of the liquid matrix and the surface free energy of solid particles, respectively
(Harikrishnan et al. 2017). The smaller the AG, the more spontaneous the wetting of the powder into
the polymer matrix (Bayat et al. 2021). To calculate AG, the surface polarities were evaluated using the
contact angle with polar and nonpolar droplets, i.e., DI water and diiodomethane, respectively. The
AG values of CIP with the different surfaces calculated using the experimental parameters, surface
energy and polarity, are listed in Table 1.

Figure 2a shows the AG values of the CIPs with the different surface. The AG of raw CIP with
(CIP - FID) and without surfacial SiO, (CIP - PID) were —34.9 and —50.6 mN/m, respectively. The
molten PDMS exhibited a relatively high polar component in the surface energy, ~25.27 mN/m, before
being cured, resulting in a high polarity of 33.22%. As the CIP - PID composite had a larger polar
component than CIP - FID, it had smaller AG values than CIP - FID. Furthermore, the AG values of
CIPs treated with TEOS and APTES were —60.42 and —75.94, respectively, which are smaller
compared to those of CIP — PID. Negative AG values indicate the presence of a thermodynamically
spontaneous wetting system (Bayat et al. 2021; Douillard, Zoungrana, and Partyka 1995).

Table 1. Contact angle, surface tension, and dispersive and polar components of carbonyl iron powder (CIP).

Contact angle°®

Non-polar Surface tension Dispersive component Polar component
Polar (water)  (Diiodomethane) (mJ/m?) (mJ/m?) (mJ/m?)
CIP - FID ~83 ~25 48.12 46.15 1.97
CIP - PID ~65 ~21 55.57 4417 8.17
CIP-TEOS ~52 ~16 61.98 47.48 14.49
CIP-APTES ~25 ~15 75.98 49.08 26.90

PDMS ~27.1 ~0 76.07 50.8 25.27
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Figure 2. (A) Gibbs free wetting enthalpy (AG) of CIP with different surfaces. OM images of (b) CIP - FID, (c) CIP - PID, (d) CIP-TEOS
and (e) CIP-APTES/PDMS composites with (insets) top views of SEM images.

Therefore, all the CIPs examined in this study were expected to be uniformly dispersed in PDMS.
Figs. 2b-e display the optical microscopy and SEM images of the PDMS composites using CIPs with
the different surfaces. as listed in Table 1. Overall, all the tested CIPs were homogeneously dispersed
throughout the composites, which can be attributed to the negative AG of all the CIPs. However, the
CIP - FID composites had more agglomeration than CIP - PID, albeit small (Figure 2c). In addition,
CIP-based composites treated with TEOS and APTES had smaller agglomeration compared to the
CIP - PID composites (Figures. 2d,e). These trends are consistent with the results of AG, with CIP -
FID having the largest AG. Therefore, the partial bonding of CIP with PDMS at the interface was
confirmed to enhance the dispersibility of the composites.

3.3. Mechanical properties of CIP - PID and CIP - FID composites

Next, the mechanical responses of the CIP - PID and CIP - FID composites under tensile deformation
were evaluated. Figs. 3a—c show the stress - strain curves of the CIP - FID and CIP - PID composites
with CIP contents varied from 0 to 40 vol%. Overall, the CIP - PID composites exhibit significantly
higher failure strain values than the CIP - FID composites at the same filler content, which are
comparable to those of pure PDMS. CIP - PID had a failure strain of 168.5% even with 40 vol% of
filler, which is twice that of CIP - FID. The failure strain of CIP - FID can be enhanced to 165.4% by
decreasing the filler content to 10 vol%, albeit at the expense of noise suppression performance because
the filler must replace a sizable percentage of magnetic particles. This tradeoff will be discussed in
Section 3.5. The tensile strength of the composites exhibited a similar trend;, the tensil strength of
CIP - FID increased by a larger margin than that of CIP - PID as the filler content was increased.
However, the strength of pure PDMS itself is 4.16 MPa, which is sufficient for various wearable
electronics applications (Zhang et al. 2021).

The science behind the enhanced stretchability of CIP — PID can be explained by the ability of the
partially bonded interface to accommodate the induced strain by stretching the free surface of the
PDMS matrix. As depicted in Figure lc, the complete bonding between CIP and PDMS matrix in
CIP - FID initiated cracks through the particle - matrix interface (Figure 3e). Under this condition,
the imposed strain is localized at the interface, resulting in brittle fracture evident by the cracks
propagating along the interface (Figure 3e).
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Figure 3. Stress - strain curves of (a) CIP - FID and (b) CIP - PID/PDMS composites with different CIP contents and (c) of composites
using CIP with different surfaces. Cross-sectional SEM images of (d) CIP — PID and (e) CIP — FID/PDMS composites under 140%
stretching. Insets depict the SEM images of CIP — PID and CIP - FID before stretching.

In CIP - FID, under complete bonding, brittle fracture became more prominent as the CIP
content was increased. Thus, the CIP - FID composites became stiff. In CIP - PDMS, however, the
CIP particles were partially bonded with the PDMS matrix, forming a free surface of the PDMS
matrix (Figure 3d). The weak and incomplete bonding of PID at the interface allowed the PDMS
matrix to be stretched without crack initiation from the stress localization under tensile
deformation.

Figs. 3 d and e display the SEM images of the CIP — PID composites at 10 vol% of filler under 200%
stretching. As observed in the figure, the free surface of the CIP - PID composites has been stretched.
This relaxed the imposed strain without heavy strain localization at the powder — matrix interface.
Thus, stretchability of the composites was enhanced. The enhanced dispersion states of CIP - PID
cannot be the reason for the increased stretchability, because mechanical properties of the CIP treated
with APTES and TEOS, which showed a greater degree of dispersion in the composites, behaved
similarly as those of the CIP - FID/PDMS composites (Fig. S3). The CIP treated with APTES and
TEOS formed a fully bonded interface with PDMS as with CIP - FID, as discussed in Section 3.1. This
confirms partial interfacial bonding as the main contributor to the enhancement of the stretchability of
CIP - PID/PDMS (Figures. 1d,i).

3.4. FEM simulation of the mechanical behaviors of CIP - PID- and CIP - FID-based PDMS
composites

To understand the experimental observations, the CIP — PID and CIP - FID composite models were
numerically simulated. As the composite has self-similar topology, we stretched only a small portion of
it in the simulation (see Section 2 for details). In the simulation, a tensile load of 100 KPa was imposed
at one end of the composites, while keeping the other end fixed. This helped observe the total change
in stretchability and the stress distribution in the composites. Figs. 4 a and b show the numerical
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Figure 4. Numerically calculated displacements of (a) CIP - FID- and (b) CIP - PID-based PDMS composites under tensile load of 100
kPa. Calculated stress distribution of (c) CIP - FID- and (d) CIP — PID-based PDMS composites under 100 kPa.

results of of stretchability of the CIP - PID- and CIP - FID-based PDMS composites. The CIP - FID
composite had a stretchability of 3.6% (Figure 4a), while the CIP — PID composite was stretched by
4.40% (Figure 4b).

The holes or voids in the CIP - PDMS interface of CIP - PID composites were stretched along the
tensile direction, contributing to the enhanced stretchability. Figs. 4 ¢ and d presents the von Mises
stress distribution in the composites under a tensile stress of 100 KPa. At approximately 2.2 times that
in the PDMS matrix, the largest level of stress in the case of the CIP - FID composite was observed at
the CIP - PDMS matrix interface (Figure 4c).

However, the CIP - PID composite exhibited a uniform stress distribution throughout (Figure 4d).
The level of stress at the interface in this case is significantly smaller than that in the case of CIP - FID.
The stress is relaxed by stretching the holes at the interface in the CIP - PID composites, resulting in
the smaller stress concentration at the interface compared to the CIP - FID composite. These results
are consistent with the experimental observation, where the stretchability of CIP - PID composites
was enhanced by stretching the free space of the PDMS matrix formed in the partially bonded interface
of the CIP - PID composites (Figure 3b).

3.5. EM noise suppression performance of CIP - PID and CIP - FID composites

In general, the eddy currents generated at the CIP - CIP interface degrade the EM noise suppression
performance of the composites. The function of the SiO, layer is to prevent these eddy currents (Chen
et al. 2019; Shukla 2019). Therefore, the removal of the layer on the CIP surface will degrade the noise
suppression performance. To confirm the effect of SiO, layer at the CIP surfaces on noise suppression
performance of the PDMS composites, we measured the magnetic absorption characteristics of the
PDMS composites with CIP - PID and CIP - FID (Figure 5).

The EM wave-absorption performance is influenced mainly by complex permittivity and perme-
ability, which are expressed as follows:
(¢* = ¢ — j¢") (Ramirez et al.)

o=y = ®3)

where the real parts (¢, 4') and imaginary parts (¢”, 4") indicate the storage capability and the losses of
electric and magnetic energies, respectively (Gong et al. 2009; Sista et al. 2021). As the PDMS is an
electrical insulator, the CIP - PDMS composites had considerably lower complex permittivity and
dielectric loss tangent
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Figure 5. (A) Real and (b) imaginary parts of the complex permeability of various CIP - PDMS composites in the frequency range of
1-18 GHz. (c) Magnetic loss tangent and (d) power loss of the CIP — PDMS composites in the range of 1-18 GHz.
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(Fig. S4). Therefore, the EM absorption efficiency of CIP - PDMS composites is primarily governed
by the magnetic absorption properties of the CIP (Yin et al. 2013). Figures. 5a,b illustrate the results of
the real part ¢/ and imaginary part 4” of the complex permeability of the PDMS composites using CIPs
treated for different surfaces measured as a function of the EM wave frequency in the range of 1-18
GHz (Seo et al. 2022a).

The CIP - PDMS composites absorb more EM waves as the filler contents are increase, owing to the
strengthened magnetic properties of the composites achieved by the increasing the content of CIP with
high magnetization (Gong et al. 2009; Niandu et al. 2016). Thus, the maximum CIP content of
composites was fixed at approximately 40 vol% for the EM absorption tests. Interestingly, the
composites with CIP - PID exhibited similar real and imaginary values in the entire frequency
range as the composites with CIP - FID.

The composites with APTES- and TEOS-coated CIP also exhibited similar trends in terms of the
change in permeability as a function of the EM wave frequency as the composites with CIP — PID or
CIP - FID. Because of the similar values of the real and imaginary parts of permeability, the change in
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magnetic loss tangent calculated by Eq. (6) yielded similar trends across the frequency range, as
illustrated in Figure 5c. The EM wave absorption converted into heat energy is expressed as the power

loss
power loss o ty/fu,0, (6)

where t, f, y,, and o are the sample thickness, frequency, relative permeability, and conductivity,
respectively (Kim et al. 2007, 2019; Sushmita et al. 2019). Figure 5d depicts the variation of power loss
of the PDMS composites with CIP content in the frequency range of 1-18 GHz. The degree of power
loss in the test frequency range was also similar for all the PDMS composites with different CIP
contents. These results indicated that the surface change of CIP had no significant effect on the EM
noise suppression performance. As discussed in Section 3.3, the good wettability of CIP fillers in the
PDMS matrix allowed them to have an insulating PDMS layer encapsulating their surfaces, which
functions as a substitute SiO, layer.

Thus, even without the SiO, layer, the CIP contributed to a similar noise-suppression performance.
Combined with the tensile test results, the proposed CIP - PDMS composites with partial interface
bonding can deform without sacrificing EM noise suppression performance despite surface strain. The
findings will provide insights on overcoming the tradeoff between stretchability and functional
performance governed by filler content generally observed in polymer matrix composites.

4. Conclusions

This study proposed the modification of the surface of CIPs to have weak PID, and thus resolve the
tradeoft between stretchability and EM noise supression commonly observed in polymer matrix
composites. In general, CIP is covered in a layer of SiO, to prevent eddy current generation, which
results in strong FID with PDMS through the (Si - O-Si) covalent bonds. We discovered that
removing the SiO, layer results in the formation of PID with the PDMS matrix. This approach
enhanced the dispersion of CIP in PDMS owing to the increased wettability. The tensile test results
of the PDMS composites with CIP — PID and CIP - FID indicated that the surface modification of CIP
achieved an ultra-high stretchability of approximately 168% even at a high filler content, approxi-
mately 40 vol%, whereas the untreated CIP exhibited a limited strain value of approximately 71%. The
microstructural analysis and FEM simulations revealed that the free surface of PDMS formed at the
interface between CIP - PID and PDMS can be stretched without initiating cracks, as observed in the
typical CIP forming FID with PDMS. The EM noise suppression performance of the PDMS compo-
sites with CIP — PID and CIP - FID was tested, which confirmed no significant changes after surface
modification. Overall performance of the developed noise suppression composites with CIP-PID was
comparable to those of previous researches using different strategies to achieve the high stretchability
and EM absoption property (Table 2) (Chen et al. 2021b; Feng et al. 2019; Huang et al. 2020; Jia et al.

Table 2. Comparison of mechanical and magnetic performances of different composites.

Thickness
Filler Matrix Stretchability (%) EMI shielding efficiency at 10 GHz (dB) (mm) Ref
CNT TPU ~150 ~17dB 1.21 Feng et al
MWCNT PU+Ecoflex ~150 ~31 2.9 Huang et al
MXene PDMS ~50 ~30dB ~0.3 Chen et al
TPU fiber ~30 ~21dB ~0.2 Yuan et al
cp PDMS ~70 ~31 ~0.3 Seo et al
Modified PDMS ~168 30.2 0.3 Our work
cp
AgNW PU/Carbon fiber ~15 45 0.36- Jiaetal
PDMS ~50 317 Jung et al
Graphene PDMS ~130 ~25 0.6 Wang et al

Oxide Cellulose fiber ~80 ~36.4 5 Wan et al
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2019; Jung et al. 2017; Seo et al. 2022b; Wan et al. 2017; Wang et al. 2021; Yuan et al. 2020). Although
several reports showed better EMI shielding efficiency than the results of this study, the combination
of mass-producible and low cost CIPs with a simple mixing process for the composite fabrication will
be a promising option for stretchable composites for EM noise suppression, especiallty for industries.
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