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Multi-layered composites using polyurethane-
based foams and 3D-printed structures to curb
electromagnetic pollutionf
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Kumari Sushmita,
Herein, a comparative study of the electromagnetic interference (EMI) shielding performance of multi-
layered architectures fabricated using different strategies (i.e., polyurethane (PU)-based film, foam, and
3D printed structures) has been evaluated. The key attributes, i.e., conductivity and various losses
towards efficient attenuation of the incoming EM radiation, were achieved by incorporating multiwalled
carbon nanotubes (CNTs) and ferrite-decorated reduced graphene oxide (rGO-FezQ,) strategically in
the multi-layered structure. To fabricate the multi-layered architecture, rGO-FezO4 was incorporated in
polyvinylidene difluoride (PVDF) and the CNTs in the polycarbonate (PC) as the two outer layers of the
architecture. PU-based structures (film or foam or 3D printed mesh) containing CNTs were fabricated
and sandwiched between the PC and PVDF composite films to develop multi-layered architecture with
improved shielding performance. The novelty of this work lies in the fabrication and shielding study of
such porous-layered composite structures and comparing them with non-porous counterparts. The
results suggested that amongst all the fabricated structures, the PU-CNT foam-based multi-layered
structure showed a high shielding effectiveness (SEt) value of —39 dB in the K-band, with absorption-
dominated shielding (91% and above). In order to further enhance the shielding effectiveness, Ag was
sputtered on the PU-foam, which resulted in the highest SEr value of —50 dB in the X-band. The
results presented here begin to suggest that in-situ synthesized foam with non-uniform and dead
pores enhances the shielding performance compared to 3D printed mesh structures or non-porous

rsc.li/materials-advances structures.

1. Introduction

Electromagnetic interference (EMI) is when the functioning of
one electronic device is influenced by the other nearby devices/
instruments. EMI leads to signal perturbation during commu-
nication and data loss, which might eventually lead to system
failure. Thus, a shielding material is required to block
unwanted electromagnetic (EM) radiations from affecting the
devices under operation. In a quest to resolve the issue of EMI,
several strategies have been adopted, from purely metal-based
EMI shields to polymer composite-based EMI shields and also
the hybrid of the two approaches.™ There has been a significant
advancement in designing materials for EMI shielding in the last
decade. The data shows that the number of publications related
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to EMI, its health hazards, and shielding has increased 180-
330% during 2007-2017 period.’

EMI Shielding, expressed in the units of dB, is a summation of
losses due to reflection, absorption, and multiple reflections.®
Bulk metals are the most conventional choice for EMI shielding
applications because of free electrons, which reflect the incoming
EM wave. However, metals and their reflection-based shielding
are acceptable in some scenarios but not all (e.g, walls of the
anechoic chamber) as it leads to stray radiations in the vicinity of
the shield. Also, most metals suffer from drawbacks such as high
density, corrosion, and processing/design difficulty.” To cater to
the demand for absorption-based shielding and the ease of
designing complex shapes and structures, polymer composites
gained popularity.® The electric, dielectric and magnetic proper-
ties in polymer composites can be tuned. One can obtain a
reflection or absorption-based shield depending upon the type
of nanofillers, its dispersion, and the shield’s design. To enhance
the microwave absorption properties, the lossy (dielectrically and
magnetically) nanofillers are often added along with conductive
nanofillers in the polymer matrix.® The interfaces at the polymer-
nanofiller junction also lead to multiple scattering and interfacial

© 2022 The Author(s). Published by the Royal Society of Chemistry
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polarization losses.” Many of these polymer composites have
flame resistivity, hydrophobic nature, and some specific polymer
composites also exhibit self-healing characteristics, an added
advantage in terms of applicability.’®™"” The tunable electrical-
dielectric-magnetic properties, corrosion resistivity, and ability to
be shaped into complex structures make polymer composites
suitable for several electronic packaging applications where EMI
shielding is a necessity.®

Metal, transition metal oxides, and carbon-based nanofillers
are the three most commonly used fillers to enhance the
effective shielding in polymer-based materials.>”"'® High aspect
ratio carbon nanostructures, such as carbon nanotubes (CNTs),
are highly favored nanofiller. CNTs have oxidation resistance,
are lightweight, and form conductive network structures at low
nanofiller concentrations.® In addition, carbon nanostructures
possess high tensile strength and flexibility and many a time
tend to impart a reinforcing effect to polymer composites but
within a limited range of concentration.® The different forms of
carbon-based fillers used in EMI shielding applications include
CNTs, carbon black, graphite, reduced graphene oxide (rGO),
graphene nanoplatelets (GNPs), etc.*'®*° Apart from these,
metal nanofillers (e.g., Ag nanowire, Cu nanostructures, etc.),
oxide-based nanofillers (e.g., ZnO, TiO,, BaTiOs, etc.), magnetic
nanofillers (e.g., Ferrites, Fe, Ni, Co, and their alloys) and
MXenes are often efficient in either enhancing the total shielding
or absorption percentage of the total shielding.®>' A combi-
nation of CNT and rGO-Fe;0, has been employed as fillers in this
work. CNTs, their high electrical conductivity, and dielectric
properties make them suitable for EMI shielding applications.
rGO-Fe;0, serves as an EMI shielding filler due to its dielectrically
and/or magnetically lossy nature.'® It has also been reported that
graphene and ferrite nanoparticles result in defect and interfacial
polarization, and their coupling adds to the absorption loss.*>?*
Also, both CNT and rGO-Fe;0, enhance the thermal conductivity
of the composites.?>**

Besides the nature and distribution of nanofillers in the
polymer matrix, the shield design is another parameter influ-
encing the EMI shielding performance. Recent researches in
this field have seen a shift from simple composite structures to
multi-layered composite structures, foam-based structures,
and three-dimensional (3D) printed composite structures.>?’
Multi-layered/sandwiched structures can efficiently control the
distribution of nanofillers and thus the formation of the
conductive pathway. The multiple interfaces can lead to scattering
and polarization losses. Researchers have obtained high EMI
shielding performance at low filler content using the multi-
layered approach than the composites prepared by common
methods.”>*® This strategy also allows tuning the absorption
percentage through a rational arrangement of conductive and
magnetic filler layers to construct a controllable electromagnetic
gradient.®® In contrast, porous structures enhance the shielding
properties at low filler volume fraction due to filler localization in
the solid portion, the air traps, and scattering at multiple
interfaces.>® 3D foamed polymer composites exhibit low density,
large specific surface area, and high porosity, making them
suitable for shielding applications in fields such as automobiles
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and spacecraft. Furthermore, well-designed cell structures can
also be obtained using 3D printing technology, a more control-
lable and repeatable approach to designing porous structures.>*>?

3D printing technique was invented a few decades back but
now finds usage in various sectors such as aerospace (e.g.,
aircraft components), biomedical (e.g., implants, scaffolds),
electronics (e.g., sensors and actuators), robotics, etc.**™*" 3D
printing of polymers for EMI shielding applications is a rela-
tively newer area but has been growing for a couple of
years.’°>*>"%7 In a recent work by Ning Chen et al,*® they
fabricated 3D printed mesh structure (honeycomb geometry)
using conducting filament (made up of CNT/graphene
nanosheets/PLA). They concluded that a pore size less than
1/5th of incident wavelength (1/5) is recommended for a light-
weight shield with desirable EMI shielding performance. In an
earlier work by Yinghong Chen et al.,*° they performed an EMI
shielding study using a mesh structure made up of conducting
filament with different cell geometries and cell sizes. They
concluded that cell geometry had a negligible impact on EMI
shielding performance, but with decreasing cell size, EMI
shielding increased. Recently, Xing et al®* prepared CNT/
chitosan-based ink and 3D printed square mesh structures
for EMI shielding applications. They also simulated and ana-
lysed the influence of pore size and conductivity of the compo-
sites on the EMI shielding performance for a square hole grid
structure. They concluded that for non-magnetic material,
conductivity has a more significant influence on the EMI
shielding performance than the pore size. Further, to find the
maximum pore size (a) for optimum shielding, they did a
theoretical calculation (refer to eqn (1)) based on Maxwell and
Helmholtz equations (with certain assumptions).** According to
their analysis, when the test EMI frequency range was 8.2—
12.4 GHz, with fi,.« of 12.4 GHz, the relative permeability for
non-magnetic material kept as 1, vacuum permeability (uo) as
4m x 1077 Hm ™', vacuum permittivity (&) as 8.854 x 10" > Fm "
and the relative permittivity kept as 12-14; the square hole size of

shielding material should not be more than 3.23 mm. Here ¢ =

is the speed of light in a vacuum.
Hoco

1 1 1
a < =
meax \/ﬁE 2 \/ﬁﬁnax vV Hoco

ey

We observe that the value for the pore size obtained in this
particular case is equivalent to approximately (4/7.5). The
available literature thus gives an approximate idea of the target
pore size for enhancing EMI shielding performance.

PU has been 3D printed for various applications (biomedical
implants, stretchable electronics, etc.) primarily because of its
flexibility and biocompatibility.**>° More recently, 4D printing
of shape memory PU composites has been targeted because of
the tunable properties arising from the hard and soft segments
in PU structure.*® However, to the best of our knowledge, this is
the first time PU-based 3D printed designs have been fabricated
for EMI shielding applications. It is to be noted that 3D
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printing of PU using fused deposition modeling (FDM)
approach is tricky and requires specific temperature and printing
speed optimization to minimize material clogging and filament
buckling.*®

Foams have been extensively studied for EMI shielding
applications in the last decade.’’™* In the work by Ding
et al.>" published in 2020, they showed a comparison of various
composite foams. The SEr was found to vary from —7 dB in
epoxy-based composite foams (~2.8 mm thick), —18 dB in
polyimide-based composite foams (~0.5 mm thick), —17 dB
in polyetherimide-based composite foams (~2.5 mm thick),
—13 dB in polymethylmethacrylate-based composite foams
(~2.5 mm thick) to —31 dB in PU-based composite foams
(~3 mm thick).”" In a recent review article published by Wang
et al.,>® they showed polymer-based composite foams, fabri-
cated using polymers such as epoxy, polymethylmethacrylate,
PU, PVDF, high density polyethylene and poly(r-lactic acid), and
fillers such as Fe;O4, CNT, graphene-based ones. Amongst the
polymer-based composite foams reported in this review
article,”® most of them were fabricated using the supercritical
CO, foaming technique and a highest SEr of —58 dB was
obtained for PU/graphene (10 wt%) foam with a thickness of
60 mm. PU-based foams and composite foams can be easily
fabricated at the lab and industrial scale and find a wide range
of applications extending from the household, automotive,
packaging to electronics and aerospace.> PU-based composite
foams with fillers such as CNT, graphene nanosheets, graphite,
rGO, and other hybrid fillers have been widely explored for EMI
shielding applications.”"***>*® Conducting and/or lossy fillers
in PU foam enhances the EMI shielding performance, and
certain carbonaceous fillers in PU foam may also exhibit a
mechanical reinforcing effect.>*

In this work, multi-layered structures were designed in such
a way that PU-based thin film or porous structures were
sandwiched between the two composite films. As already
stated, multi-layered strategy and porous structure are known
to enhance EMI shielding performance due to the scattering
and polarization losses from multiple interfaces. Here, the
porous structures have been fabricated by two approaches,
one by synthesis and the other by using 3D printing technology.
For comparison, a multi-layered structure with non-porous PU
of the same thickness has also been evaluated. As already
stated, PU-based foams have been well studied for several
applications, including EMI shielding.>*~>° However, this work
explored a unique strategy to effectively evaluate and assess the
multi-layered porous structures. A combination of porous
structures with multi-layering has hardly been explored. Also,
a comparative study of such multi-layered porous and non-
porous structures has not yet been reported. Below are the
research details of our work.

e A comparative study of different types of PU-based struc-
tures for EMI shielding, i.e., PU-based thin films, foams, and
3D printed structures, has been performed. In the first
approach, PU-based film is sandwiched between PC composite
film and PVDF composite film (refer to row 1 in Fig. 1). In the
second approach, PU-based synthesized foam is sandwiched
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between PC composite film and PVDF composite film (refer to
row 2 in Fig. 1). And in the third approach, the PU-based 3D
printed mesh structure is sandwiched between PC composite film
and PVDF composite film (refer to row 3 in Fig. 1). As control
experiments, PU-based thick non-porous block is sandwiched
between PC composite film and PVDF composite film (refer to
row 4 in Fig. 1).

e Comparison of multi-layering without metal (refer to
columns 1 and 2 of Fig. 1) versus multi-layering with a metal
layer (here Ag sputtered layer, refer to columns 3 and 4 of Fig. 1)
has also been performed.

It is worth mentioning that three different polymers (PC, PU
and PVDF) have been used for layering. PC has been chosen as
it has a low percolation threshold (< 0.5 wt%) for CNTs.®® Being
a ductile polymer, PVDF can incorporate a large amount of
hybrid filler such as rGO-Fe;0,4 without much structural dete-
rioration. PU selection as a porous structure is based on the fact
that it is easy to synthesize PU and fabricate foam/composite
foam structures using PU.>*

2. Experimental section
2.1 Materials

PC (Lexan 143 R, MFI-11 g/10 min, M,, = 37492, M, = 20 642,
PDI = 1.8) was purchased from Sabic. PVDF was bought from
Arkema (Kynar 761 grade, M,, ~ 440000 g mol '). PU 3D
printing filament was bought from Wol3D. DGEBA (diglycidal
ether of bisphenol-A) epoxy pre-polymer with an amine-based
hardener system was bought from Atul industries. Pristine
multiwalled carbon nanotube (CNT) material, NC7000 (length
1.5 um and diameter 9.5 nm), was procured from Nanocyl SA
(Belgium). Graphene oxide (GO) powder (BTGOX) was purchased
from BT Corp. Ferric chloride hexahydrate (FeCl;-6H,O) was
bought from Thomas Baker. 4,4’-Methylenebis(phenyl isocyanate)
(or MDI, molecular weight = 250.25 ¢ mol !) was procured from
Sigma Aldrich. 1,4 butanediol was purchased from Spectrochem
Pvt. Ltd. Polyethyleneglycol 4000 (PEG) flakes were purchased
from SRL chemicals. Hydrazine hydrate (H,N,-H,0) (99%),
ethylene glycol (C,Hg0O,), and urea (NH,CONH,) were procured
from SDFCL. Chloroform, tetrahydrofuran (THF), and dimethyl-
formamide (DMF) were procured from SDFCL. Analytical grade
absolute ethanol was procured from Changshu Hongsheng Fine
Chemical Co., Ltd.

2.2 Synthesis of Fe;0, decorated reduced graphene oxide

Fe;0, decorated reduced graphene oxide (rGO) was synthesized
using a solvothermal synthesis protocol mentioned in our
previous work.”® Ferric chloride hexahydrate was used as the
iron source. With the help of urea and hydrazine hydrate in the
ethylene glycol solvent, the salt was reduced to Fe;O,. This oxide
formation took over rGO sheets (derived from commercial GO)
during the solvothermal process. The SEM micrographs of rGO-
Fe;0, can be found in Fig. S1 (ESIt). However, a detailed
structural characterization and magnetic property study related
to the rGO-Fe;0,4 can be found in our previous work.?®

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic of the various configurations (with their nomenclature) of multi-layered structures under study in this work.

2.3 Preparation of PU-based non-porous structures, foams,
and 3D printed structures

2.3.1 Preparation of film/block. PU was synthesized using
MDI and PEG 4000 with butanediol as a chain extender in a
round bottom flask in a nitrogen environment and reflux. The
molar ratio of PEG: MDI: butanediol was kept as 1:(n + 1):n,
similar to the one reported by LeOn et al.®* The final stoichio-
metry of reactants was chosen through a trial-and-error experi-
ment where we varied ‘n’ from 2 to 6. The synthesized PU
showed somewhat poor mechanical properties at a lower value
of ‘n’ (brittle while handling). Hence ‘n’ was kept as 5 in the
final experiment. The expected reaction mechanism for PU
synthesis is shown in Fig. 3.°" The ~OH group in PEG acts as
a nucleophile and attacks the -NCO group’s electrophilic C in
MDI to yield a polymer with urethane linkage. This synthesized
polymer is PU (refer to stepl, Fig. 3). This PU can be further
reacted with the chain extender (butanediol) to enhance its
mechanical properties (refer to step2, Fig. 3).

© 2022 The Author(s). Published by the Royal Society of Chemistry

2.3.1.1 Preparation of neat PU film/block. In a typical synthesis
of neat PU, 2 mmol of PEG was dissolved in 60 ml DMF at 50 °C
with N, purging, as shown in Fig. 2. Thereafter, 12 mmol of MDI
was added, and the entire system was kept under N, environment.
The temperature was slowly increased to 100 °C, and after 1 h,
butanediol (10 mmol) was dropwise injected into the solution.
The reaction was stirred at 100 °C under N, environment (with
reflux) for 24 h. N, environment is essential to prevent the
reaction of the isocyanate group with air moisture. The viscosity
increase can be observed during the reaction, indicating polymer
formation. The viscous reaction product was poured into a Teflon
plate and dried. Subsequently, the dried PU pieces were compres-
sion molded (with Teflon sheets on both sides) for different
thicknesses at 160 °C to obtain a thin film or thick block (digital
image of the film is shown in Fig. S2a, ESIY).

2.3.1.2 Preparation of PU-CNT film/block. The synthesis pro-
tocol of PU-CNT was similar to that of neat PU, except that

Mater. Adv., 2022, 3, 4578-4599 | 4581
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Fig. 2 Experimental setup for the PU synthesis.

CNTs were initially added to the reaction mixture. CNTs were
added into 100 ml DMF and bath sonicated to obtain a well-
dispersed solution. PEG, MDI, and butanediol were added, and
subsequent processing was similar to that mentioned in the
previous section. It is to be noted that the solvent in the case of
PU-CNT synthesis is higher than that of neat PU synthesis. This
is because CNTs tend to make the entire solution too viscous,
and extra solvent is required for better dispersion of CNTs and
dissolution of reactants. It is worth noting that CNT concen-
tration was fixed (through trial and error, confirmed by TGA) to
3-3.5 wt% with respect to PU. The digital image of PU-CNT
compression molded film is shown in Fig. S2b (ESIY).

2.3.2 Preparation of foams

2.3.2.1 Preparation of neat PU foam. PU neat foams (digital
image shown in Fig. S2d, ESI{) were synthesized using PEG and
MDI (no chain extender) in the molar ratio 1:7. In a typical
synthesis, 2 mmol of PEG was dissolved in 30 ml DMF at 50 °C
with N, purging. Thereafter, 12 mmol of MDI was added, and the
entire system was kept under N, environment. The temperature
was slowly increased to 100 °C, and an instant viscosity rise was
observed. It was then followed by solidification of the reaction
product to give a foam-like structure. Thereafter, it was kept
under a vacuum at 60 °C to remove the remnant solvent that
resulted in a porous rigid structure. The higher molar ratio of
PEG : MDI and the less solvent quantity (as compared to Section
2.3.1.1) was probably the reason for the rapid viscosity rise
leading to solidification with solvent traps in it. The removal
of solvent through vacuum drying further resulted in a
porous structure. In the case of foam synthesis, reaction step 1
(shown in Fig. 3) itself resulted in semi-rigid foam after vacuum

drying.

2.3.2.2 Preparation of PU-CNT foam. The synthesis protocol
was similar to neat PU foam, except that CNTs were initially
added to the reaction mixture. CNTs were added into 60 ml
DMF and bath sonicated to obtain a well-dispersed solution.
PEG and MDI (molar ratio = 1:7) were then added to the
reaction mixture at 50 °C with N, purging, and the subsequent
synthesis process was similar to that of PU foam. Again, it is to
be noted that the solvent quantity is higher than that men-
tioned in neat PU foam synthesis. Also, CNT concentration was
fixed (through trial and error, confirmed by TGA) to 3-3.5 wt%

4582 | Mater. Adv., 2022, 3, 4578-4599
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with respect to PU. The digital image of PU-CNT foam is shown
in Fig. S2e (ESIY).

2.3.3 Preparation of 3D printed structures

2.3.3.1 Preparation of neat PU 3D printed structure. An effort
was made to replicate the foam structure using 3D printing
technology (FDM). The mesh design (shown in Fig. 4) was
printed using a commercially bought neat PU filament. For
the mesh design, 1 mm diameter holes were cut, extruded in a
helical pathway across the thickness. The helical pathway
was chosen as an attempt to give a tortuous pathway to the
incoming EM wave. As PU filament is flexible, 3D printing
was challenging as the filament was getting stuck during proces-
sing. At a print speed of 30-40 mm s~ ', nozzle temperature of
220 °C, and bed temperature of 65 °C, we performed the 3D
printing successfully. The digital image of the neat PU 3D
printed structure is shown in Fig. S2g (ESIT).

2.3.3.2 Preparation of PU-CNT 3D printed structure. CNT was
dispersed in THF by probe sonication followed by bath sonica-
tion. The neat PU 3D printed structure was dip-coated in CNT-
THF dispersion. Since THF is a solvent for PU, CNT adhered
well to the 3D printed structure. However, care is to be taken
that dip-coating should be done quickly, and the dip coated-3D
printed structure should immediately be desiccated; otherwise,
the structure will collapse. Also, CNT concentration was fixed
(through trial and error, confirmed by TGA) to 3-3.5 wt% with
respect to PU. The digital image of the PU-CNT 3D printed
structure is shown in Fig. S2h (ESIY).

2.3.4 Preparation of Ag coated PU film, foam and 3D
printed structure. Ag coating was done on one side of the foam,
3D printed structure, and the control film using the sputtering
technique. The digital images of neat PU film, foam, and 3D
printed structure with Ag sputtering are shown in Fig. S2c, S2f
and S2i (ESIt), respectively.

Since the PU-CNT foam-based multi-layered structure showed
the best performance in terms of total shielding effectiveness
(SEr) and absorption percentage, PU-CNT foam was also sputter-
coated with Ag to study the combined effect of Ag and CNT.

2.4 Preparation of the multi-layered structures

As shown in Fig. 1, several multi-layered structures were
fabricated for a comparative study of EMI shielding performance.
To obtain the multi-layered structure, PU-based film, block, foam,
and 3D printed structure were individually sandwiched between
composite sheets of PC+ 3 wt% CNT (or PC-CNT film) and PVDF+
10 wt% rGO-Fe;0, (or PVDF-rGO-Fe;0, film). PC-CNT film was
chosen as one of the face sheets because PC has a low percolation
threshold for CNTs and has CNT has a reinforcing effect on
PC.%%%? The PVDF-rGO-Fe;0, film was chosen as another face
sheet as PVDF is a film-forming polymer. It easily incorporates a
high content of fillers such as rGO-Fe;0,, which is both magne-
tically and dielectrically lossy.”® The digital images of PC-CNT
film and PVDF-rGO-Fe;0, film are shown in Fig. S3 (ESIt). Fig. S3
(ESIY) also depicts that though neat PC is known to be brittle,
incorporating CNT into PC reinforces the thin PC-CNT film (more
flexible).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Reaction mechanism involved in the synthesis of PU.

2.4.1 Preparation of PC-CNT film. PC-CNT film was pre-
pared using solution mixing protocol which was followed
by compression molding. 150 mg of CNT was dispersed in
chloroform using probe sonication (5 min), followed by bath
sonication (45 min). 4.85 g of PC was dissolved in chloroform in
a separate vial. PC solution was then added dropwise to CNT
dispersion, and the mixture was shear mixed at 9000 rpm for
45 min. Thereafter, the PC-CNT dispersion was poured in a
Teflon plate, dried, and compression-molded at 260 °C. The
pressure of compression molding was optimized to obtain a
PC-CNT film of approximately 0.3 mm thickness.

2.4.2 Preparation of PVDF-rGO-Fe;0, film. The PVDF-
rGO-Fe;0, film was prepared using solution mixing followed
by a compression molding technique. 500 mg of the synthe-
sized rGO-Fe;0, filler was dispersed in DMF using bath
sonication for 45 min. Magnetic stirring and shear mixing were
avoided as Fe;O, is magnetic. PVDF solution was separately
prepared by dissolving 4.5 g of PVDF in DMF. PVDF solution
was then dropwise added to the rGO-Fe;0, dispersion, and the
final dispersion was bath sonicated for another 30 min to
obtain a homogeneous dispersion. The final PVDF-rGO-
Fe;0, dispersion was poured into a Teflon plate, dried, and
compression-molded at 220 °C. The pressure was optimized to
obtain a PVDF-rGO-Fe;O, film of approximately 0.3 mm
thickness.

2.4.3 Preparation of multi-layered structures. To obtain the
multi-layered structures as shown in Fig. 1, PU-based films,
blocks, foams, and 3D printed structures were sandwiched

© 2022 The Author(s). Published by the Royal Society of Chemistry

between PC-CNT film and PVDF-rGO-Fe;0, film using epoxy
as adhesive. PC-CNT film and PVDF-rGO-Fe;0, film acts as a
support surface for the inner porous foam or 3D printed
structures. To fabricate the multi-layered structure, epoxy pre-
polymer (with 25 wt% hardener) brushing was done on the
outer face sheets of PC-CNT film and PVDF-rGO-Fe;0, film.
Then the stack layering was done, with PU-based film or foam or
3D printed structure as the mid-layer, and PC-CNT film, PVDF-
rGO-Fe;0, film as outer layers. As a control, PU-based block
having thickness same as that of foam or 3D printed structure
has also been studied. The multi-layered structure (shown in
Fig. 1) thus prepared was allowed to cure at room temperature
for 1 h, followed by 2 h curing on a hot plate at 50 °C.

Since there are several configurations of multi-layered struc-
tures, we will label them for simplicity. Hereon, PVDF/PU film/
PC denotes that neat PU film is sandwiched between PVDF-
rGO-Fe;0, film and PC-CNT film. It is to be noted that in
all such multi-layered nomenclatures, we haven’t explicitly
mentioned the fillers (rGO-Fe;0,, CNT) in PVDF and PC for
simplicity, but they do exist, ie., in all the multi-layered
structures, PC always has CNT incorporated into it, and PVDF
always has rGO-Fe;0, incorporated in it. Hence by this con-
vention, only the middle term in nomenclature (shown in
Fig. 1) changes in each configuration depending upon the
choice of the middle layer, i.e., PU film, PU-CNT film, PU-Ag
film, PU foam, PU-CNT foam, PU-Ag foam, PU-CNT-Ag foam,
PU 3D print, PU-CNT 3D print, PU-Ag 3D print, PU block, and
PU-CNT block.
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Fig. 4 The mesh design for 3D printing (a) face view, (b) view at an angle.

3. Characterizations

Scanning electron microscopy (SEM) and energy-dispersive
X-ray spectroscopy analysis (EDS) was performed using a Carl
Zeiss Ultra 55 FE-SEM. The SEM samples were coated with a few
nm of Au to prevent charging in the electron beam. Ag sputter
deposition was done using the Anelva RF magnetron sputtering
unit (Model SPF 332H) in the presence of Ar gas. The 3D printer
(Model-Creality Cr10s Pro) and PU 3D printing filament used in
this work were bought from Wol3D. The thermogravimetric
analysis (TGA) of polymers/polymer composites was performed
in a platinum pan using TGA Q500 (from TA instruments)
under N, atmosphere. Fourier transform infrared (FTIR)
spectroscopy was done using an FTIR instrument bought from
PerkinElmer. Universal attenuated total reflectance mode (ATR)
was used to obtain % transmittance in the wavenumber range
of 4000-650 cm '. The room temperature AC conductivity
study was measured using Alpha-A Analyser (Novocontrol,
Germany) in a broad range of frequencies varying from 10"
to 107 Hz. The film samples of diameter 10 mm were used as
specimens, and bulk electrical conductivity measurement was
performed across the thickness. EMI shielding interference was
studied using the keysight fieldfox microwave analyzer N9918A
in the frequency range of 8.2-26.5 GHz. S-Parameters (Sy1, Si2,
S»1, Sa») were obtained from vector network analyzer (VNA),
which were then used to obtain the SEr and shielding effec-
tiveness due to reflection (SEg) and absorption (SE,).
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4. Results and discussions

4.1 Spectroscopic analysis of the films, foams, and 3D printed
structures

The synthesized PU and PU-CNT films, as well as foams, were
examined using FTIR spectroscopy, as shown in Fig. 5a and b.
The spectra of PU film versus PU-CNT film and PU foam versus
PU-CNT foam were similar, suggesting that the CNTs are
physically trapped inside PU. When comparing the film versus
foam spectra, there were no significant differences in the
spectra, except that a few peaks (C—0O, C-N) were more intense,
suggesting the possibility of more crosslinking leading to the
foamability of PU.

Fig. 5a and b show the typical absorption bands of the
urethane group. The absorption peak observed in the range
3302-3355 cm™ ' corresponds to the symmetric and the asym-
metric stretching vibrations of N-H due to the isocyanate
segment of urethane.®™*® The medium-strong peak at
1595 cm ' corresponds to the in-plane bending vibration of
N-H.®! The stretching vibrations of the ester C—=O0 are depicted
by the sharp absorption peaks in the range 1700-1730 cm ™.
The peak in the range of 900-700 cm™ " represents the out-of-
plane bending vibration of C-H in multi-substituted benzene
ring.®’ The polyols peak can be observed around 2865-
2880 cm ', corresponding to the C-H, stretching vibrations.**
The broad and strong peak at around 1100 cm™ " corresponds to
the ether bond C-O-C stretch.®® The peak at 1535 cm ™' is
assigned to the C-N bond, and it supports the synthesis of
urethane.®>®° In addition, the absence of absorption peak in the
range 2255-2275 cm” ' indicates that the initial -NCO has
completely reacted during synthesis of PU.°>** The peaks typical
of PU can also be observed in the FTIR spectra of commercial
PU-3D printing filament shown in Fig. 5c.

Fig. 5¢ also shows the FTIR spectra of commercial PC and
commercial PVDF used in this work. The FTIR spectra of PC
show the characteristic absorption peaks of PC. The peak
observed around 2970 cm ™' corresponds to the C-H (aromatic
ring) deformations.®®®” The peak around 1770 cm ™" depicts the
carbonyl C=O0 stretc The absorption peak at 1600 cm™*
can be assigned to the stretching vibration of the C-C bond
arising from the phenyl group (benzene ring), and the peak at
1504 cm—"' corresponds to the C=C bond vibration.®® The
stretching of the ester group (C-O or O-C-0O) is observed in the
range of 1165-1232 cm *.°®®® Lastly, carbonates contain the
O-C-C group, whose asymmetric stretch can be observed at
1015 em™".*° Similarly, the FTIR spectra of PVDF confirm its
characteristic peaks. The strong band at 1402 cm ™" is attributed
to the stretching vibration of C-H bonds, and the absorption
band at 1178cm ™' can be assigned to the vibration of C-F
bonds.””

h.67:68

4.2 CNT loaded PU composites and their thermal stability

TGA was performed to determine the degradation temperature
and CNT concentration in PU film/block, foam, and 3D printed
structure, as shown in Fig. 6. The synthesized PU has a compara-
tively lower degradation temperature than the 3D-printed PU

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 FTIR spectra for (a) PU film and PU-CNT film, (b) PU foam and PU-CNT foam, (c) commercial PVDF, PC, and PU-3D printing filament.

made of a commercial PU filament. The onset of degradation for
PU film and foam is between 250-260 °C, while the onset of
degradation for 3D printed structure is ~270 °C. Also, the
incorporation of CNT in the synthesized PU matrix has brought
only minor enhancement (2-4 °C) in the degradation temperature,
as observed in Fig. 6a and b. In the case of 3D printed structures,
CNT has a negligible impact on the degradation temperature of
composite. This might be due to CNT coating only on the exposed
surface of the 3D printed structure and not within the structure.
From Fig. 6, it is evident that both synthesized and 3D printed
PU-based samples degraded completely below 400 °C. Since CNT
has a higher decomposition temperature of ~480 °C,”* the differ-
ence of residue between PU and PU-CNT in the temperature range
of 400-480 °C can be an approximate measure of the CNT content
in PU. After a few trial experiments, we were able to fix the content
of CNT to 3-3.5 wt%. This is confirmed by observing the difference
in residue between PU and PU-CNT at 450 °C. The difference is
approximated to be equivalent to the percentage of CNT contained
in the PU matrix.

4.3 Morphological analysis of the single-layered and
multi-layered structures

This section highlights the surface morphology of the single-
layered and multi-layered structures. For this purpose, we have
performed the SEM and EDS of a few representative samples to
gain insight into the surface feature and thickness of the
structure. Fig. 7 shows the single-layered PC-CNT film (refer

© 2022 The Author(s). Published by the Royal Society of Chemistry

to Fig. 7a and b) and single-layered PU-CNT film (refer to Fig. 7c
and d). These SEM samples were prepared via cryofracture and
coating with a few nm of Au. The CNTs in PC (refer to Fig. 7b)
appear as the thread-like white feature. While in Fig. 7d, CNTs
appear as white dots on the surface of PU. It is to be noted that
CNTs being conducting in nature tend to appear brighter in
SEM. Fig. S4a and b (ESIT) show the digital images of PC-CNT
and PU-CNT film, respectively. From these bulk images of
the sample, non-uniform dispersion of CNTs is observed in
PU-CNT film compared to PC-CNT film. Fig. 8 shows the SEM
and EDS of synthesized PU film sputtered with Ag. As shown in
Fig. 8e, one side of this film is sputtered with Ag and has a
dense Ag concentration at the edge. The thickness of all
the individual film samples was optimized within the range
of 0.2-0.35 mm. It is difficult to precisely confirm the thickness
of the Ag sputtered layer through atomic force microscopy or
optical profilometry as the base polymer substrate is not even,
and the error itself is in the range of a few hundred nano-
metres. However, EDS of Ag suggests a strong presence of Ag on
the edge of PU film for a few hundred nanometres. It is to be
noted that sputtering of PU-based foams and 3D printed
structure were done under the same conditions and thus are
expected to have the same Ag layer thickness.

Fig. 9 shows the SEM of the multi-layered film, foam and 3D
printed structure, namely PVDF/PU film/PC (Fig. 9a), PVDF/PU
foam/PC (Fig. 9b), and PVDF/PU 3Dprint/PC (Fig. 9¢). The SEM
samples were prepared by cutting the multi-layered structures
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Fig. 6 TGA for (a) PU film and PU-CNT film, (b) PU foam and PU-CNT foam, (c) PU 3Dprint and PU-CNT 3Dprint.

Fig. 7 Scanning electron micrograph of (a) PC-CNT film (low magnification), (b) PC-CNT film (high magnification), (c) PU-CNT film (low magnification),
and (d) PU-CNT film (high magnification).

with a razor blade and coating it with a few nm of Au. The cross-  film/PC is ~1 mm, while that of PVDF/PU foam/PC and PVDF/
section was observed, and the overall thickness of PVDF/PU PU 3Dprint/PC was kept as ~5.3 mm. Some voids at the
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Fig. 8
mapping: C map, (d) EDS mapping: O map, (e) EDS mapping: Ag map.

interface were observed but only at a few locations. This might
be due to the insufficient epoxy or the artifact created while
preparing the SEM samples using a razor blade. The PU foam in
Fig. 9b shows some dead pores of variable sizes (0.2-1.3 mm)
on its surface. The 3D printed structure in Fig. 9c was designed
to replicate foam by making a tortuous helical pathway. As a
result, the cross-sectional view of the 3D printed structure shows
asymmetric pores of sizes 0.7-1.3 mm. In this work, the highest
frequency under study (for EMI shielding performance) is
26.5 GHz, which corresponds to 4 ~ 11.3 mm. The pore size

(a)

(b)

f 300pm ¥

The outer

layers of PC
and PVDF

composite
films

View Article Online

Materials Advances

o Map L8]

f 300pm L

(a) Scanning electron micrograph of PU—-Ag film, (b) Scanning electron micrograph of PU-Ag film under consideration for EDS analysis, (c) EDS

range in foam and 3D printed structures is thus kept less than
M7.5 (obtained under certain assumptions) as well as /5
as suggested in the existing works of literature.’>** The SEM
of PU-CNT foam and PU-CNT 3Dprint is shown in Fig. S5 (ESIT).
Compared to neat PU foam (shown as the mid-layer in Fig. 9b),
the PU-CNT foam surface (shown in Fig. S5a, ESIt) is rough with
comparatively more nano- and micro-pores, apart from the
regular macropores. Compared to the neat PU 3D printed
structure (shown as the mid-layer in Fig. 9¢), PU-CNT 3D printed
structure (shown in Fig. S5b, ESIt) showed smoother edges,

The outer layers of
PC and PVDF
composite films

(c)

Fig. 9 Scanning electron micrograph of (a) PVDF/PU film/PC, (b) PVDF/PU foam/PC and (c) PVDF/PU 3Dprint/PC.

© 2022 The Author(s). Published by the Royal Society of Chemistry

Mater. Adv,, 2022, 3, 4578-4599 | 4587


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ma01089a

Open Access Article. Published on 20 April 2022. Downloaded on 2/4/2026 6:48:28 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

probably due to the coating of CNTs on the exposed surface. It is
to be noted that we increased the thickness of PU-film to obtain
PU non-porous block and further fabricated a multi-layered
structure using the same, i.e., PVDF/PU block/PC (~5.3 mm).
However, SEM of only PVDF/PU film/PC has been presented for
simplicity.

The SEM-EDS of the multi-layered film, foam, and 3D
printed structure are shown in Fig. S6-S8 (ESIt), respectively.
The SEM-EDS demonstrates various elements (C, O, F, Fe) in
the respective layers. Additionally, the porosity of the various
porous structures was calculated using the Archimedes method
and shown in Table S1 (ESIf). The foam-based structures are
found to be more porous compared to 3D-printed structures.
It is to be noted that this technique provides the estimate of
porosity and is primarily based on water retention within the
porous structures.

4.4 Electrical and EMI shielding properties of the fabricated
structures

This section will discuss the electrical properties and the EMI
shielding performance of the fabricated structures. Since foams
and 3D printed structures have porosity, the bulk electrical
conductivity measurement isn’t feasible. Hence, the electrical
conductivity of only the individual films is measured.
Thereafter, we have discussed the EMI shielding performance
and the percentage shielding via absorption/reflection to
understand the role of fillers/coating and the architecture on
the shielding mechanism.

4.4.1 Electrical properties of the individual films. Fig. 10
shows the bulk conductivity of the individual films as a function of
frequency. The PVDF-rGO-Fe;0, film showed an insulative nature
as o increases linearly with frequency. This is because rGO-Fe;0,
is known to be semiconducting,® and the incorporation of rGO-
Fe;0, in the insulating PVDF matrix makes the entire composite
non-conducting.

The rest of the films in Fig. 10 shows a frequency-
independent plateau at lower frequency following the universal
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Fig. 10 AC electrical conductivity as a function of frequency.
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power-law fitting as per eqn (2).”»”® Eqn (2) explains the
variation of AC Conductivity with frequency and is observed
in complex systems with multiple phases as in composite
materials or heterogeneous systems. The bulk ac conductivity
has a frequency-independent response at low frequencies in a
typical curve. This is because of the percolated path of resistors
across the network. Here, the ac conductivity of the capacitors
is sufficiently low, and current flows through the resistor
percolation path. However, at higher frequencies, the ac con-
ductivity increases as per the power law due to the increasing
conductivity of the capacitors.

o' (w) = a(0) + oac(w) = opc + Ao’ (2)

The exponent “s” varies in the range of 0-1 and depends on
temperature and frequency. It depicts the extent of charge
transfer that occurs through tunneling/hopping. It measures
the degree of connectedness of long-range charge hopping
pathways or the extent of tortuosity for mobile charges.” It is
to be noted that polymer/CNT composite exhibits ohmic con-
duction in a continuous conductive path, equivalent to the
current through the resistor.>> However, when a polymer spa-
cing exists between two CNTs (similar to a capacitor), charge
transfer is via hopping or tunneling.”> The dominant conduc-
tion mechanism can be decided from the dispersion and
distribution of CNTs in the polymer matrix, which strongly
depends on the concentration of CNTs in the matrix and
matrix-CNT interaction. When the mean CNT-CNT distance
is below 10 nm, the dominant electron transfer mechanism is
the tunneling mechanism, whereas above that hopping mecha-
nism is dominant.

The frequency-independent plateau (¢(0) or opg, refer to
eqn (2)) represents the dc electrical conductivity of the compo-
site film. The ap¢ value of around 1 S m™* (or 0.01 S ecm ™) is
considered optimum for good EM absorption performance.”® It
is to be noted that CNTs are known to be conducting, and the
incorporation of CNT in the polymer matrix enhances the
electrical conductivity of the composite. But the content of
CNT in the polymer matrix cannot be increased indefinitely
because of the processing difficulties. Here, PC-CNT film showed
the highest dc electrical conductivity (3.6 x 107> S em™ ") indicating
better connectivity of the CNT network than PU-CNT film (1.5 x
107° S em ™). Though PU-Ag film has Ag sputtering only on one
side of the film, it still shows a bulk electrical conductivity plateau
at 6.3 x 10°? S em™ . This poor bulk conductivity might be due to
the slight diffusion of Ag metal across the thin PU film, as
also observed in EDS mapping. However, the surface conductivity
of the Ag sputtered layer is expected to be much higher (in order of
10° S cm ') as Ag is metal.”’

Next, the power-law fitting was done, and the nature of the
fitting curve is typical of the resistor-capacitor (R-C) networks.
The R-C network represents a microstructure containing
dielectric (the capacitor) and conductive regions (the
resistor).”® By fitting the power law, “s” is found to be 0.97
for PU-Ag film, 0.90 for PU-CNT film, and 0.84 for PC-CNT
film, indicating that the charge transfer occurs via hopping.”

© 2022 The Author(s). Published by the Royal Society of Chemistry
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The fitting also suggests that the capacitor content decreases
from 97% for PU-Ag film to 84% for PC-CNT film. The decrease
in the capacitance part in PC-CNT film confirms well-
connected CNT conductive pathways in the PC matrix, contri-
buting to the resistive component of the R-C network.

4.4.2 EMI shielding performance of the fabricated structures.
EMI shielding performance is measured in terms of total shielding
effectiveness (SEr). SEr is defined as the logarithm of the ratio of
the incident power (P;) to the transmitted power (Py) through the
shield material.>® SE; is expressed in units of decibels (dB).

P
SEr = —10log— 3)
Pr

EMI shielding is contributed from three different mechan-
isms, namely shielding via reflection (SEg), shielding via
absorption (SE,), and shielding via multiple reflections (SEpg)-

SET = SEA + SER + SEMR (4)

If SEr > 15 dB or when the shield thickness is greater than
the skin depth, SEyr can be ignored, and thus SEr can then be
expressed as,

SE; = SE, + SEg (5)

Here it becomes essential to define skin depth (), and the
mechanism of shield material and EM wave interaction. Let us
visualize the phenomenon of EM wave hitting the shield’s
surface to understand this concept. When EM wave approaches
the EMI shield’s surface, whose intrinsic impedance is different
from the impedance of EM wave propagating medium, the wave
gets reflected away from the surface and also transmitted inside
the material.®> The impedance of the medium and material
governs the strength of the reflected and transmitted waves.
The strength of the transmitted waves decreases exponentially
as it travels through the material. Skin depth is defined as the
thickness at which the intensity of incident EM wave drops to
1/e°>® and is estimated using eqn (6). When the transmitted
wave hits another surface of the material, a portion gets
re-reflected, and another portion gets transmitted.”> The re-
reflection of EM wave inside the material is termed as multiple
internal reflections.
1 d
G —8.68— (6)

SEA
where 1 = pop, and p, is the permeability of free space, fis the
frequency and d is the thickness of the sample (in mm).

SE4, SEr and SEmr can be further estimated from eqn (7),
(8) and (9), respectively.>>%*

WOH,

SEa = —8.68d) [—5 7)

g
—SEx
(1 —10 10 ) 9)
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where o represents the electrical conductivity, @ is the angular
frequency (w = 2xf), u, corresponds to the relative permeability
of the shield material, d represents the thickness of the shield,
&o is the dielectric constant in free space. It is observed that SE,,
which arises from the interaction of EM waves with electric
and/or magnetic dipoles in the composite, is a function of
(out;).>> Whereas SEg, which depends on the interaction of EM
wave with mobile charge carriers (i.e., closely related to impe-
dance mismatch between air and shield material), is a function
of (6/p:).>*>®* SEmgr comes from internal reflection and scatter-
ing, which occurs when material is inhomogeneous.®* Also,
these theoretical equations imply that SE, increases with
increasing frequency while SEr decreases with increasing fre-
quency, provided the rest of the parameters are constant.®®
Impedance match and attenuation constant are two essential
parameters that further explain the shielding mechanism and
are explained in the ESIY (refer to subsection 6).

The electrical conductivity is also related to the imaginary
part of permittivity (¢/) according to eqn (10).>*7%%* It is
revealed that when the permittivity meets the EM impedance
match requirement, higher dielectric loss implies better EM
absorption properties.”®

o = 2nfepe’

(10)

SEr is experimentally estimated using scattering parameters
(S11, S12, S21, and S,,) obtained from VNA. The scattering
parameters are converted to SEr, SE, and SEr using the
equations mentioned below.

1
SEt = 10log,)—— = 10log;;—— (11)
10|512|2 10|S21|2
1
SERr = 1010g1072 (12)
(5]
(1 — ISy |2)
SEA = 1010g10 = SET — SER (13)

|1 ?

Here Si1, S», denotes the reflection coefficient, and S;,, S»;
represents the transmission coefficient. Scattering parameters
can also be used to estimate the permittivity and permeability
properties (essential to predict the shielding mechanism) of the
composite using a Nicholson-Ross-Weir method, provided the
composite material satisfies the assumption of this method. It
is to be noted that the standard Nicholson-Ross-Weir algo-
rithm is mostly meant for homogeneous and isotropic material
but has recently been extended to some specific polymer
composites as well.®

Fig. 11 shows SEr as a function of frequency for single layers
of PU-based structures in X-, Ku- and K-band. It is to be noted
that different fixtures are used to obtain SE; in various bands,
so there is some discontinuity in values at 12.4 GHz and 18
GHz, which may be attributed to the instrumental error. The
neat PU film showed negligible SE; (shown in Fig. 11a) at all
frequencies suggesting that thin PU film by itself has inferior
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Fig. 11 SEtvs. frequency for single layers of PU-based structures: (a) PU film, PU foam and PU 3Dprint structure in X-, Ku- and K-band; (b) PU-CNT film,
PU-CNT foam and PU-CNT 3Dprint structure in X-, Ku- and K-band; (c) PU-Ag film, PU-Ag foam and PU-Ag 3Dprint structure in X-, Ku- and K-band.

EMI shielding property. The SEr of PU 3D printed structure was
similar to that of PU non-porous block (refer to Fig. S9a
and Table S2, ESIt). Amongst the PU single-layered structures
(without fillers), neat PU foam showed the highest SE (approx.
—10 dB in K-band, shown in Fig. 11a). With the incorporation
of CNT as nanofiller, the SE; value increased, as shown in
Fig. 11b. The maximum enhancement was observed in PU-CNT
foam, which showed a SEr value of approx. —30 dB at 26.5 GHz.
These results indicate that foam-based structures with non-
uniform and dead pores enhance the shielding performance
due to the trapped air, adequate impedance match between the
air and material surface, and enhanced multiple scattering due
to numerous pore walls and interfaces.®® PU-CNT 3D printed
structure (refer to Fig. 11b) had CNT only on the exposed
surface, and it showed a similar SE; value as PU-CNT block
(refer to Fig. S9a, ESIT), which had CNT throughout the bulk.
The 3D printed replica of in situ foam is thus not advantageous
over the non-porous PU block in terms of SEr enhancement.

4590 | Mater. Adv., 2022, 3, 4578-4599

Additionally, the shielding performance of PC-CNT film and
PVDF-rGO-Fe;0, film is shown in Fig. S10a (ESIf). Fig. S10b
(ESIt) shows the bar plot of the real and imaginary components
of permittivity and permeability for PC-CNT and PVDF-rGO-
Fe;0, at 26.5 GHz frequency. Using these permittivity (¢’ and ¢”)
and permeability (¢' and p”) values, tan d¢ (dielectric loss factor),
tan ou (magnetic loss factor), total tan d (total relative loss), impe-
dance match characteristics, and attenuation constant were calcu-
lated (refer to Fig. S10c and d, ESIY). It is worth noting that the
impedance match was enhanced, and the total tan 6 was found to
be higher for PVDF-rGO-Fe;O, than PC-CNT, confirming the
lossy nature of rGO-Fe;O,. However, the attenuation constant
was higher for PC-CNT, which also exhibited a higher SEr value.
Also, it is observed that SEr mostly increases with frequency across
different frequency bands (as one moves from X-band to K-band,
refer to Fig. 11a and b).

A few representative samples were coated with Ag to under-
stand the impact of Ag on shielding performance. Compared to

© 2022 The Author(s). Published by the Royal Society of Chemistry
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CNT, a layer of Ag metal sputtering on the neat PU-based
structure led to a drastic enhancement in SEy, as shown in
Fig. 11c. This is because metals act as EMI shields due to the
presence of free electrons. Bulk metals such as Al sheet or Cu
sheet are known to be EM reflectors.®” However, in this work,
we are trying to understand the impact of sputtering a thin
layer of Ag on the EMI shielding performance and how the
performance differs if the layer of Ag is sandwiched between
the polymer composite films. Also, shielding behavior compar-
ison of metal layering (here Ag) on polymer vs. carbonaceous
high aspect ratio nanofiller (here CNT) incorporation in the
polymer matrix is much needed. It is to be noted that unlike the
bulk metal, the sputtering technique coats a thin film of Ag
over the substrate as a result of bombardment of the target Ag
metal by energetic plasma particles. However, techniques such
as sputtering are cost-intensive. Its usage for applications in
EMI shielding is less industry-friendly due to the additional
infrastructure and huge expenditure required for large-scale
production. As observed in Fig. 11c, the PU-Ag film, PU-Ag
foam, and PU-Ag 3Dprint structure showed SEr values higher
than ~—24 dB at all frequencies. At some frequencies, the SEr
value was observed to be in the range of —40 to —48 dB. Metal-
based samples showed high fluctuations during measurement,
and hence commenting on its frequency dependence is rather
tricky. But the Ag sputtered layer increases the SEr value
drastically even at low shield thicknesses, as observed in PU-
Ag film. From the SEr study in Fig. 11c, we observe that when
Ag is coated, total shielding efficiency is dominated by the Ag
layer rather than the porosity or thickness. Since PU-CNT foam
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showed the highest SE value among the CNT-based samples, it
was further chosen for Ag sputtering to understand the com-
bined effect of CNT incorporation and Ag layering. But from the
SEr vs. frequency plots in Fig. 11c, we observe that PU-Ag foam
and PU-CNT-Ag foam showed similar EMI shielding perfor-
mance. This once again confirms the dominance of Ag over the
CNT. In Section 4.4.3, the percentage absorption-reflection
study will be discussed, wherein we will get into the details of
the shielding mechanism in all the fabricated structures.

Fig. 12 shows SEr as a function of frequency for multi-
layered structures in X-, Ku- and K-band. Fig. 12a shows the
multi-layered structures without Ag, whereas Fig. 12b shows
those with Ag. When the single-layered PU-based structures
(results shown in Fig. 11) are incorporated as sandwiched layers
in a multi-layered structure (results shown in Fig. 12), the SEr is
enhanced in most cases. This is because PC and PVDF flat
sheets have CNT and rGO-Fe;O, as the conducting and lossy
filler, respectively. The losses due to fillers and multiple scattering
originating due to different layers primarily contribute to the
enhancement in SE; in a multi-layered structure. In samples with
Ag sputtered layer, the SEr is once again dominated by the
presence of Ag, as all such multi-layered structures showed a
SEr value of approx. —27 dB and above, at all frequencies.

From Fig. 12, it is evident that the total shielding perfor-
mance has a negligible influence of the incorporation of CNT in
PU film-based multi-layered structures (refer to the plot of
PVDF/PU film/PC and PVDF/PU-CNT film/PC in Fig. 12a).
This can be attributed to the lower thickness of the film and
the poor connectivity of CNT in PU-CNT film. However, in a
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Fig. 12 SEt vs. frequency for multi-layered structures: (a) without Ag in X-, Ku- and K-band; (b) with Ag in X-, Ku- and K-band.
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multi-layered structure with foams, CNT incorporation in foam
has significantly enhanced SEt value. The SEr value in PVDF/
PU-CNT foam/PC is as high as —39 dB at 18 GHz frequency.
This can be possibly attributed to the combined effect of CNTs
connectivity in foam and the porosity of PU-CNT foam-based
structure. The SEr value of multi-layered structures with PU
3Dprint, PU-CNT 3Dprint, PU block, and PU-CNT block is
mostly in between the multi-layered film-based structures and
foam-based structures (refer to Fig. 12 and Fig. S9a, Table S3,
ESIt). The results suggest that PU-CNT foam having non-
uniform dead pores proved to be a better shielding material
than the artificially designed 3D printed structure (the one
shown in Fig. 4). Also, in the case of PU-CNT foam, CNT is
distributed in the entire foam matrix; however, in the case of
PU-CNT 3Dprint, CNT lies only on the exposed surface as the
preparation method was dip coating. Consequently, the multi-
ple scattering in PU-CNT foam (CNT is distributed throughout
the matrix) should be much more than the PU-CNT 3D printed
structure. From Fig. 12b, it can be further interpreted that in
the case of a multi-layered film with an Ag sputtered layer, the
SEr value is as high as —40 to —50 dB in some frequency
ranges. As already mentioned, the dominance of Ag metal can
be observed.

I % SEq
EZZ% sk,

7

(a) 100

@26.5 GHz
s

n
o
1

oU goa™ oU @p\-\ﬂ‘vu.aﬁ N«P\U' oNT (0‘:30‘1 309°

(c) 100
B se,
% SE, 7
80
© 60 /
N 7
-]
® 404
20-
pu o™ oy 30PN oNT ““:u oNT ot o™

Fig. 13

View Article Online

Paper

The SEr value of the composite material depends not only
on the design of the shield and the distribution and dispersion
of filler/fillers but also on the intrinsic conductivity, dielectric
and magnetic properties, and the aspect ratio of filler/
fillers.>*** 1t is worth noting that conducting nanofiller such
as CNTs results in conduction and eddy current losses and the
interfacial polarization losses arising from the polymer-CNT
interfaces."”**%% Whereas rGO-Fe;0, gives rise to the inter-
facial polarization losses at the filler/polymer interfaces and
also the dielectric and magnetic losses.®”®® The permittivity
and permeability analysis of CNT and/or rGO-Fe;O,-based
composites have been shown in Fig. S10 (ESIT). CNTs, having
a high aspect ratio, result in a conductive network formation in
the composite at low filler concentration, thereby contributing
to EMI shielding performance. In contrast, functional groups
and defects on the large rGO 2D sheet (size ranges up to a few
microns) are expected to contribute to the dipole polarization
losses.>*® Further, the large rGO sheet provides enough
surface area® to prevent the agglomeration of Fe;O, nano-
particles. The coupling between rGO and ferrite can lead to an
adequate impedance match and magneto-dielectric absorption
losses.”” The high total tan § and enhanced impedance match
(refer to Fig. S10c, ESIT) of rGO-FezO,-based composites
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% SEa (light blue bar with stripe pattern) and % SEg (dark blue bar with no pattern) for single layers of PU-based structures: (a) without Ag at 26.5

GHz, (b) with Ag at 26.5 GHz; (c) without Ag at 8.2 GHz, (d) with Ag at 8.2 GHz.
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(compared to PC-CNT composite) further explain the lossy
characteristic of the composite.

4.4.3 Mechanism of EMI shielding in the fabricated struc-
tures. The percentage absorption-reflection (% SE, and % SEg)
for single-layered PU-based structures and multi-layered struc-
tures at 26.5 and 8.2 GHz frequency is shown in Fig. 13 and 14.
The percentage absorption-reflection for PU film is not plotted
in Fig. 13a and c as the SEt value was nearly 0 to —1 dB and
percentage absorption-reflection has no meaning. The percen-
tage absorption-reflection for PU and PU-CNT block-based
single-layered and multi-layered structures are shown in
Fig. S9b (ESIt). The control non-porous structures have poor
absorption performance compared to porous structures.
Fig. 13a and c show the percentage absorption-reflection of
single layers of PU-based structures (without Ag sputter coat-
ing) at 26.5 and 8.2 GHz, respectively. Fig. 13b and d show the
percentage absorption-reflection of single layers of PU-based
structures (with Ag sputter coating) at 26.5 and 8.2 GHz,
respectively. As observed in all these plots, % SE, is higher
than % SEg; however, the percentage absorption varies depend-
ing on the configuration (i.e., filler and type of structure-film,
foam, 3Dprint). Comparing percentage absorption-reflection at
26.5 GHz frequency (refer to Fig. 13a and b) and 8.2 GHz
frequency (refer to Fig. 13c and d), we observe that the % SE, is
higher at 26.5 GHz frequency than at 8.2 GHz frequency. From
Fig. 13a and c, it can be concluded that PU-CNT foam and PU-
CNT 3D print structures have comparatively higher % SE, com-
pared to PU-CNT film at both frequencies. This indicates that
thickness, dispersion, and porosity have a crucial role in
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enhancing SE, value. A higher thickness and porosity tend to
enhance SE,. CNT incorporation in the matrix can lead to either
absorption or reflection dominant shielding, depending upon the
thickness of the shield, dispersion, and distribution of CNTs. If
the CNTs are highly concentrated on the outer surface in a thin
film, it reflects backs the incident wave immediately, but if the
CNTs are distributed such that the wave penetrates the surface
and undergoes multiple scattering, it can lead to absorption-
dominant shielding. In PU-CNT film, the thickness is less, and
dispersion is poor (shown in digital images in Fig. S4b, ESIt). In
the case of PU-CNT 3D printed structures, CNTs are concentrated
on the exposed surface, which might cause a slightly lower SE, in
the case of 3D printed structures compared to foams. PU-CNT
foam shields EM waves with 89% absorption at 8.2 GHz and 98%
absorption at 26.5 GHz. Comparing PU-Ag film, PU-Ag foam, and
PU-Ag 3D print, there is not much difference in % SE, at
26.5 GHz frequency, but at 8.2 GHz frequency, the % SE, in
PU-Ag film sample is as low as 58%. Reflection is significantly
high in the case of PU-CNT film and PU-Ag film at 8.2 GHz
frequency. This can be attributed to low thickness, poor disper-
sion in the case of CNTs, and metal’s ability to reflect EM waves in
the case of an Ag coated layer. Ag layer is expected to have high
surface electrical conductivity,”® suggesting that the intensity of
incoming EM wave deteriorates from the front surface because of
the high impedance mismatch. Here it is worth noting that
though the PU-Ag film is approximately 0.2 mm thick, Ag
sputtering is only for a few hundred nanometers on one side.
The summary of key outcomes (in EMI shielding performance) of
the single-layered PU-based structures is shown in Table S2 (ESIt).

(a) 1T (b)100 (c)1°°
A% sk Z 7 7

80+ 7 7 80+ W7 804 % %
N
6 60 60 60
-
% 40 40 40 4

20 % / 20 20 % %

05 °C °C 9 oC PC oC ,/PC a WPC AntPC 1Pe
an fw fw am oo™ goar/ _pgo2™ 309" (1 30¢ 307"
oflP‘-‘ u-C! pU-hO woﬂp\) ‘owoﬂ"‘wm i ““’“'N:,\m\"“’“‘c“‘ 9 VDFI\’U ?\10\"'?‘-‘
100
(d) ™ Temvse, (e} 0 {f "
% SEx 7 - 7

so4 80 7. 80+ Z
C
5 60 Z 60 4 60
o~
0@3 40 4 404 404

R ) _W I % . %

12 PC PC 0- wIPC ° tIPC P AnPC
A g g miPC al\‘ 00! Dpr! 1 309" 309"
oFPY £\ F\IDF“’U'C“‘ pU-AS \ND"'P“ Wﬂ\,ucm vDFlP“ A?N CNT-RO ‘Noﬂpu's o N = orlPUPe

Fig. 14

% SEa (light blue bar with stripe pattern) and % SEg (dark blue bar with no pattern) at 26.5 and 8.2 GHz: (a and d) with PU-based film as the

sandwiched layer in between PVDF-rGO-FezO, film and PC—-CNT film; (b and e) with PU-based foam as the sandwiched layer in between PVDF-rGO-
FezO4 film and PC—-CNT film; (c and f) with PU-based 3D print structure as the sandwiched layer in between PVDF-rGO—-FesO, film and PC-CNT film.
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The percentage absorption-reflection for multi-layered film-
based structures (refer Fig. 14a and d), foam-based structures
(refer Fig. 14b and e), 3D print-based structures (refer Fig. 14c
and f) and block-based control structure (refer to Fig. S9b, ESIt)
were analysed. The % SE, is above 64% in all the multi-layered
configurations at both frequencies (shown in Fig. 14 and
Fig. S9b, ESIf) compared to 53% and above in the case of
single-layered structures. From this analysis, we further
concluded that the multi-layered structure with PU foam or
PU 3D print or PU-CNT foam or PU-CNT 3D print gives 91%
and above absorption-based shielding at both 8.2 and 26.5 GHz
frequency. The worth of using multi-layered structures instead
of single-layered PU-based structures is also significant in these
configurations. The enhancement in absorption percentage can
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be attributed to the porous structure and multi-layering (each
layer with different properties), leading to the adequate impe-
dance match and multiple scattering phenomena at layer
interfaces, filler-filler interfaces, and filler-polymer interfaces.
Porous structure also leads to an increase in propagation path,
and the trapped EM wave bounces back and forth inside the
shield material.*”°° Since the fillers in each layer are the same
in all the configurations, it is primarily the porous architecture
resulting in absorption-based shielding. For PVDF/PU-Ag
foam/PC, PVDF/PU-CNT-Ag foam/PC, and PVDF/PU-Ag
3Dprint/PC, the presence of Ag metal in the inner layer
enhances the reflection percentage of shielding, especially at
8.2 GHz frequency despite the porous structure and multi-
layering. It is worth noting that EM wave reflects at an interface

Reflected EM wave

VB O BN =
SRR ~

Absorption

0

"y Y

& Multiple scattering and absorption losses

(dielectric, magnetic) due to:

Fillers (CNT, rGO-Fe;0,), filler-polymer interfaces
and layer-layer interfaces

1\ Multiple scattering and absorption losses

(dielectric) due to:

Porous structure and impedance mismatch at air-
material interfaces

(c) PVDF/PU-Ag film/PC

Incident EM wave

(== e~~~
*z —g= % ) y
T « » a ® * >\ iy A
' > ] t‘ « Reflected EM wave 1‘
b »3 N w57 (romagsurtace) Transmitted EM wave

Transmitted EM wave

Fig. 15 Loss mechanism in (a) multi-layered structure with PU-CNT foam as a sandwiched layer, (b) multi-layered structure with PU-Ag foam as a
sandwiched layer, and (c) multi-layered structure with PU—-Ag film as a sandwiched layer.
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with a large difference in impedance, as might be the case in
Ag-based structures.’”°* However, in multi-layered structures
without Ag, the fillers in layers are either CNT or rGO-based
hybrid filler, resulting in a gradual change in conductivity and
thus have a comparatively better impedance match than
Ag-based structures (refer to Fig. S11c, ESIT).”*

Among all the fabricated structures without Ag sputtered
layer, PVDF/PU-CNT foam/PC showed the highest SEt value of
—29 to —39 dB in K-band, with 91% or above absorption
dominated shielding (at both 8.2 GHz and 26.5 GHz frequency).
Among all the fabricated structures with Ag sputtered layer,
PVDF/PU-Ag foam/PC showed the highest SE value (—50 dB
@8.2 GHz and —28 to —38 dB in K-band) with 73% or above
absorption-based shielding (at both 8.2 GHz and 26.5 GHz
frequency). It is to be noted that the thickness of the multi-
layered foam-based structures was approx. 5.3 mm. Amongst
the multi-layered film-based structures (thickness ~1 mm),
PVDF/PU-Ag film/PC showed the highest SEr of —47 dB with
72% or above absorption-dominated shielding (at both 8.2 GHz
and 26.5 GHz frequency). It is to be noted that with the
incorporation of Ag in the inner layer of multi-layered film/
foam, the shielding is dominated by the presence of Ag metal
rather than the thickness or porosity of the shield. The sche-
matic of possible loss mechanisms in these three structures is
shown in Fig. 15. The key outcomes in EMI shielding perfor-
mance of the multi-layered configurations are shown in
Table S3 (ESIt).

To further understand the mechanism, we also performed
the permittivity and permeability study of the multilayered EMI
shields (with the best EMI shielding performance) with respect

No shield

Bluétooth terminal
is égnnected
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to the control shield at 26.5 GHz frequency (refer to Fig. S11,
ESIt). PVDF/PU-CNT foam/PC and PVDF/PU-Ag foam/PC were
chosen as the two best representative shields owing to their
high SE; value. The control shield was the non-porous PVDF/
PU-CNT block/PC. Since Ag is highly conducting, the multi-
layered structure with Ag showed high permittivity values
compared to the other shields (refer to Fig. Sila, ESI{). The
total tand was found to be high for both PVDF/PU-CNT foam/
PC and PVDF/PU-Ag foam/PC (refer to Fig. S11b, ESIf) com-
pared to PVDF/PU-CNT block/PC, suggesting that porous struc-
ture enhances the lossy characteristic of the shield, primarily
because of the enhancement in dielectric losses (high tan oe).
The enhancement in dielectric losses can be primarily attrib-
uted to the trapped air and multiple interfaces arising from the
porous nature (leading to the dipolar and interfacial polariza-
tion losses). The impedance match study suggests that the Ag-
based multi-layered structure showed the lowest |Z;,/Z,|
(approx. 0.24). This might also be the possible cause for a
comparatively lower absorption component of shielding in Ag-
based shields. The |Z;,/Z,| was approx. 0.28 for PVDF/PU-CNT
foam/PC, suggesting the highest impedance match and
explaining the high absorption performance amongst the
selected structures. The attenuation constant values further
suggest that the porous multi-layered structures outperform
the non-porous multi-layered structure (refer to Fig. S11d,
ESIT). Since skin depth is inversely proportional to SE, (refer
to eqn (6)), the skin depth is low for PVDF/PU-CNT foam/PC
and PVDF/PU-Ag foam/PC compared to PVDF/PU-CNT block/
PC (refer to Fig. S11e, ESIT). This implies that the incoming EM
wave decays more quickly in porous multi-layered structures

[ S— E

Multilayered film-
based EMI shield

Multilayered foam-
based EMI shield

IBluétooth terminal:
connection /

Fig. 16 Digital images depicting the effectiveness of the EMI shield developed in this work (a) no shield present, (b) EMI shield (PYDF/PU-Ag film/PC)
placed over the chip, (c) EMI shield (PVYDF/PU-CNT foam/PC) placed over the chip.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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compared to the non-porous multi-layered structure. Additionally,
the key features of some selected configurations (PU-CNT-based
structures, PU-Ag-based structures, and PU-CNT-Ag-based struc-
tures) are plotted in Fig. S12 (ESIt).

Fig. 16 depicts the effectiveness of the fabricated EMI
shields in blocking the EM waves. For this purpose, we chose
two representative multi-layered structures that showed high
SEr. Among the multi-layered film-based samples, PVDF/PU-Ag
film/PC was selected, and among the multi-layered foam and
3D printed samples, PVDF/PU-CNT foam/PC was chosen.
A bluetooth module (HC-05) was connected to a mobile phone,
and an android application was used to monitor the connec-
tivity of bluetooth. As shown in Fig. 16a, in the absence of an
EMI shield, the bluetooth module remained connected to the
phone. But when the shield was placed onto the Bluetooth chip
in the module, the connectivity was lost, as shown in Fig. 16b
and c. This simple experiment further confirms the effective-
ness of the developed EMI shields to curb EM pollution.

5. Conclusions

In this work, PU and PU in situ CNT thin film was fabricated
using polymerization reaction followed by compression molding.
Again, through chemical synthesis means, PU and PU in situ CNT
foams were fabricated. Further, a 3D printing technique was used
to replicate the foam-like structure of PU, and it was dip-coated
with CNT to obtain a PU-CNT 3D printed structure. The goal was
to figure out how the EMI shielding performance and mechanism
of shielding varied with these three different architectures,
namely film, foam, and 3D printed structure. As a control, PU
non-porous block of the thickness same as foam or 3D printed
structure has also been studied. Next, multi-layered architectures
were obtained with PC-CNT and PVDF-rGO-Fe;O, film as outer
support layers and PU-based structures as a sandwiched layer
between them. Further, Ag sputtering was done on one side of the
PU-based structure to understand the role of metal on EMI
shielding mechanism and performance and if carbonaceous
nanofillers can replace costly techniques such as metal sputtering.
The conclusion of this study is mentioned below.

e Foam-based PU structures exhibited a higher SEt than 3D
printed PU mesh, PU non-porous block, and PU thin film. With
the incorporation of CNTs, the trend remained the same, ie.,
SEr for PU-CNT foam > SEr for PU-CNT 3D print and non-
porous block > SEr for PU-CNT film. With Ag sputtering on
the PU-based structures, the SEt value showed no specific trend
implying that the presence of Ag metal dominates and
the effect of porosity and thickness on SEt is comparatively
subsided. However, the % SE, is 75% or above in PU-Ag foam,
PU-Ag 3D print, and PU-CNT-Ag 3Dprint at both 8.2 GHz and
26.5 GHz frequency. In contrast, PU-Ag film exhibited a % SE,
of 58% or above at 8.2 GHz and 26.5 GHz frequencies. The high
reflection component in Ag-based structures can be attributed
to the impedance mismatch at the air-Ag interfaces.

e Amongst all the fabricated structures without Ag sputtered
layer: PVDF/PU-CNT foam/PC showed the highest SEt value of
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—29 to —39 dB in K-band, with 91% or above absorption
dominated shielding (at both 8.2 GHz and 26.5 GHz frequency).
The thickness of the structure was approx. 5.3 mm.

e Amongst all the fabricated structures with Ag sputtered
layer: PVDF/PU-Ag foam/PC showed the highest SEr value
(—50 dB @8.2 GHz and —28 to —38 dB in K-band) with 73%
and above absorption-based shielding (at both 8.2 GHz and
26.5 GHz frequency). The thickness of the structure was approx.
5.3 mm.

e Amongst the multi-layered film-based structures (thick-
ness ~1 mm), PVDF/PU-Ag film/PC showed the highest SE; of
—47 dB with 72% and above absorption-dominated shielding
(at both 8.2 GHz and 26.5 GHz frequency).

e The high absorption-dominant shielding in the foam-
based multi-layered structure can be attributed to the trapped
air, adequate impedance match between air and material’s
surface, enhanced multiple scattering at layer interfaces (as
each layer has different properties) and due to numerous pore
walls, filler-filler interfaces, and filler-polymer interfaces.

e The presence of Ag metal enhances the reflection percen-
tage of shielding irrespective of the configuration.

e The in situ synthesized foam with non-uniform and
dead pores proved superior in enhancing the SEr compared
to well-designed 3D printed mesh.

e The % SE, was above 64% in all the multi-layered config-
urations at both frequencies compared to 53% or above in the
case of single-layered structures. The multi-layered strategy has,
in most cases, improved the absorption-based shielding when
considering both 8.2 GHz and 26.5 GHz frequencies. However,
in structures with Ag sputtered layer, the multi-layered strategy
need not necessarily be advantageous in enhancing absorption-
based shielding. This is because in multi-layered structures
without Ag, the fillers in layers are either CNT or rGO-based
hybrid filler. There is only a gradual change in conductivity of
different layers and thus is expected to have a comparatively
better impedance match than Ag-based structures, contributing
to absorption dominant shielding.

e The improvement in % SE, for multi-layered strategy can
be attributed to the losses due to the flat sheets of PC and PVDF
composite films and multiple interfaces. CNTs have a high
aspect ratio, resulting in a conductive network formation in PC
at a low filler concentration. CNTs result in conduction, eddy
current losses, and interfacial polarization losses (from the
polymer-CNT interfaces). In contrast, the coupling between
rGO and ferrite can lead to an adequate impedance match
and magneto—-dielectric absorption losses. Also, rGO-Fe;0, in
PVDF contributes to the interfacial polarization losses at the
filler/polymer interfaces.

SEr of —20 dB or above is acceptable for most commercial
applications as it attenuates 99% of the incoming EM
signals.®®»%* In addition, SE of —10 to —30 dB (depends on
target application) is considered the minimum effective range
suitable for commercial applications.® If the thickness of the
shield can be kept high, carbonaceous fillers perform better in
meeting the commercial needs of SEy along with high
absorption-based shielding (91% and above at both 8.2 and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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26.5 GHz). However, when the film thickness is low, metal
(such as Ag) layering results in SE as high as —50 dB but has a
significant reflection component. For carbonaceous filler to
compete with metal layering for low shield thicknesses, one
might need to incorporate a high filler concentration in the
polymer matrix. This might lead to additional issues such as
processing difficulties and poor mechanical properties.

In a recent article by Chen et al.,*® they fabricated 3D printed
composite structures and compared them with the existing
literature on foam-based composites and composite sheets.
The article thus contains a plot of SEr values representing the
existing literature on such structures. The SEr value obtained in
our work is comparable to the existing literature® and has even
outperformed in specific configurations. Apart from the excellent
EMI shielding performance reported in our work, this study also
gives a comparative overview of different design configurations
and shielding mechanism, which can help future researchers to
choose the shield based on their needs (required shielding
performance, thickness of shield, cost, and filler content that
can be incorporated).
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