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Abstract

Polymer nanocomposites containing carbon nanotubes (CNTSs) and graphene are influenced by
several factors, including the methods used for CNTs and graphene synthesis, functional group
introduced, purification, geometrical and structural attributes, their alignment within the
composite material, the dispersion techniques, and the manufacturing processes. Overcoming
the challenge of graphene exfoliation is a significant issue. To address the dispersion and
exfoliation challenges, hybrid 3D nanofillers have been developed by immobilizing the
multiwall carbon nanotubes (MWCNTSs) into few layer graphene (FLG) flakes and
subsequently evaluating their performance. The dispersion of the developed nanofillers has
been improved by the formation of cellular structure of polyurethane nanocomposites. The
developed nanocomposites have also been evaluated for multifunctional properties. Further
preparation and evaluation of the metal-decorated CNTs and graphene have also been
investigated to increase the microwave absorption properties. The hybrid 3D nanofiller
reinforced polyurethane nanocomposites have been found to enhance physical properties viz.
gas barrier and microwave absorption properties.

The main challenge to develop flexible polymeric films based on polyurethane and hybrid 3D
carbonaceous nanofillers for gas barrier properties is the dispersion of carbonaceous nanofillers
viz. CNTs and graphene or graphite nanoflakes into the polymer matrix. To enhance the
dispersion of carbonaceous nanofillers one of the most important things is that they need to be
functionalized. Though the functionalization of nanofiller helps to enhance the dispersion still
it can be improved further by adopting a novel concept by adapting a thermo-chemical
technique with the combination of (i) formation of cellular structure by thermo-responsive gel
formation method and (ii) compounding by melt mixing through twin screw extrusion (TSE)
technique. The enhancement in dispersion leads to the increase of the length of tortuous path

of helium gas which plays the main role to improve the gas barrier property.
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The interfacial interactions and characteristics of a polyurethane nanocomposite with a cellular
structure, utilizing carbonaceous nano-fillers have been investigated. The effect of
carbonaceous nanofillers viz. multiwall carbon nanotube (MWCNTSs), few layer graphene
(FLG) flakes and carboxylated MWCNT immobilized into the hydroxylated FLG (FLG-OH)
as 3D nanofillers in thermoplastic polyurethane (TPU) on the tensile properties of the
fabricated cellular structures has been studied. The concentration of nanofillers was varied as
0.1, 1 and 5 wt%. The results have shown significant increase of the tensile strength and
modulus for 2D and 3D nanofillers incorporated TPU cellular structures. The interfacial
adhesion was calculated by using experimental tensile data and predictive models. The
interfacial adhesion parameter (Bs) calculated using the Pukanszky equation was found
significantly higher value for 2D (Bs20 = 195.8) and 3D (Bs20 = 192.0) fillers.

The large-scale dispersion of the hierarchical (1D, 2D & 3D) carbonaceous nanofillers in
thermoplastic polyurethane has been carried out through two routes- (i) cellular structure
formation using supramolecular self-assembly route (SSAR) followed by twin screw extrusion
(TSE) and (ii) direct TSE technique. The hierarchical nanofillers viz. carboxylated multiwall
carbon nanotubes (MWCNT-COOH), hydroxylated few layer graphene (FLG-OH) flakes, and
hybrid 3D were dispersed into TPU by TSE. The concentration of nanofillers was varied as
0.25, 0.5, 1.0, 2.0 and 5 wt%. To increase the level of dispersion, hybrid 3D nanofillers were
also incorporated into TPU by making cellular structures through SSAR followed by TSE. The
large-scale uniform dispersion was observed at higher loading (2 wt%) by SSAR followed by
TSE when compared with direct TSE. However, uniform dispersion was observed at 1 wt%
loading by direct TSE.

The mechanism, measurement and mathematical models to validate experimental data have
been carried out using hybrid 3D nanofiller incorporated polyurethane nanocomposite films

with enhanced gas barrier properties. This study reported the potential of hybrid 3D nanofillers
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for the improvement of helium gas barrier properties of segmented TPU film. Hybrid 3D
nanofiller incorporated PU nanocomposite (PUNC) films were prepared by making cellular
structure through SSAR followed by TSE and subsequent compression molding. The
concentration of hybrid 3D nanofillers was varied within the range of 0 to 5 wt% to achieve
uniform dispersion and higher exfoliation of graphene sheets in the PU matrix. Increasing the
concentration of hybrid 3D nanofillers led to a gradual improvement in the gas barrier
properties of nanocomposite films. Specifically, at a 2 wt% loading of hybrid 3D nanofillers,
helium gas permeability decreased by around 63%. To validate these findings, well-established
models such as the Nielsen, Bhardwaj, and Cussler-random array models were employed.
Notably, the Cussler-random array model, with aspect ratios of 90 and 180, proved most
effective (up to 2 wt% loading) for assessing the gas barrier properties of PU nanocomposite
films. The strong hydrogen bonding interactions between PU and the hybrid 3D nanofiller
played a pivotal role in achieving a high degree of nanofiller dispersion within the PU matrix,
consequently enhancing the gas barrier properties of the PU nanocomposite films.

The infusion of magnetic characteristics by decorating metal nanoparticles, specifically iron
(Fe) and nickel (Ni), onto the surface of hybrid 3D carbonaceous nanofillers has also been
investigated. The impact of these metal nanoparticles on the microstructural and microwave
absorption properties of hybrid 3D nanofillers, as well as their polyurethane (TPU)
nanocomposites, have been explored at concentration varying from 5, 10, 15 and 20 wt%
loading. Fe-3D and Ni-3D nanomaterials have demonstrated considerable potential for
Electromagnetic Interference (EMI) shielding applications, particularly for microwave
absorption where a 10 dB value is required. The highest EMI shielding effectiveness (EMI SE)
attenuation is observed for Fe-3D nanomaterials, reaching 28 dB, attributed to their high
conductivity (16 Sm™). In comparison, Ni-3D nanomaterials exhibit a lower EMI SE of 22 dB,

owing to their relatively lower conductivity (8 Sm™?). Morphological factors of the nanofillers,



such as aspect ratio, dispersion within the polymeric matrix, and nanofiller concentrations,
significantly influence the shielding effectiveness of resulting TPU/Fe-3D and TPU/Ni-3D
nanocomposites. The study highlights that TPU/Fe-3D and TPU/Ni-3D nanocomposites with
almost uniform dispersion can be effectively prepared using a solution casting route upto 5
wt% loading. However, at higher loadings (10, 15, and 20 wt%), agglomeration, non-uniform
dispersion, and restacking of few-layer graphene (FLG) flakes of metal-decorated hybrid 3D
nanofillers have been observed in TPU nanocomposites. TPU/Fe-3D nanocomposites exhibit
superior EMI SE compared to TPU/Ni-3D nanocomposites. Both TPU/Fe-3D and TPU/Ni-3D
nanocomposites at a loading of 20 wt% showcase potential as effective EMI shielding
materials, achieving a total shielding effectiveness higher than 10 dB like 28 dB and 22 dB for
Fe-3D and Ni-3D respectively. The findings suggest that these nanocomposites can serve as

effective solutions for EMI shielding applications.
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