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ABSTRACT

Various concentration of multiwalled carbon nanotubes (MWCNT) as conductive filler was
incorporated into poly(butylene adipate-co-terephthalate) (PBAT), a flexible biodegradable
copolyester by melt-mixing followed by compression moulding. Deformation behavior of
electrically conductive nanocomposites was correlated with piezoresistivity, leading to their
strain sensing behavior. Structural and morphological characterization of the materials were
determined by Fourier transform infrared (FTIR) spectroscopy and microscopic techniques
while thermal stability and crystallization behavior were analyzed by thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC), respectively. Comparative analysis of FTIR
spectra of PBAT and PBAT/MWCNT nanocomposites suggested a physical matrix-filler
binding force to form the composite microstructures. Microscopic techniques revealed an
entangled CNT-network uniformly spread in the polymer matrix. Increased thermal stability of
the materials was suggested by TGA, attributed to a good filler-matrix interfacial interaction.
DSC results revealed the retarded crystallization process of the polymer with the formation of
less perfect crystals. Increasing tensile modulus, Martens Hardness (HM) and indentation
modulus (Eir), and decreasing maximum indentation depth (hmax) (by 50%, 50%, 100% and 32%
on incorporation of 5 wt-% of fillers, respectively) confirmed the mechanical reinforcement of
composites by MWCNT. Volume resistivity observed in the nanocomposites suggested the
suitability of nanocomposites for strain sensing applications. An exponential-like increment of
relative resistance change (4R/Ro) of the nanocomposites as a function of strain confirmed their
piezoresistivity. Applicability of nanocomposites as low-strain sensing materials was suggested
by their reproducible 4R/Ro values from 2% to 8% strain during cyclic strain test. Electron beam
(EB) irradiation induced crosslinking of the nanocomposites was employed as a strategy to
improve the strain sensing behavior of the nanocomposites. Cyclic strain test of irradiated
samples (dose: 150 and 200 kGy) exhibited the improvement (up to 10% strain), attributed to
their enhanced elastic deformability. The nanocomposites irradiated with the highest dose (300
kGy) exhibited no correlation between AR/Ro and strain, attributed to the formation of a 3D
network of polymer crosslinks restricting the homogeneous deformation of the CNT-network.
Moderate degree of EB irradiation induced crosslinking of polymer nanocomposites can be a
strategy to improve their strain sensing behavior.

Keywords: nanocomposites, biodegradability, electrical conductivity, piezoresistivity, strain

sensing, electron beam irradiation, crosslinking

Vi



AR

Sifae fAfIgRT FeTs Ul U Faras Wiked [H1-Ulferex, ST Poly(butylene adipate-
co-terephthalate) (PBAT)] X ®Ta- Aicgad! SRIHM Hyurs o f&il Afeqey amasmasan
RS- U TR JaTad HHUES (Nanocomposites) TR TR fa-iged! fawuu
gdgR (Deformation behavior) X fooefafefife (Piezoresistivity) D AHTTDH! YR ATAH
dTd gab & (Strain sensing behavior) 1 3A901 TRUSD! [T | AHYUIHT RIS A1
T TIUD! T HHI: BINR TTAGBH RS (FTIR) WS I e[S Tad!
TORTGRT TTRTH! ) Y= ATORRAT (Thermal stability) X HAOTHSBROT (Crystallization) &1
T HHTT: YAUTIACH =AW (TGA) X FSTHfysd We dm@iRAe! (DSC) §RI
TRTP! Y | Y WiRee I GAILUT FTIR Uedh! Ja-TeTd faRay o et i) Jerd-TamT
D! AR TR I fraRa! ST Wifdd UHRe! By g T YA IRH! H1 g
AT | T SHTUHT SSUHT HIa AT cgag e gRT T fE YR JHH ST Hiedd!
STelToRd! SR AT YUH! Uigdl | TGA UREU AiHSUdh] 9gal auiRRdred! HRU fheR I
ey forae! dferl 3B R SRHAT Igdh! ¢W™I | DSC gRI AT TRUST Afdeiged
HTe AFIegaa IRy rguf Aftne a9 IRa 1 AifieRUG! @R gem®! g
FIASUTHT HTe- AFICgad! ARTSTIR dgal ¢-a1gd HAdi® Ul Ji-dd BT Tl 3=
TUE® SR dgal AT BT (HM) X T/<u- AMIH (Eir) TUT Gcal SHaH SoeaH
MRS (hna) & AAYUID] Arfeis Gefewrurarg gy =1 Gffyore faegfad simaaH
UfeRIUTHS TRATIR AT T Gadhd! TUHAT f-igoars YA 7T Jfde- JrTedT @ |
b1 Ylf~eich I-ITa GREOT FIHYUIDT AR/Ry HIF R % GRA ¢ % TATTHH Hai-Toh] SUHT Jfes §Ic1
o eears ®9-d-1a Jaobd! SUHT =01 17 | IeRad HRIP! SfAmal 3ad UgIdd! S=-a-1d
qa® &Ad] fOpM TH Ie=aHT A Fade-Ye [AfBRUGRT TRUH! QYU J|ah!
W] 3MUfde FSRABRUI ST (Crosslinking) TS b UMIAD! FUHT TR TTRTD!
Ty | fafdfora (&mar: Quo T o0 kGy) YU afohd d-Td URRefuraT JuUTRUD! dH1d gadb
& (30 % ) UG 701 ST 300 kGy &HAIH] SAdCHISGRT TS IHUI 4] Il H
HAReT IdgR UeH TRS! UZEH| TR HegH &HdIP! 3AdHYSIgRT TR e
WRCEH o QU] STUTAH TeadhRUl fa-Teed! aTfad d-1d gad & 3fHgig T Uh
SUYad SUM g1 Tas YA Fsws fAaprferea! |

PAUCIAd): GFIcid FIHYY [AGRIGIRTEE] T71d Gad &, SHTIad FIcidb Tl Bl

gATTITY
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CHAPTER 1
1. INTRODUCTION

This chapter introduces the survey of similar works reported in the literature in brief.
It lists out the similar and somehow modified works related to the topic of this thesis in
preface and introduces a research gap in rationale. The aim of this research work is
mentioned in general and specific objectives. Specific objectives list out the different
steps of the work conducted to meet the overall goal. Scope and limitations of the

studies are also introduced.

1.1. Preface

Substitution of traditional non-degradable petroleum based polymers by degradable
polymers of natural as well as synthetic origin is given emphasis these days to address
existing problems of plastic waste management and e-waste (Feig et al., 2018;
Fukushima et al., 2012; Qazi et al., 2020; Sirisinha & Somboon, 2011).

Poly(butylene adipate-co-terephthalate) (PBAT), a fully biodegradable, synthetic type
of aromatic-aliphatic copolyester exhibiting easy properties of its processing. It
undergoes the enzymatic degradation via ester group present in it producing
environmentally benign bi-products such as biomass and carbondioxide, making
contribution to address the environmental problems of solid waste management (Gan
et al., 2004; Guo et al., 2021; Han et al., 2022). Most of the properties (physical) of
PBAT are similar to that of low density polyethylene (LD-PE). Therefore, it can be
taken as a biodegradable alternative of LD-PE. Due to its flexibility, high toughness,
high ductility (>700% elongation at break), it was commercialized by BASF for the
preparation of degradable packaging materials. PBAT is derived from 1, 4-butandiol,
adipic acid, and terephthalic acid. It is composed of a soft aliphatic butylene adipate
(BA) unit and a rigid aromatic terephthalate (BT) unit in alternate manner (Al-Itry et
al., 2015; Behera et al., 2020; Calderaro et al., 2021; Cranston et al., 2003; Gonzalez
Seligra et al., 2016; Hong et al., 2012; Li et al., 2015; Sarul et al., 2021). It possesses
sufficient mechanical strength, elasticity, hydrolytic and thermal resistance etc. (Duan
et al., 2019; Rzepna et al., 2018; Zhang et al., 2019). These properties of PBAT make
it a suitable candidate to prepare high performance biodegradable nanomaterials with
required modifications (Hong et al., 2012).

Poly(lactic acid) (PLA), the best taken candidate among the biodegradable polymers

with respect to its availability, natural sources and renewability. It can be prepared from
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plant sources, however, it is limited to its applications practically due to its poor
mechanical performance and thermal stability (Al-Itry et al., 2012; Ko et al., 2009).
Biodegradable and cost effective polymeric materials with improved thermo-
mechanical properties are being demanded these days (Mohanty & Nayak, 2009).
Blending PLA with a soft and elastomeric polymer is a reported strategy to address its
limitations. Variety of polymer blends can be prepared with their improved thermo-
mechanical properties employing this strategy (Signori et al., 2009).

Meanwhile, the soft and tough blending counterpart should also be biodegradable to
keep the biodegradability of resulting polymer blends. PBAT, in terms of its toughness,
flexibility, comparable melt viscosity and biodegradability can complement the
aforementioned limitations of PLA (Al-Itry et al., 2012). It can be used as a toughening
agent for PLA (Ko et al., 2009). PBAT performs the highest elongation at break among
other biodegradable polymers (Fukushima et al., 2012). Hence PBAT/ PLA blends are
preferred to prepare cost effective biodegradable materials for the substitution of
prevailing non-degradable commodity plastics. Table 1 summarizes the reported
works of PBAT and PBAT/PLA blends based biodegradable composites and blends
filled with natural fibers, biopolymers and nano-carbons based conductive fillers.

It is shown by Table 1 that a lot of research works focused on the preparation of
biodegradable materials filled with natural fibers and biopolymers are carried out.
Similarly, works about PBAT and PBAT/PLA based electrically conductive
nanocomposites are reported in the literature focusing only on their electrical
conductivity and electrochemical properties. On the other hand, PBAT and PLA are
immiscible polymers to each other due to which segregation occurs between them.
Therefore, tensile mechanical properties of PBAT can’t be maintained in PBAT/PLA
blends despite their electrical conductivity and even a lower percolation threshold.
Hence, it seems that PBAT alone should be preferred as a polymer matrix to fabricate

biodegradable and electrically conductive polymer composites.



Table 1: Summary of PBAT and PBAT/PLA blends based biodegradable composites

S. N. | Composite formulation Method Scope Reference
1. | PBAT + bamboo flour (BF) Melt-mixing Structure-property (Adhikari
correlation etal., 2012)
2. | PBAT + bamboo flour (BF) Melt-mixing Morphology,mechanical,
thermal and water | (Bhandari
absorption behavior etal., 2013)
3. | PBAT + chitosan (CS) Melt-mixing Structural and thermal | (Pokhrel et
properties, and al., 2016)
biodegradability
4. | PBAT + thermoplastic starch | Extrusion Morphology, structural (Gonzélez
(TPS), plasticized by glycerol and thermal properties, | Seligra et
biodegradability al., 2016)
5. | PBAT + starch Solution casting | Morphology, mechanical | (Pokhrel et
and thermal properties, | al., 2021)
biodegradability
6. PBAT + nanocellulose (NC) Melt-mixing Mechanical properties and | (Pinheiro et
biodegradability al., 2017)
7. | PBAT +  microcrystalline | Melt-mixing Morphology, surface (Giri et al.,
cellulose (MCC), properties and 2019)
PBAT + nanocellulose (NC) biodegradability
8. | PBAT +  microcrystalline | Melt-mixing Structural, thermal and (Giri et al.,
cellulose (MCC) mechanical properties 2021)
9. PBAT/PLA + MWCNT Melt-mixing Morphology and | (Urquijo et
Electrical conductivity al., 2017)
10. | PBAT/PLA + MWCNT Melt-mixing Morphology, thermal and | (Zhou et
(surface modified) + mechanical properties al., 2018)
EBAGMA as a compatibilizer
EBAGMA: ethylene-butyl
acrylate glycidyl methacrylate
11. | PBAT/PLA + graphene Melt-mixing Thermal properties and | (Guo et al.,
nanoplateletes (GNP) electrical conductivity 2020a)
12. | PBAT/PLA + MWCNT Extrusion Morphology, thermal and | (Ko et al.,
rheological properties 2009)
13. | PBAT/PLA + MWCNT Electrospinning | Morphology, structural, (Rosenberg
(composite thermal and er et al,
fiber) electrochemical 2020)
properties,
electrochemical sensor
14. | PBAT/PLA + MWCNT Electrospinning | Wettability, mechanical, (Gusmao et
(composite thermal and al., 2021)
fiber) electrochemical
properties,
electrochemical sensor
15. | PBAT/PLA + MWCNT Melt-mixing Morphology and | (Salehiyan
rheological properties etal., 2020)
16. | PBAT/PLA + MWCNT Melt-mixing Morphology, structural, | (Dhakal et
thermal and mechanical | al., 2022a)

properties, and electrical
conductivity




17. | PBAT/PLA + MWCNT, Melt-mixing Morphology, rheological | (Dil et al.,
PBAT + MWCNT properties and electrical | 2020)
conductivity
18. | PBAT + MWCNT Melt-mixing Structural, mechanical and | (Wu, 2009)
(functionalized) antibacterial ~ properties,
electrical conductivity
19. | PBAT + MWCNT Extrusion Thermal and mechanical | (Hong et
properties al., 2012)
20 | PBAT + MWCNT Melt-mixing Viscoelasticity, dynamic | (Dingetal.,
rheology, model | 2016)
simulation
21. | PBAT + MWCNT Electrospinning | Morphology, structural, | (Ding etal.,
(composite mechanical and thermal | 2016)
fibers) properties, and biological
(cell) viability
1.2. Rationale

Electrically conductive polymer composites (CPC) find wide applications in different
fields such as elctronics, sensors, actuators, sports, construction, robotics etc. Among
various polymeric materials used these days, CPC based strain sensors are being applied
in different fields i.e. robotics, wearable and portable electronics, health care
monitoring, diagnosis of materials and structural damage, sports etc. (Liu et al., 2019).
Whatever may be the mode of use of such materials, they ultimately cause the problem
of electronic waste (e-waste) along with the environmental pollution (Guo et al., 2020b;
Liu et al., 2019) because most of the polymers used in daily life are petro-based non-
degradable polymers. Therefore, there is an emergence of development of materials
using degradable polymers to address these problems. CPC based strain sensors are
taken as the superior ones rather than the metal and semi-conductor (conventional)
based strain sensors. However, CPC, composed of degradable polymers used in this
regard are rarely found. Poly(butylene adipate-co-terephthalate) (PBAT), a
biodegradable copolyester was initially commercialized by BASF to develop the
degradable packaging materials. Many research works on PBAT based composite
materials are reported, targeted to develop the degradable packaging and furnishing
materials for household applications. Bhandari prepared natural fibers reinforced melt-
nixed biodegradable PBAT/natural fibers composites and investigated their structure-
property correlations (Bhandari, 2014). Pokhrel et al. fabricated PBAT/chitosan
composites by solution casting method and investigated their spectroscopic, thermal
and mechanical properties along with the soil burial test for their biodegradability

(Pokhrel et al., 2016). Giri et al. prepared melt-mixed micro and nanocomposites with




micro and nanocrystalline cellulose derived from wheatstalk and investigated their
biodegradability along with mechanical and thermal properties (Giri et al., 2019, 2021).
Similarly, electrically conductive PBAT based composites with conductive fillers such
as nanocarbons have also been reported as listed in Table 1.

Many research works corresponding to PBAT based conductive composites have
focused only on their electrical conductivity and electrochemical properties. However,
no researcher has paid attention to piezoresistivity and strain sensing capacity of PBAT
based CPC to investigate their potential to use them to fabricate biodegradable strain
sensors. This research work is mainly focused on the investigation of piezoresistivity

and strain sensing behavior of PBAT/MWCNT nanocomposites.

1.3. Objectives
General and specific objectives of the studies and research works are outlined as

follows.
1.3.1. General Objective

Fabrication of flexible, stretchable and electrically conductive polymer nanocomposites
by the incorporation of multiwalled carbon nanotubes (MWCNT) into poly(butylene
adipate-co-terephthalate) (PBAT) and investigate their piezoresistivity and strain

sensing behavior is the general objective of this research work.

1.3.2. Specific Objectives

The specific objectives of this research work are as follows.

» To prepare PBAT/MWCNT nanocomposites; carry out their morphological,
structural and thermal characterization, and investigate their deformation behavior

» To investigate of electrical conductivity, piezoresistivity and strain sensing
behavior of PBAT/MWCNT nanocomposites

» To crosslink the PBAT/MWCNT nanocomposites by electron beam (EB)
irradiation as a strategy to improve their strain sensing behavior

» To investigate of effect of EB irradiation on deformation behavior, strain sensing
behavior and thermal properties of nanocomposites

1.4. Scope of the Studies

Technological advancement has made the lifetime of electronics and devices shorter

leading to the problem of electronic waste (e-waste). Meanwhile, the use of non-

degradable petro-based polymers has led to a serious problem of plastic waste

management contributing to the global environmental problem (Irimia-Vladu et al.,
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2012; Liu et al., 2019). Development of biodegradable as well as biocompatible
electronic and biomedical devices, and sensors only can address both of these problems
at a time (Irimia-Vladu et al., 2012; Li et al., 2015). Substitution of traditional non-
degradable commodity plastics by the degradable counterparts is the sustainable
solution (Deshmukh et al., 2017).

PBAT, a biodegradable and biocompatible synthetic copolyester can be a suitable
candidate in this regard. On the other hand, PBAT and multiwalled carbon nanotubes
(MWCNT) pair up to prepare functional PBAT/MWCNT nanocomposites with
electrical conductivity, improved mechanical, thermal and rheological properties.
These functional polymer nanocomposites find their applications in biodegradable
electronics (Hong et al., 2012; Liu et al., 2019). Investigation of strain sensing behavior
of electrically conductive and piezresistive PBAT/MWCNT nanocomposites carried
out in this work has drawn the conclusion of strain-sensing potential of the
nanocomposites. In this way, PBAT/MWCNT nanocomposites will be potential
candidates to develop biodegradable strain sensors. Similarly, electrically conductive
PBAT/MWCNT nanocomposites can find the applications in biodegradable and

flexible electronics and biocompatible biomedical devices.

1.5. Limitations of the Studies

PBAT, a commercial product of BASF, as a biodegradable polymer, however, the rate
of degradability is quite slow which takes ~4 months (Gonzalez Seligra et al., 2016).
Despite of its flexibility, toughness and high elongation at break, it is not like rubber
which limit it to its direct applications in biodegradable and flexible high performance
materials (Rzepna et al., 2018). This limitations can be overcome only by tuning the
molar ratio of butylene adipate (BA) and butylene terephthalate (BT) units of PBAT
keeping biodegradability (Gonzalez Seligra et al., 2016; Rzepna et al., 2018). On the
other hand, low tensile strength and tensile modulus of PBAT limit it to load bearing
smart applications such as in construction sites (Calderaro et al., 2021). Blending PBAT
with another biodegradable polymer counterpart can be a strategy to improve its
mechanical properties. PLA best suits with PBAT in this regard in terms of tensile
strength, tensile modulus, melt viscosity, cost effectiveness and biodegradability,
however, they are immiscible polymers to each other (Dhakal, Krause, et al., 2022;

Teamsinsungvon et al., 2013). Similarly, they possess a good compatibility at a high



melt processing conditions only which hampers the thermomechanical properties of
resulting PBAT/PLA blends (Rzepna et al., 2018).

In this work, PBAT/MWCNT nanocomposites exhibited only a low strain-sensing
potential which is a disadvantage to fabricate a strain sensor with a good performance
despite its degradability. Such a behavior of these nanocomposites can be improved
employing strategic techniques such as crosslinking, varying the molar ratio of BA unit

during the synthesis of polymer to provide it with higher elastic deformability.



CHAPTER 2
2. LITERATURE REVIEW

A critical review of the related works reported in the literature are discussed in this
chapter. It reviews the biocompatible and biodegradable synthetic polymers applicable
for the fabrication of biocompatible and biodegradable electronics and sensors. It
discusses the background of related research works. It discusses about the general
methods of fabrication of electrically conductive polymer composites (CPC), theory
behind the development of electrical conductivity and piezoresistivity in CPC and
application of piezoresistive CPC as strain sensing materials. It also introduces electron
beam (EB) irradiation induced crosslinking of polymer matrix as a strategic technique
to improve the strain sensing behavior of CPC and the corresponding mechanism of
crosslinking of polymer matrix.

2.1. Electrically Conductive Polymer Composites (CPC)

Electrical insulators can be imparted with conductive properties by the
incorporation/adjustment of conductive fillers into/with them. Insulating polymers can
be turned into conductive blends or composites following this route. Blending
insulating polymers with conducting polymers and diluting the master batches of the
corresponding polymers produce electrically conductive polymer blends (Dhakal et al.,
2022a; Dhakal et al., 2022b; Zhang et al., 2007). Similarly, one of the approaches to
impart electrical conductivity is to combine them with conductive additives. Inorganic
conductive fillers can be incorporated into polymers to prepare electrically conductive
polymer composites (CPC) (Dhakal et al., 2022a; Foulger, 1999; Natarajan et al.,
2017). A simple additive law may not be followed by the combination of insulating
polymers and conductive fillers, however, electrical conductivity is achieved by the
resulting composite materials at a certain concentration of conductive additives
(Foulger, 1999). Metal particles, carbonaceous conductive fillers such as carbon black
(CB), graphite, carbon nanotubes (CNT) etc. and their hybrids are commonly used
conductive fillers in this regard. Metal particles deteriorate the properties (mechanical)
of the resulting composites despite their better electrical conductivity. On the other
hand, nanocarbons improve both electrical and mechanical properties of the resulting
composite materials (Natarajan et al., 2017). On the other hand, nanocarbons based
conductive fillers perform high electrical conductivity which produce the composites

with their good mechanical properties and processability along with cost effectiveness



(Chodék et al., 2001). Hence, nano-carbons based polymer composites are preferred
these days than metal particles incorporated polymer composites (Dhakal et al., 20224a;
Natarajan et al., 2017). Cost effectiveness, easy processability, flexibility, low density,
variability of mechanical and electrical properties are the advantages of CPC over
metallic conductors (Folorunso et al., 2019; Zhang et al., 2007).

Carbon nanotubes (CNT) are the most preferred conductive nanofillers than other
nanocarbons whose 1D structure of CNT is responsible for the transport of electrons
(Ponnamma et al., 2014). This is because of their high aspect (length-to-diameter) ratio
(100-10,000), low density, high electrical (10%-10” S/m, higher than conductivity of
copper) and thermal (3000 W/mK) conductivity, high thermal stability (2800 °C),
outstanding mechanical properties (tensile strength: 50 GPa, bending strength: 14.2
GPa, elastic modulus: 4.15 TPa, stronger than steel), high flexibility and toughness,
good load bearing capacity (matrix to fillers), chemical inertness etc. (Dhakal et al.,
2022b; Ponnamma et al., 2014; Silva et al., 2021). High strength, modulus and
flexibility of CNT is associated with sp? hybridization of C-C bond of CNT
(MacDiarmid, 2001; Salvetat-Delmotte & Rubio, 2002). CNT are also taken as a
toughening agents for brittle polymers due to their high flexibility and toughness (Kuan
et al., 2008; Salvetat-Delmotte & Rubio, 2002).

CNT have many contact points to connect with neighbouring counterparts to form a
conductive path because of high aspect ratio and many C=C =n-bonds. As a result, a low
CNT content will be sufficient to provide electrical conductivity to the nanocomposites
(Georgousis et al., 2017; Kuan et al., 2008; Mic¢usik et al., 2011; Ponnamma et al.,
2014). Due to such outstanding electrical, mechanical, and thermal properties and the
nano-dimension of CNT, they highly reinforce the resulting polymer/CNT composites
improving the same properties, when incorporated into a polymer matrix. Incorporation
of CNT into polymers makes many positive effects in addition to electrical
conductivity. As a consequence, polymer/CNT nanocomposites with improved
electrical, mechanical and thermal properties will be obtained (Micusik et al., 2011;
Qazi et al., 2020; Salvetat et al., 1999). Moreover, novel nanocomposites with tailored
properties can be prepared combining the outstanding properties of CNT with that of
polymer matrix (Gao et al., 2005). These are the reasons for scientists for the research
of CNT based nanocomposite (Yu et al., 2010).



CNT can be incorporated and adjusted into polymers by both wet and dry approaches
(YYee et al., 2019). Solution casting, spray coating, sonication, spin coating, layer-by-
layer assembly, dip coating, vacuum filtration, in-situ polymerization etc. belong to wet
approach (Bokobza, 2007; Liu et al., 2018; Yee et al., 2019). Similarly, melt mixing,
direct transfer, mechanical peeling, vapour deposition etc are the methods of dry
approach (Mehmood et al., 2020; Qazi et al., 2020; Yee et al., 2019).

Melt-mixing is one of the most preferred method to prepare polymer/CNT composites
in commercial scale. It is the mostly preferred method to prepare thermoplastic
elastomers (TPE)/CNT nanocomposites. This is due to the environment friendly nature
of this method in which no solvent and other chemicals are used (N. Dubey et al., 2020;
Wang et al., 2020). The desired composite materials are prepared only by the wetting
of CNTs by polymer melts. Moreover, the various properties of resulting composite
materials can be tuned, varying the CNT concentration, their physical and chemical
modification, shear change, CNT-matrix interfacial interaction, percolation threshold
etc. (Bokobza, 2007).

2.2. Electrical Conductivity of CPC

Electrical conductivity of the polymer/nanocarbons composites is developed not only
by the CNT-CNT connections, but also by electron hopping and electron tunneling.
End-to-end connection of individual CNT particle is not mandatory for the electrical
conductivity, which can also be carried out by electron hopping that occurs through the
gaps of CNTs at a low CNT concentration. Similarly, electron tunneling between CNT
particles maintaining the tunneling distance also contribute to the electrical
conductivity (Dhakal et al., 2022b; Yu et al., 2010).
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Development of electrical conductivity of polymer/CNT composites is shown by the
schematic illustration presented in Figure 1. At a very low concentration of CNT, the
conductivity of the composites is very close to that of neat polymer matrix. From
Figure 1, it seems that conductivity of the nanocomposites gradually increases with the

addition of even a low content of fillers.

Conductive composites
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Figure 1: Schematic diagram showing electrical conductivity of CPC (Alamusi et al., 2011)
This increment of the conductivity is carried out by electron hopping as well as
tunneling effect in which electrical conductivity is provided by close CNT particles
without their end-to-end connections (Alamusi et al., 2011; Foulger, 1999; Yu et al.,
2010; Stubler et al., 2011). In other words, electrical transport occurs by the hopping
of electrons (from one site to another) in the materials (Last & Thouless, 1971). For
electron tunneling, filler particles should be close enough (2-8 nm) to each other due to
which the electrons can cross the inter-particle gap (Georgousis et al., 2018; Krause et
al., 2019).

The conductivity of nanocomposites remains low before percolation threshold (Balta
Calleja et al., 1988). At a certain filler concentration during continuous addition of
fillers, an electrical transition (insulator-to-conductor) occurs by the formation of a
complete conductive path throughout the composites by which insulating polymer/CNT
composites convert into conductors. The transition is called percolation process and the
corresponding filler concentration is known as percolation threshold (P¢) or critical

concentration. An electrically conductive pathway, necessary for the electrical
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conductivity of the composites is formed by the inter-particle physical connections of
CNTs at percolation threshold (Balta Calleja et al., 1988; Krause et al., 2019).

A complete electrical short-circuiting of the charges throughout the materials takes
place at percolation threshold making it electrically conductive. Both tunneling effect
and the electrical path contribute to the total conductivity of the composites at this stage
(Foulger, 1999; Georgousis et al., 2018), however, the electrical conductivity of
composites at this phase is mostly due to Ohmic conductance. Therefore, the
conductivity of nanocomposites shifts from tunneling effect to Ohmic conductance (Jin
et al., 2013; Vilcakova et al., 2002; Xu et al., 2013; Yu et al., 2010). Optimum
conductivity of the composites is achieved after percolation threshold depending on the
properties of both matrix and fillers, filler concentration as well as the mixing
conditions (Folorunso et al., 2019). Conductivity of the composites resulted in this way
is carried out by the intrinsic conductivity of CNT incorporated into the polymer matrix
(Guo et al., 2020a). The percolation phenomenon and the filler concentration required
are based on the aspect ratio, number of contact points and other physical properties of
conductive fillers (Stlbler et al., 2011). The first completely connected conductive path,
formed by the end-to-end connections of CNT governs the electrical conductivity of
the nanocomposites. The conductive path thus formed causes the whole composite
system to percolate (Weber & Kamal, 1997). A steep and abrupt increment of electrical
conductivity of CPC (by multiple decades) as shown in Figure 1 occurs by the
formation of a continuous filler network throughout the composites. In other words, a
morphological change of CPC also takes place at percolation threshold in addition to
the electrical conductivity (Mic¢usik et al., 2011; Ponnamma et al., 2014).
Development of a conductive path at percolation threshold has a positive effect on
electrical properties of the composites, but adverse effects on their mechanical
properties. Cracks, voids and more failure sites can be formed in the nanocomposites
at higher filler concentration (Chodak et al., 2001). Therefore, a possible low value of
percolation threshold is always desired (when CPC are prepared) for better mechanical
properties of the composites as well as cost effectiveness (Dhakal et al., 2022a; Zhang
etal., 2007). However, percolation threshold depends also on many other factors except
filler concentration such as properties and dimensions of fillers, properties of polymer
matrix (adhesion capacity on filler particles, viscosity, crystallinity etc), methods and
conditions of preparation etc. (Dhakal et al., 2022a; Dhakal et al., 2022b; Ponnamma

et al.,, 2014). Low percolation threshold of thermoplastic polymerssMWCNT
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nanocomposites is reported in the literature. Low percolation threshold and high
electrical conductivity of the composites signify the homogeneous dispersion of fillers
throughout the materials (Georgousis et al., 2018).

Electrical conductivity of nanocomposites is explained in accordance with percolation
theory. Moreover, an empirical percolation power law, explained by percolation theory
is followed by the nanocomposites above percolation threshold as given by equation
(1). It relates the electrical conductivity of nanocomposites with the concentration of
conductive fillers quantitatively (Alamusi et al., 2011; Jin et al., 2013; Knite et al.,
2007; Liu et al., 2018; Vilcakova et al., 2002; Xu et al., 2013; Yu et al., 2010)

o= 0y(P—P)"t 1)
where, o = Conductivity of CPC
o, = Conductivity of fillers

P = Filler fraction
Pc = Percolation threshold
t = Scaling factor signifying filler dimensionality and the change of
conductivity with respect to filler concentration = 1.3 to 4 for
MWCNT
Here, P > Pc should come true (above percolation threshold) for the validity of this
power law. It is used to determine the value of P fitting the experimental data
(Weber & Kamal, 1997).
After percolation threshold, multiple number of conductive paths can be formed
producing a 3D conductive filler network and the conductivity gradually levels off
(Alamusi et al., 2011; Liu et al., 2018; Xu et al., 2013) as shown in Figure 1. A
high and stable conductivity of the composite materials is acquired at this stage.
Electrical conductivity of polymer composites can also be expressed in terms of
volume resistivity. Volume resistivity is the reciprocal of volume conductivity and

can be expressed as (Natarajan et al., 2017).

p= (@)

g

Where, p = volume resistivity (Q.cm)

6 = volume conductivity (o*.cm™)
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Figure 2. Schematic diagram showing volume resistivity of CPC as a function of filler
wit. fraction (Rahaman et al., 2019)

Volume resistivity, as a reciprocal of volume conductivity, decreases with increasing
filler concentration. At percolation threshold, a steep decrease in volume resistivity with
a small rise in filler content takes place. In other words, all the trends of volume
conductivity will occur in an opposite way as a function of filler content as illustrated
by Figure 2.

2.3. Piezoresistivity of CPC

Electrical properties of CPC respond to the mechanical deformation by virtue of which
their resistance or capacitance changes reversibly (Amjadi et al., 2014; Natarajan et al.,
2017). These materials convert stimuli of mechanical deformations (pressure, stress,
strain etc.) into electrical signals (Alamusi et al., 2011; Shintake et al., 2018). Their
electrical resistance or capacitance changes with external stimuli due to the induced
mechanical deformation that is retained on the removal of these stimuli (Gong & Zhu,
2014; Liu et al., 2018; Zheng et al., 2014). Such a reversible change of electrical
resistance of the materials carried out by mechanical deformation is called
piezoresistivity and the materials are said to be piezoresistive in nature. Hence,
electromechanical response is performed by the piezoresistive materials towards the
external mechanical deformation (Costa et al., 2017; D. Guo et al., 2019; Natarajan et
al., 2017).
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Deformation induced piezoresistivity of CPC is carried out by (i) the destruction of
conductive path (ii) change in the tunneling effect in the nanocomposites (iii) change
in the piezoresistivity of CNT (iv) change in geometry and orientation of fillers, and (v)
formation and the propagation of micro-cracks in the nanocomposites carried out by
the mechanical deformation (Amjadi et al., 2015; Canavese et al., 2012, 2014;
Georgousis, Pandis, Kalamiotis, et al., 2015; Vidhate et al., 2009; Zheng et al., 2014).
Piezoresistivity depends also on dimensionality and aspect ratio of conductive fillers,
filler concentration and viscosity, crystallinity and mechanical properties of the
polymer matrix (Natarajan et al., 2017; Selvan et al., 2016). It can be tuned by the
variation of filler concentration, their orientation, and selection of suitable polymer
matrix as per the mode of applications of nanocomposites. The composites with filler
concentration near to percolation threshold are more sensitive to the deformation due
to the less dense network and vice versa (Chen et al., 2007; Natarajan et al., 2017).
Generally, positive and negative type of piezoresistivity are observed depending on the
nature of deformation. Electrical resistance increases in positive piezoresistivity which
is performed by tensile deformation. Similarly, it decreases in negative piezoresitivity
which is exhibited by compressive type of deformation (Natarajan et al., 2017).
Quantified change of electrical resistance of CPC as a function of strain induced
deformation (mechanical) is useful to the strain sensitivity of these materials. In other
words, these materials can be integrated as strain sensors which become applicable in
wearable electronics and sensors, monitoring human health and body motion, structural
damage sensation etc. (Alamusi et al., 2011; Lee et al., 2017). CPC based strain sensors
work on the basis of principle of piezoresistivity and they are of low impedance with
low power consumption (Chen et al., 2007; Georgopoulou & Clemens, 2020). The
reason of piezoresistive effect of CPC is described on the basis of statistical percolation
model as follows (Chen et al., 2007).
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At percolation threshold, electrical conductivity of nanocomposites is given by (from

equation (1) stated above)
o~(P — Pc)t (3)
where, o = Conductivity of CPC
P = Filler fraction
Pc = Percolation threshold
t = Scaling factor

Similarly, the correlation length (&) between the adjacent filler particles at percolation

threshold is given by
§~(P—Pc)™” 4)
where, v = critical index

The same value, P — Pc is exponented to different power values in equation (3) and (4)
signifying the values of conductivity and the average distance between filler particles,
respectively. This is the reason behind the performance of piezoresistivity by CPC but
not that by metals and semiconductors (Alamusi et al., 2011; Chen et al., 2007).
Capacitive and resistive type of strain sensors are designed on the basis of deformation
induced change of electrical resistance and capacitance respectively (Shintake et al.,
2018; Xie et al., 2019). Capacitive strain sensors perform low sensitivity range in
comparison to that by resistive type of sensors (Amjadi et al., 2015; Shintake et al.,
2018). Capacitive sensors are useful mainly for thermal, biological and chemical
sensing purpose (Xie et al., 2019). Resistive type of strain sensors perform high
sensitivity with easy signal collection despite their high hysteresis (Niu et al., 2018;
Shintake et al., 2018). Deformation induced reversible change of electrical resistance
of CPC and their ability to transduce the deformations into electrical signals are the
basis to integrate them as strain sensors (Pissis et al., 2015; Shintake et al., 2018;
Vidhate et al., 2009; Yu & Kwon, 2009).

Highly ductile and deformable polymers and elastomers based nanocomposites
comprising of conductive nanocarbons with high aspect ratio are taken as suitable
piezoresistive materials for strain sensing and soft robotic applications (Canavese et al.,
2014; Guo et al., 2019; Hwang et al., 2013). CPC are deformable materials with

16



flexibility and easy processability which can be prepared in a cost effective way.
Deformability and flexibility of CPC can be tuned optimizing the filler concentration,
conditions of their preparation and selection of suitable polymer matrix (Canavese et
al., 2014; Qu & Wong, 2007). The percolated conductive filler network formed by the
incorporated conductive fillers into the polymer matrix is sensitive to the external
deformation stimuli such as strain, stress, pressure etc. High conductivity of the
nanocomposites at a low filler loadings is desired to minimize the mechanical hysteresis
of polymer matrices. In other words, low percolation threshold of CPC protects their
mechanical properties providing them with electrical conductivity and piezoresistive
sensitivity (Dubey et al., 2020). Flexibility and the elasticity are the fundamental
requirements for CPC to find their applications for strain sensing (Ryu et al., 2015).
Stretchability, conductivity and the sensitivity of the materials should be addressed at a
time for this goal (Georgopoulou & Clemens, 2020). Flexibility of these materials is
conferred by the corresponding polymer matrix whereas conductivity and the
mechanical properties can be tuned varying the concentration, aspect ratio and
orientation of conductive fillers. These composite materials can endure high strain
applied. The corresponding resistance change carried out by the strain induced
deformation of CPC will be reversible up to a certain extent due to their elastic
properties (Amjadi et al., 2015; Kumbay Yildiz et al., 2016).

CNT, the mostly used conductive nano-fillers are piezoresistive themselves and
perform outstanding electrical, mechanical and thermal properties in comparison to
other nanocarbons. Therefore, CNT are chosen as suitable conductive nano-fillers in
the preparation of piezoresistive materials applicable for strain sensing. MWCNT are
mostly preferred in this regard due to their high purity and low cost if compared to
single walled carbon nanotubes (SWCNT) (Knite et al., 2007; Wu et al., 2017). CNT
maintain the electrical conductivity of nanocomposites even under stretched condition
due to their own stretchability. They alone as well as in compounded state with elastic
and soft matrix can be integrated into strain sensors (Amjadi et al., 2015; Ryu et al.,
2015). Moreover, CNT compounded with an elastomeric matrix are found to perform
stable and reproducible electromechanical response with less vulnerability (Kumbay
Yildiz et al., 2016). Even graphene based strain sensors perform low stretchability
because of the brittle behavior of graphene sheets regardless their electrical
conductivity (Amjadi et al., 2014; Niu et al., 2018). Similarly, graphene based strain

sensors perform low sensitivity due to its zero band gap of graphene (Zhao et al., 2015).
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Piezoresistive flexible polymer/MWCNT nanocomposites can easily be prepared
compounding MWCNT with ductile and deformable polymer matrices (Alamusi et al.,
2011; Gau et al., 2009). Both filled and sandwiched type of composites, applicable for
strain sensors can be prepared using suitable polymer matrices and MWCNT. However,
strain sensors based on filled type of composites perform good mechanical properties
with ease of mass production and cost effectiveness (Chen et al., 2021). Higher strain
sensitivity (in micro level) can be achieved from polymer/MWCNT nanocomposites
than that from conventional strain gauzes (macro level) (Alamusi et al., 2011,
Ponnamma et al., 2014). Furthermore, the range of sensitivity of CPC based strain
sensors can be tuned varying the filler concentration, their orientation and choosing the
suitable polymer matrix (Hwang et al., 2013).

Flexible and stretchable strain sensors with their high sensitivity range are desired these
days to substitute the traditional strain sensors with low strain range (Amjadi et al.,
2014). CPC based on elastomers and the flexible thermoplastic polymers with high
elongation at break and easy processability can be the suitable candidates (Georgousis
etal., 2017; Vidhate et al., 2009). Flexibility and stretchability are not provided by the
traditional metal and semiconductors (rigid) based strain sensors which have a low
sensitivity range (Amjadi et al., 2014; Tang et al., 2015). Ceramics based piezoresistive
sensors are also reported, however, they are found brittle and costly with poor matrix
adhesion (Vidhate et al., 2009). Thus, electrically conductive CNT/ flexible polymer
nanocomposites based strain sensors can be the alternatives to the conventional strain
sensors (Amjadi et al., 2014; Ferreira et al., 2013). Easy deformation and higher
piezoresistive effect of CPC is required for the best strain sensing applications
(Narongthong et al., 2018). High aspect ratio of the conductive fillers and low loading
provides the high piezoresistive effect whereas soft and flexible polymer matrix
provides the easy deformation (Chen et al., 2007; Narongthong et al., 2018).
Thermoplastic elastomers (TPE) generally possess a low yield strain as well as a narrow
elastic region in comparison to the elastomers. However, they perform higher
sensitivity range (up to 50 %) strain of piezoresistive sensing than that of conventional
strain gauze (>5%) (Keetal., 2017; Wu et al., 2017) Due to the piezoresistive nature
of CNT, polymer nanocomposites reinforced by CNT also become piezoresistive in
nature. Hence, CNT filled CPC can directly be integrated into piezoresistive strain
sensors (Ciselli et al., 2010; Gau et al., 2009; Ryu et al., 2015). Individual CNT

perform linear piezoresistivity with mechanical strain whereas polymer/CNT
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composites exhibit non-linear exponential-like piezoresistivity as presented in Figure

3a and 3b respectively (Gau et al., 2009).

AR/R, (%)

Strain (%) ——

AR/Ryg (%) s

Strain (%) —0 oy

Figure 3: Schematic diagrams illustrating (a) linear piezoresistivity of CNT and (b) exponential-like
piezoresistivity of CPC (Gau et al., 2009)

The exponential-like piezoresistivity curve of the polymer/CNT composites is due to
the increased tunneling effect between neighboring CNT-particles during deformation
of the composites which causes the decrease in resistance of the nanocomposites to
some extent restricting its linear increment. Under deformed conditions, electron

tunneling becomes dominant in nanocomposites (Gau et al., 2009). Viscoelasticity of
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the polymer matrices causes the rearrangement of filler particles during deformation by
which tunneling effect increases controlling the linear increase of the relative resistance
change (4R/Ro) (Cravanzola et al., 2013).

Recovery of the initial resistance of nanocomposites becomes possible by the presence
of conductive filler network throughout the composites, and flexibility and
stretchability of polymer matrices. Hence, intrinsic piezoresistivity of CNT, tunneling
effects, deformability of individual CNT and that of conductive CNT network,
stretchability and flexibility of the polymer matrix are combined together in
piezoresistive effect of CPC (Cravanzola et al., 2013; Zheng et al., 2014). In other
words, conductivity of polymer/nanocarbons composites is piezoresistive in nature.
Electrical conductivity is similar to that of conventional metals and semiconductors
based strain gauzes, however, it additionally performs sensitivity towards external
mechanical stimuli due to piezoresistivity (Gong & Zhu, 2014).

Total electrical resistance of CPC can reversibly be varied applying external stimuli by
virtue of piezoresistivity (Chen et al., 2021). An overall change in resistance of CPC
depends on inter-chain contact of CNT in the conductive network which is a basis to
apply them in strain sensors (Vidhate et al., 2009). Change in electrical resistance of
CPC as a function of tensile deformation is measured quantitatively for the evaluation
of strain sensitivity. Stress-strain behavior of CPC and the relative resistance change
with strain applied are measured simultaneously (Georgousis et al., 2018). Hence,
AR/Ro of CPC, as a suitable candidates, find their applications to design resistive type
of strain sensors (Yu & Kwon, 2009).

2.4. Strain Sensing Behavior of CPC

Flexible and stretchable piezoresistive CPC are the suitable sensing materials for
different external deformation stimuli such as, stress, strain, pressure, etc. They can be
integrated into piezoresistive strain sensors whose sensitivity is established by the
quantified conversion of mechanical strain into electrical signals. They can be cost
effective and flexible new generation strain sensors (Alamusi et al., 2011; Almahri et
al., 2022; Selvan et al., 2016; Zhang et al., 2007). Poor stretchability and flexibility of
conventional metallic strain sensors can be compensated by the CPC based strain
sensors, maintaining their electromechanical stability even at high strain range
(Almahri et al., 2022; Amjadi et al., 2015). Deformation sensing performance of CPC

is due to the increased tunneling resistance and the decreased contacts between filler
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particles by which overall resistance of the composites increases (Ke et al., 2016).
Therefore, relative variation in electrical resistance of CPC, commonly called relative
resistance change (4R/Ro) is evaluated as a function of mechanical strain to investigate

the sensitivity of piezoresistive strain sensors as presented in Figure 4.
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Figure 4: Relative resistance change of polymer/CNT nanocomposites as a function of mechanical
strain with stress-strain curves (Georgousis et al., 2015)

AR/Romeasures the extent of piezoresistivity by which degree of sensitivity is provided
(Georgopoulou & Clemens, 2020; Georgousis et al., 2018; Wu et al., 2017). The entire
resistance of CPC is determined not only by the filler concentration, but also by network
density, correlation length between filler particles, properties of polymer matrix etc.
Therefore, 4R/Ro of nanocomposites changes due to the deformation induced
destruction of nanocomposites, tunneling effect and change in micro and nanostructure
of composites carried out by deformation (Georgousis et al., 2018; Zhao et al., 2017) .
It changes almost linearly at lower strain level which later increases exponentially as
shown in Figure 4.

Gauze factor (GF) which is the ratio of 4R/Ro to the strain (€) applied of a strain sensors
is evaluated to quantify the sensitivity of the sensors (Chen et al., 2021; Georgousis et
al., 2018). GF is calculated from the slope of exponential-like piezoresistive curve

obtained by plotting 4R/Rq versus strain (g) applied as presented in Figure 5.
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Figure 5: Calculation of gauze factor (GF) from piezoresistive curve of graphene/TPU foam (Liu et
al., 2017)

Despite the quantitative indication of sensitivity of piezoresistive strain sensors, GF
can’t provide the information about their applicable strain sensitivity range. The
product of GF and mechanical strain applied is taken for the evaluation of overall
performance of strain sensors (Georgopoulou & Clemens, 2020; Sang et al., 2019; Zhao
etal., 2017). i.e.

AR
R_O_ GF X ¢ (5)

where, i—g = Relative resistance change, GF = Gauze factor, € = Strain applied

Strain sensing applications of CPC is based on their piezoresistivity i.e. on the
quantified resistance change with respect to mechanical deformation carried out by the
loss of CNT connections (Sang et al., 2019). More smooth change in 4R/Ro is observed
in densely percolated (well above percolation threshold) nanocomposites. Sparse type
of conductive CNT-network is formed in CPC by the loose connection of CNT near
percolation threshold. Therefore, a minimum deformation makes CNT apart from each
other in the direction of stretching. On the other hand, an abrupt change occurs in the
nanocomposites filled with lower filler content (close to percolation threshold). High
piezoresistivity is performed by the CPC containing filler concentration close to
percolation threshold due to loose CNT connections. It means that a lower strain value
can cause a higher strain sensitivity in the nanocomposites with low filler concentration.

Such nanocomposites are applicable for low strain-sensing purposes. Similarly, the

22



densely filled nanocomposites with higher filler concentration can withstand higher
strain without failure of conductive filler networks the materials themselves. They can
be applicable for high strain-sensing purposes (Dhakal et al., 2022b; Georgousis et al.,
2015a; Narongthong et al., 2018).

Stable and reproducible resistance change may not be achieved from the
nanocomposites with filler concentration close to percolation threshold. This is due to
the sparse filler network which can be permanently destructed even at low strain.
Similarly, recovery of original resistance of nanocomposites after deformation in a
sparse network is low (Georgousis et al., 2017; Wu et al., 2017). Noisy electrical signals
are obtained from the CPC, close to the percolation threshold. Meanwhile, instrumental
drawbacks can be dominant while quantifying such a sensitivity. Even a very high
resistance change can be obtained while using CPC with filler concentrations near to
the percolation threshold. It can be out of range of measurements using the available

instruments (Sang et al., 2019).
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Figure 6: Schematic illustration of piezoresistive sensitivity of CNT filled CPC close to and above
percolation threshold (Pc)

An abrupt (close to percolation threshold) and a smooth (above percolation threshold)
resistance change is illustrated in Figure 6. Inter-particle distance of CNT overcomes
the tunneling distance soon (illustrated by red circles). There will be a very low
probability for the formation of alternative conductive pathways with the deformation.

These phenomena are the reasons for an abrupt increase of electrical resistance.
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Moreover, dense filler networks and the corresponding deformation induced smooth
resistance change are also illustrated in Figure 6. Higher probability of formation of
new conductive pathways (illustrated in Figure) and the maintenance of tunneling
distance due to higher concentration of CNT are the reasons for a smooth increase in
resistance. The detached CNT due to deformation immediately connect to other CNT
forming new conductive paths. Similarly, CNT which can’t maintain the tunneling
distance to each other may maintain that distance with neighbouring CNT particles.
Therefore, linear part of piezoresistive curve as well as a smooth increment of resistance
change can be clearly observed.

Stress-strain behavior of polymer matrix used for the preparation of CPC is correlated with
the AR/Ro of the composites over a range of mechanical strain. Therefore, stress-strain
behavior of polymer matrix deserves a significance in this regard. Percolation threshold
and volume resistivity of CPC provide the information about the formation of conductive
pathway throughout the composites and their electrical conductivity. However,
deformation of CPC and the deformation induced CNT disconnection, their reorientation
and resistance change depends also on mechanical toughness of the polymer matrix. In
other words, piezoresistivity and the piezoresistive strain sensing behavior of CPC depends
on the toughness of CPC. Therefore, piezoresistivity of CPC differs from matrix to matrix
under same experimental conditions and filler concentration. E.g. Elastomers based CPC
are more susceptible to mechanical deformation than TPE based CPC. Similarly,
Thermosets based CPC are less susceptible to mechanical deformation than TPE based
CPC (Ke, 2016).

24



(Tensile Yield Strength)

_—

e Yield Point Ultimate Strength

Rupture Point
Elastic Region '

Stress (Mpa) ———

<«—— Plastic Region —>

Yield Elongation .
Ultimate Elongation \

Strain (%) ——
Figure 7: Typical stress-strain behavior of thermoplastic elastomers (Ke, 2016)

Typical stress-strain plot of a thermoplastic elastomer is presented in Figure 7. It
involves an elastic region followed by a plastic region with strain yield point. After
yield point, the corresponding stress value decreases as shown in Figure 7.(Kai-Ke,
2016). Reversible deformation of conductive network and piezoresistivity of TPE based
CPC can be obtained only below yield point. 4R/Rq increases in a linear way in elastic
region whereas it increases faster in exponential manner till the failure of the material
(Georgousis et al., 2018; Pissis et al., 2015).

Strain sensitivity and deformability only are not the sufficient characteristics for CPC
for their strain sensing applications. Strain dependent resistance change of materials
and its stability and repeatability over a range of strain is necessary in this regard. It is
investigated by continuous strain cycles in cyclic strain experiment (dynamic cyclic
test) (Jietal., 2014; Liu et al., 2021; Zhang et al., 2013). Mostly, equal tensile speeds
are employed in piezoresistive experiement and cyclic strain experiment for the
comparative analyses. Occurence of a stable and repeatable electromechanical response
of CPC upto a number of cycles is expected. A consistent and stable AR/Ro value as a
function of mechanical strain applied over a range of strain confirms the excellence of
materials for strain sensing applications (Christ et al., 2017; Georgopoulou & Clemens,
2020). Fitting of 4R/Ro with the mechanical strain and its repeatability in a number of

cycles is investigated.
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In cyclic strain experiment, electrical resistance of TPE based CPC is not fully
recovered during strain unloading process i.e. R/Ro # 1 after unloading. It is reported
that R/Ro = 1 for an ideal strain sensor. In other words, conductive CNT-network can’t
be reformed completely during unloading. Full recovery of the resistance of these CPC
is limited by hysteresis effect which is carried out by the process of energy dissipation
in which reconstruction of conductive network is partially hindered. Repeatedly applied
strain to the CPC carries out a semi-permanent type of change in the conductive filler
network and the composite microstructures (Cetin & Karahan Toprakci, 2021; Christ
et al., 2017; Kumar et al., 2019; Liu et al., 2015; Liu et al., 2021; Zhang et al., 2013).
Therefore, resistance recovery in a cyclic strain experiment is related not only to the
removal of mechanical strain, but it is a time dependent phenomenon (Zhang et al.,
2013). In the first few cycles, the amplitude of resistance change goes in decreasing
manner. Such an amplitude decay of electrical resistance is stabilized after a few cycles
(Sang et al., 2019). Several constructions and destructions of conductive paths balance
each other after several loading and unloading processes. Hence, resistance change
drifts less and stabilizes with higher number of cycles. Rearrangement of polymer
chains occurs at higher number of cycles to minimize the strain induced deformation
called strain softening that leads to the stability of resistance change (Christ et al., 2017;
Georgopoulou & Clemens, 2020; Kumar et al., 2019; Liu et al., 2021; Xiang et al.,
2019; Zhang et al., 2013).

In case of thermoplastic elastomers based CPC, single peak resistance response is
observed only at lower strain range (mostly below 5 % strain) whereas second peaks
called shoulder peaks are also observed at higher strain values as shown in Figure 8
(Christet al., 2017; Kumar et al., 2019; Zhang et al., 2013). The first peak is due to the
increase in electrical resistance called positive piezoresistive effect and carried out by
the breakdown of the conductive network and increasein tunneling distance (Liu et al.,
2015). Development of second peaks in this experiment is not a separate phenomenon
which is generally performed by thermoplastic elastomers and rubber composites.
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Figure 8: Cyclic strain test of polyurethane-urea/MWCNT composites (Zhang et al., 2013)

Mechanical hysteresis causes the destruction of the conductive network whereas the
retraction of polymer chains attempt for its reconstruction. Two opposite competitive
phenomena i.e. destruction of old conductive pathways and the reconstruction of new
conductive pathways during loading and unloading cycles of this experiment occurs,
respectively. A full retraction of the polymer chains to reform the conductive pathways
is not possible by which the network is partially destroyed and the resistance increases
even in unloading process that produces the shoulder peaks (Xiang et al., 2019). As
shown in Figure 8, strain is loaded continuously up to a certain value and unloaded to
zero value. Zhang et al. has provided an interval of 6 seconds at the end of unloading
of each cycle for the relaxation of stretched specimen (Zhang et al., 2013). This time
interval can be altered in various experiments. Meanwhile, relaxaion time can be
provided at the end of every unloading and loading in each strain cycle.

Unloading process is also performed in a similar way to that of loading process (Zhang
et al.,, 2013). At higher strain values in each cycle, 4R/Ro does not compulsorily
decreases during unloading. It is observed that the resistance decreases to certain
minima at the begining of strain unloading and increases before the next cycle which is
the reason to appear shoulder peaks (Christ et al., 2017; Liu et al., 2021; Zhang et al.,
2013). A single-peak resistance response of the materials is desired for their strain
sensing applications. However, shoulder peaks are negative piezoresistive response
which can also be taken as strain sensistivity in opposite direction (Christ et al., 2017,
Kumar et al., 2019; Salaeh et al., 2020).
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The possible mechanism of stretching and relaxation of CPC during cyclic strain
experiment is illustrated in Figure 9.

Original state: The original (strain unloaded) state corresponds to have a conductive
network formed by CNT-CNT connections with some tunneling distance maintained
(red encircled). Multiple conductive paths formed by end to end connections of CNT

as well as electron tunneling contribute to the conductivity of CPC in this state.

Original state

Stretching Strain loaded state

Strain unloaded state

Figure 9: Schematic illustration of change of microstructures of CPC during cyclic strain experiment
(Liu et al., 2015, 2018)

Strain loaded state: During tensile stretching (strain loaded state), CNT connections are
lost (red encircled). Meanwhile, new CNT connections are formed (blue encircled)
producing new conductive pathways. At lower strain values, the disconnected CNT
particles can maintain the tunneling distance between them as well as with the
neighbouring CNT particles which contribute to the electrons-tunneling induced
conductivity of CPC. Therefore, a linear and smooth resistance change occurs at such
lower mechanical strain. At higher strain values, both the loss of CNT connections and
inter-particle distance (greater than tunneling distance) contribute to an abrupt
increment of electrical resistance.

Strain unloaded state: The applied mechanical strain is removed in this state by which
a slightly different conductive CNT-network can be developed. New conductive
pathways and the new CNT-to-CNT gaps (red encircled) are developed. As mentioned
previously, TPE based CPC suffer from hysteresis effect by which original value of
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resistance (Ro) is not retained. Hence, amplitude of resistance change decreases (also
called resistance decay) in first few cycles in this experiment.

Each strain cycle goes through strain loading and unloading as mentioned above.
Repeatedly applied strain loading and unloading stabilizes the resistance amplitude due
to Mullin’s effect and strain softening (Salaeh et al., 2020).

2.5. Crosslinking CPC by Electron Beam (EB) Irradiation
Structural modification and the change in properties of neat polymers, polymeric

materials and rubber can be carried out by the irradiation of ionizing type of radiation.
Electron beam (EB) and the gamma radiation are the mostly used ionizing radiations
(Clough, 2001; luliano et al., 2020; Kobayashi et al., 2013). They are irradiated to the
materials mainly for crosslinking and sterilization (Clough, 2001; Madera-Santana et
al., 2016). EB irradiation is used as an advanced technique these days for the processing
of polymeric and rubber materials such as medical and packaging materials, aircraft
cables, emulsions, acrylates, tires etc. (Clough, 2001). Even the packaged materials can
be processed by this method by which undesired degradation of materials can be
controlled (Haji-Saeid et al., 2007). This method is taken as a green and comparatively
faster method for the processing of polymeric materials in industrial level because it
involves no additives and leaves no chemical residues which is not possible in other
methods such as sulphur crosslinking, peroxide crosslinking etc. It can also be carried
out at room temperature and provides green strength even to uncured rubber (Choi et
al., 2013; Chongcharoenchaikul et al., 2022; Clough, 2001; Dubey et al., 2020; Haji-
Saeid et al., 2007; Hwang et al., 2010; luliano et al., 2020).

Radiation induced crosslinking provides homogeneous crosslinking throughout the
irradiated materials (Chaudhari et al., 2012). Moreover, this method consumes low
energy, requires no radioactive source to operate and it can be controlled during the
operation in terms of duration and dose of irradiation. Comparatively, higher irradiation
dose than that by gamma radiation, in a changeable mode can be applied using electron
beam. Processing of a material can be carried out under selective conditions. Therefore,
the exact conditions and the irradiation dose required for a particular processing can be
experimentally determined. It is well accepted processing method with high curing
capacity, however, EB performs less penetrating capacity in comparison to gamma
radiation (Clough, 2001; luliano et al., 2020; Kobayashi et al., 2013; Lappan et al.,
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2001; Zhao et al., 2020). Meanwhile, it possesses higher throughput efficiencies than
gamma radiations (Haji-Saeid et al., 2007).

EB irradiation leads to the formation of covalent bonds between the chains of polymer
without any additives due to which chain mobility of the polymers is controlled. When
EB is irradiated to the polymers, reactive intermediates are formed which on excited
state causes the rearrangement of the polymer chains and formation of covalent bonds
(Clough, 2001; Haji-Saeid et al., 2007). This method of crosslinking is applicable even
to the polymers without active functional groups for the chemical reaction. The
polymeric materials crosslinked by EB irradiation have superior properties and can find
advanced applications. It is reported that styrene butadiene rubber (SBR) crosslinked
by EB irradiation performed better wear properties and ozone resistance in comparison to
SBR crosslinked by Sulphur (Clough, 2001).

EB irradiation on polymeric materials carries out two major phenomena. They are chain
scission and crosslinking of polymers. Chain scission leads to the degradation of
polymers at higher dose by which molecular weight (MW) of the polymers decreases
causing the decrease in melting point, thermal stability, mechanical strength etc.
(Clough, 2001; Haji-Saeid et al., 2007; Zhao et al., 2020). On the other hand,
crosslinking of polymers by EB irradiation leads to increase in MW and changes in
physicochemical properties. Generally, decreased elongation at break, crystallinity,
solubility etc. and increased tensile strength, elastic modulus, melt-viscosity etc. of the
polymers are carried out by the irradiation induced crosslinking (Choi et al., 2013;
Clough, 2001; Haji-Saeid et al., 2007; Rzepna et al., 2018; Zhao et al., 2020).
Crosslinking of the irradiated materials occurs dominantly under reduced pressure and
inert gas atmosphere (luliano et al., 2020). Advantages of EB irradiation induced
crosslinking are outlined as follows (Dubey et al., 2015).

> Electron tunneling and hopping rate will be higher with higher network density

» The polymer chains will be less flexible and inter-chain slippage will also decrease
which can withstand more strain

» Dynamics of filler aggregation is also changed in which disaggregation and re-
aggregation dynamics occurs. It leads to increase the gauge factor (piezoresistive
sensitivity) of electrically conductive polymer nanocomposites and significantly

changes their electromechanical response
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Biodegradable copolyesters are mostly crosslinked by the method of EB irradiation. A
successful and irradiation dose dependent crosslinking of PBAT and its
nanocomposites by EB irradiation is reported in the literatures (luliano et al., 2020;
Rzepna et al., 2018; Zhao et al., 2020). Although PBAT is commercialized as a
biodegradable packaging materials, it is being researched for advanced applications
after modification (Rzepna et al., 2018). PBAT is resistant to EB irradiation to some
extent because of the presence of an aromatic ring in its butylene terephthalate (BT)
segment, however, irradiation induced crosslinking occurs via ester bond present in
butylene adipate (BA), an aliphatic segment (Burillo et al., 2007; Gonzalez Seligra et
al., 2016; Rzepna et al., 2018). Inter and intra-chain free radical mechanism of EB
induced PBAT crosslinking and the corresponding species are as in Figure 10.
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Figure 10: Mechanism of electron beam irradiation induced crosslinking of PBAT (Khatiwada et al.,
2019; Rzepna et al., 2018)

Minor degradation of PBAT during EB irradiation is also reported (Choi et al., 2013;
Hwang et al., 2010; Rzepna et al., 2018) however, crosslinking and chain scission

balance each other at higher irradiation dose. Aromatic domain of PBAT partly
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participates in radiation effects (luliano et al., 2020). Table 2 summarizes the PBAT
and PBAT/PLA based blends and composites irradiated with EB.

Table 2: List of EB irradiated PBAT, PBAT/PLA blends and the related composites

S.N. Materials Thickness Dose (kGy) | Remarks Reference

1. | PBAT/PLA 120 um 5,13, 26 More ductile at higher | (luliano et al.,
Blends-film dose, no change in | 2020)

barrier properties

2. | PBAT/PLA >20 mm 10, 40,90 | Crosslinking at 10 and | (Malinowski et
Blends-film 40 kGy, material al., 2020)

degradation at 90 kGy,
PBAT is less
susceptipble due to
aromatic domain
(protective effect)

3. | PBAT and - 20-200 Crosslinking (Choi et al.,
PBAT/POSS (PBAT:17% and 2013)

PBAT/POSS: 61% at
200 kGy)
4. | PBAT and 0.5 mm 25-100 decrease in elongation | (Zhao et al,,
PBAT/PLA at break 2020)
Blends-films
5. | PBAT-film 130 um 20-200 Crosslinking (52% at | (Hwang et al.,
200 kGy ), decreased | 2010)
elongation at break and
increased tensile
strength  (at higher
doses)

6. | PBAT-film - 0-200 Change in elongation | (Rzepna et al.,
at break at higher dose | 2018)

POSS: polyhedral oligomeric silsesquioxane

In polymer/CNT nanocomposites, degree of crosslinking can increase also with the
CNT concentration. This is because of the absorption of energy of radiation by the CNT
particles. Meanwhile, reinforcement of polymer/CNT nanocomposites by the filler
particles checks the reorientation of polymer chains, Filler particles may form physical
and chemical crosslinks on the chains of polymer leading to the immobilization of
polymer chains (Chaudhari et al., 2012).
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2.6. Biodegradable CPC

Polymers and polymeric materials have become a part of our daily life which is because
of their low weight, cost effectiveness, better processability, mechanical performance,
and variability of the physical properties. Meanwhile, they can be benefitted from
different aspects such as materials design, synthetic routes, methodologies etc. This is
due to their better proceessability by which they can be modified into different
polymeric micro and nanomaterials. Therefore, more than 250 metric tons plastic
products are produced annually in the world to meet the daily requirements of human
life (Dil et al., 2020; Gan et al., 2004; Li et al., 2015; Liu et al., 2022; Tran et al., 2019).
Such a large volume of plastics and plastic based products is causing waste disposal
crisis and environmental problems (Gan et al., 2004; Sirisinha & Somboon, 2011).
Meanwhile, it causes aquatic and marine pollution badly affecting the ecology. It is
estimated that the fish population in the ocean will be exceeded by the plastic products
by 2050 (Barron & Sparks, 2020). On the other hand, technological advancement is
making the useful age of electronics shorter these days. The electronic gadgets become
obsolete shortly and get replaced by their superior model successors of new generation
(Guo et al., 2020a; Qazi et al., 2020; Silva et al., 2021). It is causing the problems of
electronic waste (e-waste) ultimately leading to environmental, land and aquatic
pollution (Guo et al., 2021; Liu et al., 2019). Non-degradable polymers, harmful
chemicals and heavy metals are being released to the environment from e-wastes (Liu
etal., 2019). Hence, mitigation as well as eradication of plastic and e-waste pollution
is an urgent task in the world. It is possible by the development and promotion of
bioplastics and biodegradable and biocompatible polymers to substitute the existing
petro-based non-degradable commodity plastics (Deshmukh et al., 2017; Guo et al.,
2020a; Qazi et al., 2020).

Biodegradable polymers undergo microbial and enzymatic degradation under
environmental conditions from which bi-products, harmless to the environment are
produced during their degradation (Han et al., 2022; Liu et al., 2022). They undergo
the change in chemical structure and properties under environmental conditions (Qazi
et al., 2020). Otherwise, polymers require up to 1000 years and even more for
degradation. Similarly, promotion of advanced degradable polymeric materials, finding
their applications in stretchable and flexible electronics is the strategic solution to

overcome the problem of e-wastes. Multifunctional polymeric materials with
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degradability, flexibility along with electrical conductivity are required in this regard.
Biodegradability of polymeric materials is the most to address the global environmental
and e-waste problems. However, biodegradability, low density, flexibility and electrical
conductivity of same materials at a time is a challenge (Guo et al., 2021; Kumar et al.,
2012; Soares et al., 2020; Tran et al., 2019).

If electrical conductivity is provided to a biodegradable, flexible and stretchable
polymer, they can replace the conventional rigid, metal based conductors and semi-
conductors. Most of the biodegradable polymers are found to be biocompatible as well.
Therefore, flexible polymers with required electrical conductivity find their
applications not only in electronics but also in biomedical field (Liu et al., 2019).
Commercially available biodegradable polymers are applicable in electronics and
sensors which can compete with the traditional non-degradable petro-based polymers.
However, these polymers are limited to apply in electronics, actuators and sensors due
to the lack of electrical conductivity (Dil et al., 2020; Qazi et al., 2020; Tran et al.,
2019).

These materials can easily be prepared introducing the electrically conductive inorganic
fillers into biodegradable polymers along with their flexibility and stretchability.
Biodegradability and better mechanical performance of the resulting nanocomposites
are provided by the matrix whereas electrical conductivity is provided by the inorganic
fillers incorporated into them. Elastic inorganic fillers like CNT partially contribute to
the enhancement of mechanical properties of nanocomposites. Electrically conductive
bio-nanocomposites using eco-friendly polyesters find their applications in flexible
electronics, sensors, actuators, transistors, EMI-shielding, optoelectronics etc.
Biodegradable polymers and biopolymers based electronics is a long awaited agenda
for advanced level research (Dil et al., 2020; Qazi et al., 2020; Tran et al., 2019).
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Table 3: List of some biodegradable/biocompatible polymers

S.N. | Type Name Remarks Reference
Cellulose, alginate, collagen, silk, | Insulators, (Han et al.,
1. Natural shellac, gelatin, chitosan, chitin etc. | biodegradable 2022; Liu et
and biocompatible | al., 2021)
Polyvinyl alcohol (PVA), (Barron &
polydimethylsiloxane (PDMS), Insulators, Sparks, 2020)
poly (lactic acid) (PLA), biodegradable (Gan et al.,
poly (caprolactone) (PCL), poly(3- | and/or 2004; Han et
2. Synthetic hydroxybutyric acid) (PHB), biocompatible al., 2022;
polymers poly (lactic-co-glycolic acid) Sirisinha &
(PLGA), Polyhydroxy alkanoates Somboon,
PHA), polybutylene succinate 2011)

PBS), polyuraethane (PU),
poly(acrylic acid) (PAA),
thermoplastic starch (TPS),
poly(butylene adipate-co-
terephthalate) (PBAT) etc.

3. Synthetic and | Poly (glycerol sebacate) (PGS), poly | Insulators, (Guo et al.,
thermosetting | (octamethylene maleate citrate) | Covalent 2021)
polymers (POMaC) etc. crosslinking

structure,
difficulties in
processing

Smart and intelligent materials can be prepared using biodegradable polymers (B.
Kumar et al., 2012). Natural and synthetic biodegradable polymers and their major
characteristics are summarized in Table 3.

There are varieties of natural sources of degradable polymers as listed in Table 3,
however, natural sources based polymers perform poor mechanical and processing
properties (Li et al., 2015). Aliphatic polyesters are biodegradable polymers which are
more susceptible to hydrolysis and thermal degradation and perform poor mechanical
performance. E.g. poly(lactic acid) (PLA), poly(butylene terephthalate) (PBT), poly(3-
hydroxy butyrate) (PHB), poly(butylene succinate) etc (Chivrac et al., 2006; luliano et
al., 2020; Rzepna et al., 2018). Similarly, there are aliphatic-aromatic copolyesters
which are synthetic copolymers comprising both aliphatic and aromatic segments. They
are prepared by introducing the corresponding aromatic unit into aliphatic unit.
Resulting aromatic-aliphatic copolyesters, thus, possess the combined properties of
both aliphatic and aromatic polyesters. The aromatic groups always have better thermal
and mechanical properties. Hence, the combination of aromatic and aliphatic units in a

same backbone of a polyester improves the physical properties of copolyesters keeping
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their biodegradability (Chivrac et al., 2006; Cranston et al., 2003; Fukushima et al.,
2012; Gan et al., 2004; Rzepna et al., 2018). Cost effective random copolymers can be
prepared by this approach whose physical properties can be tuned varying the molar
fraction of aromatic and/or aliphatic units (Gan et al., 2004). Biodegradability of the
copolyesters depends on the content of aliphatic part whereas physical and thermal
properties depend on aromatic part (Chivrac et al., 2006). Poly(butylene adipate-co-
terephthalate (PBAT), poly(hydroxyl butyrate-co-valerate) (PHBV) etc. are aromatic-
co-aliphatic copolyesters in which aromatic and aliphatic units are arranged in an
alternate manner (Fukushima et al., 2012; Mochane et al., 2020; Pokhrel et al., 2021;
Rzepna et al., 2018; Zhang et al., 2019).

PBAT is a 100% degradable and biocompatible aromatic-aliphatic copolyester which
undergoes both enzymatic and hydrolytic degradation (Ferreira et al., 2019). It
performs better physical properties than most of other degradable polymers due to
which it finds applications in diverse fields like packaging materials, biomedical
devices, electronics and sensors etc. (Pinheiro et al., 2017). Degradation process of
PBAT is comparatively, a long process (~4 months) which is due to the presence of
aromatic ring. However, it can be tuned by the variation of molar ratio of aliphatic and
aromatic parts of PBAT molecule.

Natural fillers and polymers based PBAT composites and blends possess a higher
degradation rate (Ferreira et al., 2019; Gonzéalez Seligra et al., 2016; Rzepna et al.,
2018). Figure 11 presents the soil burial test of biodegradability of PBAT, PBAT/PLA
blends and PLA for 4 months.

PLA

|

0 month 1 month 2 months 3 months 4 months
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Figure 11: Soil burial test of biodegradability of PBAT, PBAT/PLA blends and PLA (Weng et al.,
2013)

CNT are the highly preferred nano-fillers to prepare flexible and stretchable CPC than
metal particles as well as other carbon fillers. It is because of their high availability,
low density, flexibility and outstanding mechanical, electrical, and thermal properties.
MWCNT also contribute to improve the flexibility of the nanocomposites to which they
are incorporated because of their own flexibility and elasticity (Qazi et al., 2020). In
this way, PBAT and PBAT/PLA blends will best pair up with MWCNT to prepare
biodegradable, flexible and stretchable CPC.

It seems that both problems of plastic waste management as well as electronic waste
(e-waste) are prevalent these days. Commercially available biodegradable polymers
like PLA, PBAT and their blends have not been researched in the direction of their
applications in degradable electronics and sensors. They are mostly used to prepare the
packaging materials. On the other hand, flexible electronics and sensors are mostly
fabricated using non-degradable synthetic and petroleum based polymers. There is a
research gap to use biodegradable polymers to fabricate flexible and degradable
electronics. In this way, study of feasibility of using degradable polymers to prepare
eco-friendly electronics and sensors and the promotion of these materials should be the
future direction of research.
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CHAPTER 3
3. MATERIALS AND METHODS

The starting materials i.e. polymer matrix and conductive nanofillers used for the
fabrication of nanocomposites and their structure and physical properties will be
discussed in this chapter. Moreover, the scheme, procedure and the conditions of
sample preparation will be summarized. Similarly, characterization techniques,
instrumental detail, calibration and the conditions for the measurements will be

discussed in this chapter.

3.1. Materials

3.1.1. Poly(butylene adipate-co-terephthalate) (PBAT)

Poly(butylene adipate-co-terephthalate), a commercial product of BASF, Germany
with the trade name ‘Ecoflex FBX7011” was used in this work as a polymer matrix. It
is an aromatic-aliphatic copolyester whose most of the physical properties resemble to
that of low density polyethylene (PE-LD). It is composed of BA and BT units
comprising 44 and 56 mole-% of a PBAT molecule, respectively. PBAT is a copolymer
of BA and BT units due to which, it is also represented as P(BA-co-BT). Presence of
aliphatic unit in PBAT makes it biodegradable, while aromatic units in the same
copolymer imparts novel and high performance properties. The structure of PBAT is
presented in Figure 12 where x and y are the degrees of polymerization of polyester of

dimethyl terephthalate and polyester of adipic acid, respectively.
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Figure 12: Chemical structure of PBAT (Gonzalez Seligra et al., 2016; Jian et al., 2020).

Biodegradability of PBAT makes it deserving candidate for replacing the traditional
commodity plastics and the corresponding materials to address the existing global
environmental and waste management problems. Biodegradability, high elongation at
break, flexibility, water and heat resistance of PBAT are the motivational factors to use
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it as a polymer matrix in this research work. Physical properties of PBAT according to

data sheet are presented in Table 4.

Table 4: Physical properties of PBAT according to the data sheet

Properties Values
Molecular weight (My) 150,000 g/mole
Melting point (Tm) 120 °C
Glass transition temperature (T) -30°C
Density 1.27 g/cc
Melt flow 4.9 g/10 minutes

3.1.2. Multiwalled carbon nanotubes (MWCNT)
MWCNT, Nanocyl NC7000™ from Nanocyl S.A., Belgium were used as conductive

nanofillers. MWCNT is preferred as a conductive nanofillers because of their high
aspect ratio, good mechanical properties, high thermal stability and electrical
conductivity, and low density. Physical properties (from datasheet) of MWCNT used

in this work are presented in Table 5.

Table 5: Physical properties of MWCNT according to the data sheet

Properties Values
Diameter (average) 9.5nm
Length (average) 1.5 um
Purity 90 %

3.2. Methods of Sample Preparation

Solution casting and melt-mixing are commonly used methods in the fabrication of
polymer/CNT composites. In this work, melt-mixing followed by compression
moulding methods were employed to fabricate the PBAT/MWCNT nanocomposites
and prepare the composite plates, respectively. Melt-mixing is a cost effective and,
solvents and chemicals free method, commonly employed to prepare polymers/CNT
composites in industrial scale (Ke et al., 2012). This method is suitable to prepare
polymers/CNT composites with higher concentration of CNT (beyond percolation
threshold) in comparison to solution casting method. Comparatively low CNT-
aggregation and a good matrix-filler interfacial adhesion can be achieved by this
method which provide enhanced tensile mechanical properties to the composite

materials. Cavitation and voids formation in the composites at higher filler
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concentration occur during solvent removal procedure of solvent casting methods.

These limitations can be overcome adopting the non-toxic and environment friendly

melt-mixing method to prepare electrically conductive polymer/CNT nanocomposites
(Bhawal et al., 2019; Ke et al., 2012).
The processes of melt-mixing and compression moulding to prepare PBAT/MWCNT

nanocomposites are illustrated in Figure 13a and 13b, respectively.

PBAT granules Drying (80 °C, 24 hours)

Thermo Scientific™ Vacutherm

Drying (120 °C, 24 hours)

Melt-mixing

[

(180 °C, 200 rpm, 5 minutes)

Melt-extruded

MWCNT

Pieces of melt-extruded
composite strands

Thermo Scientific™ Vacutherm

Drying (80 °C, 24 hours)

DSM15,

composite strands

Xplore

180 C, 1 kN, 1 minute

—

Thermo Scientific™ Vacutherm

»

Compression moulding

Otto-Paul Weber PW40EH

Figure 13: Illustration of (a) melt-mixing and (b) compression moulding for the preparation of

PBAT/MWCNT nanocomposites

The granules of PBAT were dried (at 80 °C) using vacuum oven (Thermo Scientific™

Vacutherm, Thermo Fisher Scientific Inc.). Melt-mixing of polymer with MWCNT was

carried out using DSM15 (Xplore Instruments BV, Sittard, The Netherlands) a twin-

screw micro compounder while, compression moulding was carried out by PW40EH

hot press (Otto-Paul-Weber GmbH, Remshalden, Germany).
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3.3. Measurement Techniques
3.3.1. Microscopic Techniques
Transmission light microscopy (TLM), scanning electron microscopy (SEM), and
transmission electron microscopy (TEM) were used to investigate the fillers
agglomeration, morphology (surface), and the dispersion of fillers throughout the
polymer matrix and composite microstructure, respectively. These characterization

were conducted at Leibniz-Institut fir Polymerforschung (IPF) Dresden e.V., Germany.

Transmission light microscopy (TLM): BH2 microscope in combination with DP71
camera (Olympus Deutschland GmbH, Germany) in transmission light mode was used
for TLM. A thin section (5 pm thick, -30 °C, liquid N2) of PBAT/MWCNT
nanocomposites cut from the melt extruded strand using RM2265 microtome (Leica

Mikrosysteme Vertrieb GmbH, Bensheim, Germany) was taken for this investigation.

Scanning Electron microscopy (SEM): A scanning electron microscope (Ultra plus
microscope, Carl Zeiss GmbH, Germany) was used to investigate the surface
morphology of fractured (cryo) surfaces of PBAT/MWCNT nanocomposites. The
sample specimens, prepared by breaking the composites (in liquid nitrogen) and sputter
coating their fractured surfaces with platinum thin film (~80 nm) were used.
Furthermore, another set of composite samples were characterized using next scanning
electron microscope (Carl Zeiss Ultra plus microscope in combination with a SE2
detector) with the voltage of 3 kV. The strands of melt-extruded composites were cryo-
fractured (in liquid nitrogen) and the surfaces were sputter-coated with platinum
(thickness: 30 nm).

Transmission Electron microscopy (TEM): Filler dispersion and the nanocomposites
microstructures were investigated by transmission electron microscopy using TEM,
LIBRA-120, Carl-Zeiss GmbH, Oberkochen, Germany, a transmission electron
microscope with acceleration voltage of 120 kV. Ultra-thin sections (thickness: ~50
nm) of nanocomposites, cut using an ultra-microtome (at —100 °C) were used for this
investigation. Another set of composites were investigated using TEM LIBRA-200MC
(Carl-Zeiss, Oberkochen, Germany), a TEM microscope. Thin sections (thickness: 60
nm) of the composites were cut using an ultramicrotome EM UBG6/FC6 (Leica, Austria)
at -160 °C and the sectioning speed of 2 mm/s. Carbon filmed Cu-grids were used the
sectioning in DMSO medium.
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3.3.2. Spectroscopic Technique

Fourier transform infrared (FTIR) spectroscopy was employed to investigate the
structure of PBAT/MWCNT nanocomposites. FTIR spectra of nanocomposites and
polymer matrix were measured in the wavenumber range of 4000-500 cm™ with the
resolution of 10 cm™ in attenuated total reflectance (ATR) mode of a FTIR-2000
spectrometer with diamond crystal (Perkin Elmer). FTIR spectra were measured at

Polymer Service GmbH Merseburg (PSM), Germany.

3.3.3. Tensile Test

Tensile mechanical test was performed to investigate the deformation behavior of
PBAT/MWCNT nanocomposites. Zwick/Roell 1456 tensile machine (ZwickRoell
GmbH & Co. KG, Ulm, Germany) located at Leibniz-Institut fiir Polymerforschung
(IPF) Dresden e.V., Germany was used to investigate stress—strain behavior of
PBAT/MWCNT nanocomposites and neat PBAT. Five different compression moulded
plate specimens (dog bone-shaped, length: 50 mm thickness: 0.5 mm, length and width
of parallel parts: 12 and 2 mm) of each type of nanocomposites were measured and the
mean values are reported. Tensile speed of 1 mm/minute (at low-strain range) and 50
mm/minute (at high-strain range) at 23 °C were employed for these measurements.
3.3.4. Microhardness Measurements

Microindentation test was performed to assess the deformation behaviour of
nanocomposites under the influence of low load (up to 300 mN). Microhardness of the
nanocomposites was measured at Polymer Service GmbH, Merseburg, Germany using
Fischerscope H100C microhardness tester with a Vickers diamond indenter
(pyramidal) (Helmut Fischer GmbH, Sindelfingen, Germany). Compression moulded
plate specimens (1x1 cm? and 0.5 mm thick) were used for indentation to make the
measurements of loads (F) versus indentation depth (h). Five different measurements
were taken by the indentation at different positions of the specimens applying a force
of 300 mN at the rate of 15 mN/second in each loading and unloading cycles at 23 °C.
Average parameters of surface hardness i.e. Martens hardness (HM), indentation
modulus (Eir), maximum indentation depth (hmax) and work of deformation were
calculated from the measured data. Different parameters of the work of deformation i.e.
elastic and plastic work of deformation (We and Wp), total work of deformation (W; =
We + Wp) and the work ratio (We/ W,) were calculated.
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3.3.5. Electrical Measurements

Electrical volume resistivity and piezoresistivity of the nanocomposites were measured
also at Leibniz-Institut fir Polymerforschung (IPF) Dresden e.V., Dresden, Germany.
Volume Resistivity: An electrometer, Keithley E6517A (Keithley Instruments, Solon,
USA) in combination with Keithley 8009 (Keithley Instruments, Solon, USA) was used
to measure the volume resistivity >10" Q-cm. Similarly, the same electrometer, in
combination with a 4-point test fixture (with 1 cm apart gold electrodes and 1.6 cm
apart source electrodes) was used to measure the volume resistivity <107 Q-cm.
Compression moulded plates of composite (in case of highly resistive samples) and
dumbbell specimens (ISO 527-2 standard, type S3), cut from compression moulded
plates (in case of conductive samples) were taken for this measurement.
Piezoresistivity: An instrumental set of an electrometer, Keithley DMM2001 (Keithley
Instruments, Solon, USA) measuring the maximum resistance of 20 GQ in combination
with a tensile machine (Zwick/Roell 1456, ZwickRoell GmbH & Co. KG, Ulm,
Germany) applying the maximum strain of 300% and the force of 1 kN was used to
measure the piezoresistivity of electrically conductive composite samples (ISO 527-2,
S3 type, dumbbell specimens) at 23 °C and 50% humidity. The specimens were
stretched at a tensile speed of 0.5 mm/minute and the change in electrical resistance
was measured simultaneously until the sample rupture. Relative resistance change

(AR/Ro) of the composite samples was calculated using equation (6).

AR _ R—Ry
= R (6)
where, AR = resistance change,

R = resistance of specimen at a certain strain

Ro = resistance of specimen at zero strain.

Cyclic Strain Test: Same set of tensile machine and electrometer used in the
measurement of piezoresistivity was used to conduct cyclic strain test. Dumbell
specimens (ISO 527-2 standard, type S3), fixed at the two clamps of tensile machine
were stretched (speed: 0.5 mm/minute) with strain applied (1 to 10 %, 3 loading cycles
in each strain) in increasing manner. Similarly, another set of test specimens were
carried out their cyclic strain test with a fixed strain (7%) and 15 loading cycles. The
specimens were allowed to relax for 90 seconds after each loading and unloading cycle

in this test.
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3.3.6. Electron Beam (EB) Irradiation

The compression-moulded composite plates were irradiated with electron beam (EB)
for crosslinking using ELV-2 electron accelerator (energy: 1.0 MeV, current: 4 mA,
Budker Institute of Nuclear Physics, Novosibirsk, Russia) at a dose rate of 12.5 kGy
per irradiation at room temperature. Mass of gel content, formed in the polymer (by the
irradiation) was taken into account to determine the degree of crosslinking. Degree of

crosslinking was calculated using equation (7).
Degree of crosslinking (%) = (%) X 100 % @)
2

where, w1 = weight of gel formed, wz = total weight of the irradiated sample.

3.3.7. Thermal Techniques

Thermogarvimetric analysis (TGA) and differential scanning calorimetry (DSC) of the
nanocomposites were performed to analyze their thermal stability and crystallization
behavior, respectively. TGA was carried out at Leibniz-Institut fir Polymerforschung
(IPF) Dresden e.V., Dresden, Germany while DSC was conducted at Leibniz-Institut
fur Polymerforschung (IPF) Dresden e.V., Dresden, Germany and Polymer Service
GmbH Merseburg (PSM), Germany. TGA measurements of polymer matrix and that
of nanocomposites were conducted using TGA Q 5000 (TA instruments) with standard
aluminium pans. The experiment was run at the heating rate of 10 °C min? (range of
temperature: room temperature (RT) to 800 °C, N2-atmosphere), and mass flow rate of
100 and 50 mL min! before and after equilibration, respectively (at 35 °C, isothermal
for 10 minutes). Similarly, DSC measurements of neat PBAT and PBAT/MWCNT
nanocomposites were carried out using a DSC 2500 calorimeter (TA instruments) with
standard aluminium pans. Heating-cooling-heating scans were performed under N»-
atmosphere ~6.0 mg of the sample was heated from —120 °C to 180 °C, then cooled to
-120 °C and again heated to 180 °C at the rate of 10 °C/minute. Glass transition
temperature (Tg), crystallization temperature (Tc), melting temperature (Tm), enthalpy
of crystallization (AH¢) and enthalpy of melting (AHm) were calculated from the

measured data. Degree of crystallization was calculated using equation (8).

AHp,
XC - 00
fxAHy,

x 100 % (8)

where, yc = degree of crystallization (%), AHm = enthalpy of melting, f = weight ratio
of PBAT in the composites 4H,; = enthalpy of melting for the crystal with infinite
thickness = 114 J/g (adapted from literature) (Giri et al., 2021; Mohanty & Nayak,
2009).
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CHAPTER 4
4. RESULTS AND DISCUSSION

Results of deformation behavior of the nanocomposites, correlated with their
piezoresistivity leading to the strain sensing behavior are discussed in this chapter.
Similarly, structure and morphology of fabricated materials are analyzed employing
spectroscopic and microscopic techniques. Additionally, results of thermal stability and
crystallization behavior of the nanocomposites, evaluated by thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC), respectively are
presented. Electron beam irradiation induced crosslinking of polymer matrix and its
effect on deformation behavior, strain sensing behavior, thermal stability, and

crystallization behavior of the nanocomposites will also be discussed.

4.1. Morphologies and Structure of Nanocomposites

Dispersion of MWCNT throughout the polymer matrix and their agglomeration
determine the morphology and the microstructures of nanocomposites. They ultimately
affect the electrical, mechanical and thermal properties of nanocomposites. Similarly,
mode of matrix-filler interaction and their structure also determines the properties of
the nanocomposites. Therefore, morphologies and the structure of nanocomposites will
be discussed in this chapter. Macrodispersion of MWCNT in the nanocomposites will
be analysed by transmission light microscopy (TLM). CNT agglomeration and the
dispersion of the agglomerates will also be assessed by TLM. Agglomerate size will be
evaluated taking agglomerate area ratio (A/Ao) into account. Surface morphology of
nanocomposites are investigated by scanning electron microscopy (SEM) whereas
microdispersion of MWCNT, their agglomeration and orientation are assessed by
transmission electron microscopy (TEM). Furthermore, structure of PBAT/MWCNT

nanocomposites are investigated by Fourier transform infrared (FTIR) spectroscopy.

4.1.1. Transmission Light Microscopic Investigation

Transmission light micrographs of PBAT/MWCNT nanocomposites, taken to assess
the macrodispersion of the filler particles are presented in Figure 14. TLM micrographs
suggest a random distribution of CNT-aggregates throughout the polymer matrix.
These agglomerates increase with increasing CNT concentration in the composites
because of strong Van der Waals force of attraction between MWCNT particles. As the

nanocomposites, prepared by melt-mixing are used which are relaxed during
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compression moulding, the agglomerates formed during melt-mixing are relaxed during
compression moulding. Agglomerate area ratio (A/Ao) of nanocomposites with
different CNT concentration were calculated from TLM micrographs and analyzed
comparatively whose values are depicted in the corresponding micrographs. This value
of the nanocomposites increases from 0.27 to 1.26 % with 0.5 to 2 wt.-% of MWCNT,
respectively. TLM investigation of the nanocomposites containing 3 wt.-% MWCNT
and higher concentration could not be carried out in this experiment because high CNT
content hampers the transmission of light through them (Rodrigues et al., 2016).
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Figure 14: Transmission light micrographs of PBAT/MWCNT nanocomposites

A quite low agglomeration rate can be deduced from A/Ao values calculated in this work
are quite low in comparison to that reported in the literature. Staudinger et al. has
reported A/Ag value of 0.68% in styrene-butadiene triblock copolymer/1% MWCNT
nanocomposites which were prepared by melt-mixing under same conditions (c).
Moreover, it is implied by TLM images that number of agglomerates is quite low
(compared to that reported in literature) regardless their size (Staudinger et al., 2019,
2020). It is further implied that CNT-agglomerates are also uniformly distributed which
compensate (to some extent) the descent of mechanical properties of the

nanocomposites due to filler agglomeration.
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4.1.2. Morphological Studies

Scanning electron micrographs of PBAT/MWCNT nanocomposites, used to analyze
their surface morphology are presented in Figure 15 and 16. Morphology of stained
thin sections and that of cryo-fractured surface were investigated by SEM as presented

in Figure 15 and 16, respectively.

Figure 15: SEM micrographs of stained thin section of PBAT/1% MWCNT nanocomposites under
different magnification
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Figure 16: SEM micrographs of cryo-fractured PBAT/MWCNT nanocomposites with different filler
content: (a) 3 wt.-% MWCNT and (b) 10 wt.-% MWCNT

A clear net-like entangled and interconnected CNT-network throughout the surface of
PBAT/MWCNT nanocomposites is suggested by these micrographs (clear at higher
magnification). It is developed by the homogeneous dispersion of MWCNT through
the matrix. SEM micrographs of cryo-fractured surface of the nanocomposites with
higher MWCNT content (3 and 10 wt.-%) are presented in Figure 16. They imply the

similar surface morphology of nanocomposites as discussed before, however, higher
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surface roughness and progressively developed ductile-to-brittle morphology can be
inferred from these micrographs. No CNT-agglomerates are visible on the surface of
the nanocomposites. Filler aggregation, network density and the microstructure of
nanocomposites as a function of filler content are hardly detectable from these images
for which transmission electron microscopy (TEM) was employed.

TEM micrographs of a thin section of PBAT/MWCNT nanocomposites are presented
in Figure 17. The micrographs suggest a uniform distribution of CNT particles in
PBAT with partial CNT-agglomeration which are encircled in the images. The CNT-
flocs can be observed rather than the individually distributed CNT particles. The CNT-
agglomeration is attributed to the strong van der Waals force of attraction between CNT
particles. Comparative analyses of TEM images in Figure 17 (a and c¢) and (b and d)
reveal the higher agglomeration with increasing CNT content which is also implied by

TLM images and the corresponding A/Ao values.
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Figure 17: TEM micrographs of cryo-fractured PBAT/MWCNT nanocomposites with different filler
content under different magnification: (a, ¢) 3 wt.-% MWCNT and (b, d) 10 wt.-% MWCNT

TEM images of PBAT/3% MWCNT nanocomposites under high magnification is
presented in Figure 18. It clearly shows the evenly embedded individual carbon
nanotubes in the polymer matrix, connected to each other forming an interconnected
CNT-CNT network with minor aggregates (encircled). Agglomerates with clustered
hair-like structure are formed by the aggregation of a number of individual tubes which
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are encircled in the image. Carbon nanotubes, embedded in PBAT seem like fibers
because of their higher length (1.5 um) and small diameter (9.5 nm). Similar results of
morphology and microstructure of PBAT/MWCNT nanocomposites have been
reported in the literature (Dil et al., 2020; Ding et al., 2016; Hong et al., 2012;
Rodrigues et al., 2016).

Figure 18: TEM micrograph of PBAT/3 wt.-% MWCNT nanocomposites at higher magnification
Homogeneous fillers-network of entangled and interconnected MWCNT with partial
CNT-agglomerates can be inferred from the morphology suggested by TEM
micrographs. It is ascribed to the flexibility of PBAT chains and the aromatic ring
present in PBAT, leading to a good interfacial matrix-filler interaction (Ko et al., 2009).
CNT-agglomerates too are uniformly distributed by which deterioration of mechanical
properties of nanocomposites is compensated to some extent. The agglomerates also
contribute to the electrical conductivity of nanocomposites although they cause
somewhat higher percolation threshold. However, only a limited part of a TEM
micrographs may not inform completely about the MWCNT distribution and the

formation of CNT-network throughout the sample. Results of volume resistivity of the
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nanocomposites are taken as an indirect method to correlate the dispersion level of
MWCNT which are discussed in section 4.3.1.

4.1.3. Structural Characterization

Chemical structure of PBAT/MWCNT nanocomposites were investigated by FTIR
spectroscopy in comparison to that of neat PBAT. Chemical bonding between matrix
and fillers, development of any new bands and peaks as well as peak-shifts in the FTIR
spectra of nanocomposites in comparison to that of neat PBAT were investigated. Melt
processed PBAT and PBAT/MWCNT composites with the filler concentration 0.5, 1,

3, 6 and 10 wt.-% were taken for this measurement whose FTIR spectra are presented

in Figure 19.
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Figure 19: FTIR spectra of neat PBAT and PBAT/MWCNT nanocomposites

The significance of major peaks appeared in FTIR spectra of PBAT-neat and
PBAT/MWCNT nanocomposites are mentioned in Table 6.

51



Table 6: Major peaks of functional groups of neat PBAT and PBAT/MWCNT nanocomposites with
their significance

Wavenumber(cm™) Significance Reference
724 -C-Hj stretching (Al-Itry et al., 2015; Giri et al., 2021,
Pokhrel et al., 2016; Siyamak et al., 2012)
1444 -C-Hs bending (Al-Itry et al., 2015; Giri et al., 2021,
Pokhrel et al., 2016), Sirisinha et al., 2012)
1715 C-O stretching (ester linkage) (Sirisinha et al., 2012; Pokhrel et al., 2016;

Al-ltry et al., 2015; Giri et al, 2021
Rodrigues et al., 2016)

1260 C=0 (ester linkage) (Al-lItry et al., 2015; Giri et al., 2021)

2957 asymmetric -C-H stretching (Sirisinha et al., 2012; Al-ltry et al., 2015;
Rodrigues et al., 2016)

1500 phenylene group (aromatic ring)  (Giri et al., 2021; Rodrigues et al., 2016;
Siyamak et al., 2012)

A close and comparative analysis of the FTIR spectra of neat PBAT with that of
PBAT/MWCNT nanocomposites reveals that no new bands were developed by the
incorporation of MWCNT into PBAT. Similarly, no distinguished peak shift can be
observed in any of the spectra which confirms that no chemical bonding between PBAT
and CNT has occurred instead of which, a net physical matrix-filler interaction develops
microstructures of PBAT/MWCNT nanocomposites. These results are found consistent
with the results reported in literature (Rodrigues et al., 2016).

4.1.4. Summary of Morphologies and Structure of Nanocomposites

» Homogeneous filler dispersion with partial agglomeration of MWCNT, and the
entangled net-like MWCNT-network in the nanocomposites are deduced. It is
further supported by the electron microscopic studies of the nanocomposites.

» A low CNT agglomeration is attested by the comparative analysis of A/Aq values
with the reported values which is further supported by their electron microscopic
studies.

» Development of no new bands as well as no significant peak shifts has occurred in
FTIR spectra of PBAT/MWCNT nanocomposites in comparison to that of pure
PBAT. It reveals a physical type of PBAT-CNT interfacial interaction and a
physical binding force is responsible for the formation of the nanocomposite
microstructures. Such a net physical interaction between MWCNT and PBAT will
be beneficial to the piezoresistivity of the nanocomposites that will support the

evaluation of their strain sensing behavior.
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4.2. Deformation Behavior of Nanocomposites

Mechanical properties of polymeric nanomaterials play a pivotal role to find their
suitability for practical applications. Load bearing capacity, ductility, fracture etc.
determine the suitability of the materials in this regard. Tuned elasticity and flexibility
of the nanocomposites are the major properties to be considered for strain sensing
applications of polymer composites. Therefore, deformation behavior and
micromechanical properties of PBAT-neat and PBAT/MWCNT nanocomposites are
discussed in this chapter. Deformation behavior of nanocomposites was analysed by
tensile mechanical test and their micromechanical properties were investigated by
microindentation test. Tensile mechanical properties were evaluated taking tensile
strength, tensile modulus and elongation at break, into account. Similarly, Martens
hardness (HM), indentation depth (hmax), indentation modulus (Eir), and works of
deformation (elastic and plastic) recorded from microindentation test and their ratio

were taken into account to analyse the microhardness of the materials.

4.2.1. Tensile Mechanical Properties

Tensile stress—strain behavior of PBAT-neat and PBAT/MWCNT nanocomposites
(05,1, 2, 3, 4, and 5 wt.-% of MWCNT) are presented in Figure 20. Similarly, the
tensile data (tensile modulus, tensile strength and elongation at break) obtained from
the tensile test of these samples are presented in Table 7. Stress-strain curves of
nanocomposites presented here can be differentiated on the basis of the values of
elongation at break, tensile strength, and their slopes in correlation with CNT
concentration in the nanocomposites.

Neat PBAT and all of the composite samples seem ductile and tough in nature.
Elongation at break of pure PBAT is more than 900% (showing a large plastic
deformation) while that of the composites range in 159 — 500% based on the filler
concentration. All of the PBAT/MWCNT nanocomposites presented here seem ductile
in nature (Giri et al., 2021). Even the PBAT/10% MWCNT nanocomposites perform
ductile nature which were prepared as another batch of samples in this work and the
results are reported in Dhakal et al, 2022 (Dhakal et al., 2022b). Such a ductility and
the flexibility of PBAT/MWCNT nanocomposites are advantageous to their

applications in a strain sensor.
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Figure 20: Tensile stress-strain curves of neat PBAT and PBAT/MWCNT nanocomposites with
different filler content

The increasing slope of stress—strain curves (in low-strain level, in inset) with
increasing MWCNT content implies the increasing elastic modulus of nanocomposites.
Similarly, improved tensile stress and tensile modulus of the nanocomposites with
increasing filler content is also implied by the stress-strain curves. Presence of
MWCNT in polymers controls the chain mobility of polymers during deformation
resulting in the higher tensile modulus (Gonzalez Seligra et al., 2016). Increased tensile
stress and tensile modulus imply the reinforcement of the nanocomposites and a matrix-
to-fillers stress transfer by the presence of MWCNT (Yu & Li, 2014). Homogeneous
CNT-distributiom, outstanding mechanical properties of MWCNT, low agglomeration
rate and good PBAT-MWCNT interfacial interaction (physical) are responsible for the
improved mechanical properties (Hong et al., 2012; Chiu et al., 2013; Zhang et al.,
2019; Pinheiro et al., 2017). Morphological and structural results of the nanocomposites
can be correlated with their mechanical properties. Similarly, yield point of the
nanocomposites, shifting to higher stress values at higher filler concentration
corresponds to higher mechanical strength and the stiffness (Zhang et al., 2019). It
suggests an increased strength of recovery of the nanocomposites from deformation
(Ge et al., 2021). Meanwhile, yield point followed by necking is performed by the
tensile stress strain curves of nanocomposites which also implies the ductile nature of
the nanocomposites (Jalali Dil et al., 2016). It seems that PBAT/MWCNT
nanocomposites have maintained their ductility even with high MWCNT content which
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is found consistent with the results reported in literature (Urquijo et al., 2017). This is

advantageous to the nanocomposites for their applications in strain sensing.
Table 7: Tensile mechanical properties of PBAT/MWCNT nanocomposites

Sample ¢ (MPa) Et (MPa) s (%)
Neat PBAT 83+£5.6 17 +0.8 920 + 45
PBAT/0.5% MWCNT 79+£05 11 +0.2 508 + 59
PBAT/1% MWCNT 75+£0.9 12 +2.1 376 + 29
PBAT/2% MWCNT 92+7.6 11 +0.8 267 21
PBAT/3% MWCNT 107 £5.9 11 +15 254 + 11
PBAT/4% MWCNT 112 +£45 12 +0.6 189 + 19
PBAT/5% MWCNT 125+£25 13 +0.8 159 + 15.6

o: Tensile modulus, Et: Tensile strength, ¢g: Elongation at break

From Table 7, decreasing performance of both tensile strength (Et) and strain at break
(es) with higher filler content of the nanocomposites can be observed in the high-strain
range. A significant declination of elongation at break of nanocomposites when
compared neat PBAT is implied by the stress-strain curves. Physical type of matrix-
filler interaction to form the nanocomposites (as suggested by FTIR spectra) can be one
of the reasons behind it (Ge et al., 2021). Similarly, declination of strain at break of
nanocomposites with higher MWCNT content can be correlated to the increasing
stiffness of the nanocomposites. Development of a ductile-to-stiff morphology (as
suggested by SEM micrographs) can be ascribed to it. Partial CNT-agglomeration (as
suggested by TEM and TLM micrographs) carried out by van der Waals force of
attraction and the effect of non-wetting of fillers by matrix melts in higher filler
concentration significantly affect the tensile mechanical properties of nanocomposites
(Dhakal et al., 2022b). Similarly, formation of cracks and voids, their propagation and
the premature rupture of the test specimens can occur in the nanocomposites at higher
filler concentration hampering their mechanical performance (Giri et al., 2021; La
Mantia et al., 2020; Chodak, et al., 2001). MWCNT, as a nanofiller used in this work
is found to reinforce the PBAT/MWCNT nanocomposites largely if compared to that
of other nanofillers in the similar works reported in literature (Giri et al., 2021; Pinheiro
etal., 2017).
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4.2.2. Micromechanical Behaviour

The same set of the nanocomposites (used for tensile test) were taken for the
investigation of micromechanical behavior. Microindentation test of nanocomposites
was carried out to investigate their micromechanical properties. Martens hardness
(HM), indentation depth (hmax) and indentation modulus (Eir) of nanocomposites,
calculated from microindentation test were comparatively analysed as a function of
increasing filler content. The values of HM are correlated with viscoelastic and
viscoplastic properties of the nanocomposites in terms of maximum indentation depth
(hmax), and elastic (W) and plastic work (Wp). We and W, were calculated from F-h plots
Variation of these micromechanical parameters of pure PBAT and PBAT/MWCNT

nanocomposites are presented in Figure 21.
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Figure 21: (a) Martens hardness (HM), indentation modulus (Er) and indentation depth (hmax) and (b)
work done by elastic deformation (W) and plastic deformation (W,) of PBAT/MWCNT
nanocomposites as a function of filler content.
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Statistical values (including standard deviations) of HM, Ejr and hmax, are presented in
Table 8. Similarly, values (including standard deviations) of elastic and plastic work

of deformation, and their ratio are presented in Table 9.
Table 8: Micromechanical properties of neat PBAT and the PBAT/MWCNT nanocomposites

Sample Eir (MPa) HM (N/mm?) Rmax (um)
PBAT-neat 73.53 £10.38 4,017 £1.40 53.37+9.43
PBAT/0.5% MWCNT 96.23 + 10.38 5.50 £ 0.50 43.85+1.10
PBAT/1% MWCNT 114.61 £5.75 6.06 £ 0.18 41.62 +0.60
PBAT/2% MWCNT 110.95 +24.73 6.31+1.21 41.39+4.90
PBAT/3% MWCNT 115.59 £ 9.79 6.66 + 0.44 39.75+1.32
PBAT/4% MWCNT 108.94 +29.09 6.25+1.38 41.82 +5.66
PBAT/5% MWCNT 150.60 + 21.22 8.16 £0.84 36.01 +1.95

HM: Martens hardness, Er: Indentation modulus, hmax: maximum indentation depth

Table 9: Elastic and plastic work (W, and Wp) of deformation of neat PBAT and PBAT/MWCNT
nanocomposites, and their ratio (We/W))

Sample We (mJ) Wp (MJ) We/Wp
PBAT-neat 4.14 £ 0.95 1.27£0.10 3.25
PBAT/0.5% MWCNT 3.31+0.23 1.13+0.03 2.94
PBAT/1% MWCNT 3.12+0.09 1.16 £ 0.06 2.70
PBAT/2% MWCNT 3.16 £ 0.66 1.20 £ 0.09 2.63
PBAT/3% MWCNT 2.98+0.19 1.20 £ 0.04 2.47
PBAT/4% MWCNT 3.23+0.79 1.23+£0.05 2.64
PBAT/5% MWCNT 2.48 +0.28 1.17£0.03 2.13

Mechanical reinforcement of the nanocomposites by MWCNT particles is revealed by
the increasing trend of Martens hardness (HM) and indentation modulus (Ei7) and the
decreasing trend of indentation depth (hmax) with higher filler concentration in the
nanocomposites. These results also suggest the matrix-to-fillers stress transfer. These
results are found consistent with increasing tensile strength (recorded by tensile test) in
low strain-range. Moreover, decreasing trend of hmax refers to the increasing resistance
of the materials towards elastic and plastic deformation. This behaviour of
nanocomposites is also suggested by the results of tensile mechanical test.

Pure PBAT possess the lowest Martens hardness (~4 N/mm?) and indentation modulus
(~73 MPa), respectively. It exhibits a highest values of indentation depth (~53 pm).
Similarly, PBAT/5 % MWCNT performs a minimum indentation depth (~36 um) with
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the maximum value of indentation modulus (~150 MPa). Martens hardness and
indentation modulus values of nanocomposites continuously increase while that of hmax
decreases with higher filler concentration suggesting the mechanical reinforcement of
PBAT by MWCNT. Reinforcement of PBAT by MWCNT in PBAT/MWCNT
nanocomposites in this work is found higher if compared that by microcellulose and
nanocellulose reported in literature (Giri et al., 2021; Giri, 2020).

Trend of change of these parameters (HM, Eir and hmax) of the nanocomposites is
uniform except that of PBAT/4 % MWCNT nanocomposites. The alteration of the trend
particularly in one type of materials only can be attributed to the possibility of formation
of voids, cracks, uneven filler dispersion as well as the partial CNT non-wetting by
polymer-melts (shortcomings during melt mixing). They can lead to the lower
reinforcement of the nanocomposites by the filler particles. Filler concentration in
nanocomposites determines the maximum indentation depth and indentation modulus
values, while HM values depend on energy dissipation and composite microstructures.
However, all three parameters at a time are in a different trend in comparison to that of
other nanocomposites which are nearly equal to that of PBAT/2% MWCNT
nanocomposites. Similarly, all of them follow a similar trend of alteration and possess
higher and comparable values of standard deviations to each other. Thus, the
possibilities of above mentioned shortcomings during material preparation are
supported. Higher rate of agglomeration and uneven MWCNT distribution can also be
predicted from the higher values of standard deviation of HM, Er and hmax of PBAT/2%
MWCNT (also supported by TLM images and the corresponding values of A/Ag) and
PBAT/4% MWCNT nanocomposites than other nanocomposites. In overall, the
PBAT/MWCNT nanocomposites are reinforced by the presence of MWCNT regardless
a particular case.

Table 9 shows that We and W, are directly correlated to each other. Both We and W,
decrease continuously with increasing filler concentration. However, the different trend
of PBAT/4% MWCNT nanocomposites is reflected in their values of We and W, also.
Progressive decrease in the ratio of work of deformation (We/W,) with increase in
MWCNT content implies the decreasing elastic deformation of nanocomposites and
also the formation of micro-voids in them at higher MWCNT nanocomposites (Giri et
al., 2021). These results are found consistent with increasing tensile modulus (in low-

strain range) with higher MWCNT content as discussed in previous section.
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4.2.3. Summary of Deformation Behavior

» A significant reinforcement of PBAT by MWCNT as nanofillers is implied by
higher tensile strength and tensile modulus (in low strain range) recorded in the
tensile test. It is further supported by higher Martens hardness, higher indentation
modulus, and lower indentation depth of PBAT/MWCNT nanocomposites with
increasing MWCNT content recorded by microindentation test.

» Decreasing trend of indentation depth (hmax) with higher filler content implies the
increasing resistance of nanocomposites towards elastic/plastic deformation which
is further supported by the increasing yield stress of nanocomposites as shown by
tensile stress-strain curves.

> Decreased tensile strength and strain at break of nanocomposites (at higher strain
range) with increasing MWCNT content suggest a decreased elastic deformability
and the formation of micro-voids in the materials. It is further supported by the

decreasing ratio of elastic work to plastic work of deformation.
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4.3. Electrical Properties of Nanocomposites

Electrical conductivity of polymer/MWCNT nanocomposites deserve an importance
for their high-tech applications. Range of electrical conductivity and its stability
determine the particular field of applications of CPC. Therefore, electrical conductivity
of PBAT/MWCNT nanocomposites are investigated quantitatively as a function of
filler concentration. Value of volume resistivity of nanocomposites is taken into
account to determine the electrical conductivity of nanocomposites. Furthermore,
change in resistance of nanocomposites as a function of mechanical deformation
(strain) are measured to investigate their piezoresistivity. Finally, reproducibility of
change in electrical resistance with quantitatively applied strain is investigated to
evaluate the strain sensing behavior of electrically conductive PBAT/MWCNT
nanocomposites. In this way, electrical conductivity, piezoresistivity and the strain

sensing behavior of PBAT/MWCNT nanocomposites will be discussed in this section.
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4.3.1. Volume Resistivity

Volume resistivity of PBAT/MWCNT nanocomposites was measured to determine the
percolation threshold and to quantify their electrical conductivity. It is also taken as an
alternative method providing information about the formation of CNT-network and the
status of filler dispersion in nanocomposites. Formation of conductive filler network
throughout the polymer matrix causes insulator-to-conductor electrical transition in
nanocomposites imparting them with electrical conductivity. It is described in
accordance with percolation theory. The volume resistivity of nanocomposites, plotted

as a function of MWCNT concentration and the recorded values are presented in Figure

22a and Table 10, respectively.
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Table 10: Volume resistivity of neat PBAT and PBAT/MWCNT nanocomposites

Sample Volume resistivity (Q-cm)
PBAT-neat 5.03x10%°+4.36x10"?
PBAT/0.5% MWCNT 1.58x10°+8.54x107
PBAT/1% MWCNT 6.90x10°+8.57x10*

PBAT/1.5% MWCNT
PBAT/2% MWCNT
PBAT/3% MWCNT
PBAT/4% MWCNT
PBAT/5% MWCNT
PBAT/6% MWCNT
PBAT/10% MWCNT

1.10x10°+8.57x10*
5.36x10%+1.30x10°
3.50x10%+2.58x10°
1.29x10341.11x10°
2.46x10%%1.75%102
3.17x10%£2.32x10?
1.24x10'+4.07

According to Table 10, volume resistivity of nanocomposites is reduced by 4 decades
by the incorporation of 0.5 wt.-% of fillers which is further decreased by 5 decades at
1 wt.-% of CNT concentration. This value of volume resistivity and the classification
of materials on the basis of volume resistivity (presented in Figure 22b suggest the
occurrence of insulator-to-conductor transition of nanocomposites between these two
filler concentrations signifying percolation threshold (Kaur et al., 2015; Pang et al.,
2014). Percolation threshold below 1 wt.-% MWCNT concentration is taken as
comparatively, a low percolation threshold as reported in the literature for similar
works. Urquijo et al. and Ding et al. have reported the percolation threshold above 2
wt.-% of CNT for similar works (Ding et al., 2016; Urquijo et al., 2017). On the basis
of volume resistivity values of the nanocomposites, it seems that PBAT/0.5 % MWCNT
nanocomposites are electrical insulators whereas PBAT/1 % MWCNT and all of the
composites above this CNT concentration are electrically conductive. Based on the
values of volume resistivity listed in Table 10, and the classification of the materials
presented in Figure 22b, PBAT/MWCNT nanocomposites are electrically conductive
at and above 1 wt.-% of MWCNT, and applicable for sensors and electromagnetic
interference (EMI) shielding (Kaur et al., 2015; Pang et al., 2014)

Occurrence of electrical transition between 0.5 to 1 wt.-% of MWCNT implies the
formation of a conductive continuous MWCNT-network throughout the composites at
this filler concentration (Kaur et al., 2015). The volume resistivity values of

nanocomposites seem continuously decreasing with the increasing filler concentration.
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However, the rate of declining these values slows down beyond 2 wt.-% of CNT. Such
a trend of volume resistivity values suggests the increasing network density in the
composites beyond 2 wt.-% filler content (Christ et al., 2017). Achievement of such a
low percolation threshold (below 1 wt.-% CNT concentration) and corresponding
values of volume resistivity with increasing filler concentration imply the uniformity in
the dispersion of MWCNT throughout the nanocomposites (Dil et al., 2020). This is in
agreement with the results of morphological investigation (suggested by TEM and SEM
micrographs) of the nanocomposites. In this way, only partial agglomeration of CNT
(suggested by TEM and TLM micrographs) and an even distribution of agglomerates
throughout the composite samples are confirmed. It would have resulted into a higher
percolation threshold with higher agglomeration despite the contribution of the CNT
agglomerates to the electrical conductivity which is not noticed in this work. Uniform
dispersion of MWCNT particles in the nanocomposites with minimum agglomeration
enhances their electrical as well as mechanical properties which is the advantage to
apply the composite materials as strain sensors (Sang et al., 2019; Xiang et al., 2019).
Conductive PBAT/MWCNT nanocomposites were integrated into an electrical circuit
as a confirmatory test of their conductivity as shown in Figure 23. Electrical
conductivity of the nanocomposites was confirmed by the glowing bulb (Figure 23)

which became significant with PBAT/3% MWCNT nanocomposites.

Nanocomposite film

Glowing bulb

Figure 23: Electrically conductive PBAT/MWCNT nanocomposites integrated into an electrical circuit

The electrical circuit was operated by the voltage (V) of 24 V and the resistance of the
composite film used in the circuit was measured before experiment which was 2.2x10*
Ohm. The value of current (1) flowing through the electrical circuit was determined by

Ohm’s equation stated in equation (9).
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V =IR 9)

where, V = electrical voltage, | = current, R = electrical resistance of the conductor.
Value of the current flowing through the circuit calculated using equation (9) was
0.001 ampere.

4.3.2. Piezoresistivity

Piezoresistivity of CPC is their electromechanical response which is determined by the
morphology and the microstructure of nanocomposites (Salaeh et al., 2020; Xiang et
al., 2019). The trend of change of electrical resistance of PBAT/MWCNT
nanocomposites was measured during unidirectional tensile test at a low tensile speed
(0.5 mm/ minute) to investigate their piezoresistive behavior. Relative resistance
change (AR/Ro) of nanocomposites during tensile stretching is taken into account to
evaluate their piezoresistive sensitivity. Change in AR/Ro of nanocomposites as a with
increasingly applied mechanical strain and their initial resistance (Ro) along with their
stress-strain behaviour during the test is presented in Figure 24.
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Figure 24: Relative resistance change (4R/Ro) of PBAT/MWCNT nanocomposites as a function of
mechanical strain
Some of the nanocomposites (1, 1.5, 2 and 3 wt.-%) with CNT cocentration close to as
well as above percolation threshold CNT) were taken for this experiment whose
electrical resistance change and stress-strain data were recorded simultaneously.
Selection of the samples for this experiment is based on the value of electrical volume
resistivity, percolation threshold, less dense filler network present in the samples and

their mechanical performance. The composite samples with low to moderate stiffness,
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high elongation at break and low agglomeration are preferred. Non-linear and
exponential-like increase of AR/Ro of nanocomposites with increasing mechanical
strain during the experiment confirmed the piezoresistivity of materials (Ke et al., 2017,
Papageorgiou et al., 2020; Tang et al., 2020; Xiang et al., 2019). This behavior of
PBAT/MWCNT nanocomposites signifies the potential of their applications in
piezoresistive strain sensors (Ma et al., 2022).

Increase in electrical resistance of PBAT/MWCNT nanocomposites with increasing
tensile strain in comparison to that at zero strain is carried out by the disconnection of
filler particles during mechanical deformation, deformation of CNT particles due to
applied strain, tunnelling resistance and the destruction of conductive CNT network by
the tensile deformation (Amjadi et al., 2015; Park et al., 2016). Resistance increases
sharply at high-strain region, which is attributed to the irreversible destruction of
conductive CNT-networks (Salaeh et al., 2020). Similarly, a temporary and reversible
breakdown of the CNT-network occurs at low-strain level, mostly below the yield point
in elastic region of the electrically conductive composites of thermoplastic elastomers.
As suggested by the tensile stress-strain behaviour of PBAT/MWCNT nanocomposites,
this region will lie up to around 15% strain.

Among the nanocomposites investigated in this experiment, piezoresistive behavior of
PBAT/3% MWCNT nanocomposites are discussed in detail here and the corresponding
results and their closer views are presented in Figure 25. Entire range of stress strain
behaviour and change in AR/Ro as a function of mechanical strain are presented in
Figure 25a. A Closer regime of Figure 25a, presented in Figure 25b shows the
resistance change up to 10% mechanical strain. Measurement of the change in electrical
resistance with increasingly applied mechanical strain in cyclic manner up to this range
is carried out to investigate the reproducibility and stability of piezoresistive sensitivity
of these nanocomposites. A closest view of Figure 25a (below 2% strain) is presented
in Figure 25c, which follows a different way of resistance change despite an overall
exponential-like manner. It is observed that electrical resistance is decreased at a low
strain (below 1%) in comparison to the resistance of nanocomposites at zero strain (Ro).
This strain value is called the critical strain and the decrease in resistance below this
strain value is attributed to the effect of composite conditioning. Unstable and
temporary CNT contacts are removed in this effect due to weak filler-matrix interfacial
interaction. As a result, alternative CNT-CNT connections will be formed at lower

deformation of the composites which reduces the resistance of the nanocomposites. As
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a result, additional conductive pathways are formed in nanocomposites due to which
electrical resistance decreases (Ji et al., 2014; Tang et al., 2020). Resistance seems to

increase exponentially as a function of increasing strain beyond the critical strain only.
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A rapid change in resistance of the nanocomposites with increasing filler concentration
near to the percolation threshold takes place with a low mechanical strain which can be
applicable for low-strain sensitivity. Less densified filler networks in such composites
will have the probability of formation of alternative conductive paths contributing to
the linear piezoresistivity (Costa et al., 2017; Liao et al., 2017). It occurs just beyond
the critical strain of the nanocomposites and attributed to the disconnection CNT-CNT
connections simultaneously followed by the construction of an alternative CNT-
network, however, such nanocomposites are not suitable for higher strain sensitivity.
Meanwhile, probability of simultaneous reconstruction of alternative CNT network
declines at higher CNT content for which extra strain is required to perform the
reversible destruction of the network. Such nanocomposites with higher filler content
can be applicable for high-strain sensitivity (Dhakal et al., 2022a).

Conductive CNT-network formed by the CNT connections can be clearly observed by
TEM micrograph presented in Figure 26. Possible destruction and reconstruction of
this network up on mechanical deformation of PBAT/MWCNT nanocomposites and its
removal, respectively can also be predicted from this micrograph.

Figure 26: TEM micrograph of PBAT/3% MWCNT nanocomposites
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The piezoresistive type of sensitivity of CPC can be tuned altering the filler
concentration in them above percolation threshold. Declined recovery of conductive
CNT-network of the piezoresistive nanocomposites at higher filler concentration is
further supported by the agglomeration. At higher agglomeration, electrical
conductivity of nanocomposites is mostly due to tunnelling effect rather than that by
the conductive filler network (Ciselli et al., 2010). Based on the electrical conductivity
of the nanocomposites, their ductile nature suggested by tensile test and the results of
microindentation tests of nanocomposites, PBAT/3% MWCNT nanocomposites were
used for further experiments to analyse the stability and reproducibility of piezoresistive

sensitivity which are discussed in the next section.

4.3.3. Strain Sensing Behavior

Cyclic strain experiment was performed to assess the strain sensing behavior of
PBAT/MWCNT nanocomposites. Electrical resistance of nanocomposites was
measured as a function of mechanical strain under cyclic loading/unloading of strain to
evaluate their electromechanical response. AR/Ro-strain correlation of the
nanocomposites during cyclic strain experiment was investigated measuring the
electrical resistance simultaneously with increasingly applied mechanical strain.
Mechanical strain was exerted on PBAT/3 % MWCNT nanocomposites in increasing
manner from 1 to 10 % as presented in Figure 27 (a-c). Three loading and unloading
cycles of strain were applied in each value of strain from 1 to 10% with the relaxation
period of 90 seconds after each loading and unloading.

From Figure 274, it seems that AR/Ro decreases with mechanical strain up to 1% strain
which is highlighted in Figure 27c. This result is found consistent with that of uniaxial
tensile stretching of PBAT/3% MWCNT nanocomposites discussed in chapter 4.3.2.
This value of strain, called critical strain above which the electrical resistance increases.
On the other hand, 4R/Rq values increases with increasing strain and vice versa in each
loading and unloading of mechanical strain, fitting well with strain from 2% to 8%
strain as highlighted in Figure 27b and indicated by green arrow. A positive correlation
between AR/Ro and tensile strain is observed which is required for an electrically
conductive nanocomposites based strain sensor (Niu et al., 2018). However, AR/Rodoes
not fit with applied strain above 8% which changes in an irregular way regardless the
loading and unloading of mechanical strain as shown by horizontal green arrow in

Figure 27a.
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Figure 27: (a) Cyclic strain test of PBAT/3% MWCNT nanocomposites (b) highlighted portion of
relative resistance change (AR/Ro) fitting with strain and (c) highlighted portion of decreasing AR/Ro
up to 1% strain

Increase in AR/Ro values with increasing strain and vice versa signifies the

electromechanical response of nanocomposites. Increase in electrical resistance of
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nanocomposites upon strain loading corresponds to the increase in distance between
CNT-particles and decrease in contact between them up on mechanical deformation.
On the other hand, recovery of the resistance upon removal of mechanical strain is due
to the viscoelastic flow of PBAT (matrix).
A closer view of Figure 27b suggests that second peaks (shoulder peaks) appear at 4%
strain which become significant and even higher than the first peaks at higher strain (as
seen at 8% strain). In this phenomenon, the first peak corresponds to the resistance
change by the maximum strain applied and the second peak is the shoulder peak. This
phenomenon is common in thermoplastic elastomers (TPE) based strain sensors. They
appear due to competition between destruction and reconstruction of conductive
network during loading and unloading of strain, respectively. There will be a
compitition between destruction and formation of CNT network during strain loading
and unloading (Zhang et al., 2013; Salaeh et al., 2020). They appear after unloading
the strain in cyclic strain test. At higher strain, during unloading, residual relative
resistance recovery takes place, however, it can not fully occur. Only a part of resistance
is recovered and the resistance change becomes non-monotonic with the strain applied.
Hence, it seems a time dependent phenomenon instead of decreasing continuously with
decreasing strain during unloading. Shoulder peaks are also called negative
piezoresistivity which produce the sensitivity signals in opposite direction which are
also applicable for strain sensing purpose. Strain sensors with the dominance of first
peaks (positive piezoresistivity) are preferred for strain sensing applications (Salaeh et
al., 2020).
4.3.4. Summary of Electrical Properties
» Comparatively low percolation threshold (lying between 0.5 and 1 wt.-% of
MWCNT) of PBAT/MWCNT nanocomposites is suggested. Homogeneous
dispersion of MWCNT in the nanocomposites, low filler agglomeration and the
uniform distribution of CNT-agglomerates are responsible for such a low
percolation threshold. Volume resistivity values of nanocomposites (above
percolation threshold) in the range of 10 to 10° Q-cm imply for their potential in
strain-sensing.
» An exponential-like non-linear increase of 4R/Ro of the nanocomposites as a
function of mechanical strain confirms their piezoresistivity which is one of the

requirements of conductive polymer composites (CPC) for strain sensing
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applications. Similarly, decrease in electrical resistance as an effect of composite
conditioning up to 1% strain (critical strain) is dominant.

Cyclic strain experiment of PBAT/MWCNT nanocomposites performs
reproducibility and fitting of 4R/Ro values up to 8% mechanical strain. It implies
the potential of nanocomposites for low strain-sensing applications. Shoulder peaks
of AR/Ro appear at and above 4% strain which become significant at higher strain.
They can also be taken into account for strain sensing purpose, however, the signals

will be displayed in opposite direction.

71



4.4. Crosslinking the Nanocomposites by Electron Beam (EB) Irradiation
Crosslinking PBAT/MWCNT nanocomposites was employed as a strategy to improve
their strain sensing behaviour. Crosslinking of the nanocomposites was carried out by
the irradiation of electron beam (EB). It was targeted that EB induced crosslinking the
nanocomposites would improve their elasticity and controls the viscoelastic flow of
PBAT chains enhancing the strain sensing behaviour.
EB irradiation of PBAT/MWCNT nanocomposites, investigation of degree of
crosslinking, deformation behavior of irradiated nanocomposites, and evaluation of
their strain sensing behavior and its reproducibility are discussed in this chapter.
4.4.1. Investigation of Degree of Crosslinking
In order to determine the exact dose of EB irradiation to PBAT/MWCNT
nanocomposites on the basis of degree of crosslinking, EB irradiation of neat PBAT
was performed in a irradiation dose range i.e. 25, 50, 75, 100, 150, 200, 250 and 300
kGy. Resulting degree of crosslinking were calculated taking the mass of gel formed
by the EB irradiation whose results are presented in Figure 28. The mass of gel formed
in each irradiated sample was determined by dissolving it in chloroform in which
insoluble residue (gel) was weighed after drying.
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Figure 28: Degree of crosslinking of neat PBAT as a function of applied dose

Degree of crosslinking of PBAT/MWCNT nanocomposites can’t be determined exactly

because of the insolubility of MWCNT in organic solvents. Therefore, degree of
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crosslinking of irradiated PBAT was taken as a reference to irradiate PBAT/MWCNT
nanocomposites.

As presented in Figure 28, no gel was formed up to the dose of 150 kGy. A viscous
PBAT-solution was obtained when PBAT irradiated with 150 kGy (highlighted in
Figure 28) was dissolved in chloroform. This PBAT solution could not be filtered via
filter paper although gel was not obtained as a residue. This is attributed to the
branching of PBAT by the EB irradiation before crosslinking. Hence, degree of

crosslinking is zero up to 150 kGy of irradiation dose.
Table 11: Dose dependent degree of crosslinking of neat PBAT

Dose (kGy) Degree of crosslinking (%0)

0 0

25 0

50 0

75 0
100 0
150 0
200 51
250 62
300 72

Gel formation was observed at the irradiation doses above 150 kGy when PBAT was
dissolved in chloroform which confirmed the crosslinking of PBAT. Degree of

crosslinking is calculated using equation (7).

Degree of crosslinking (%) = (Z—:) X 100% @)
where, w1 = weight of gel formed, w> = total weight of the irradiated sample
Corresponding degree of crosslinking, calculated are presented in Table 11. It seems

that degree of crosslinking is dependent on the dose of irradiation which increases with

increasing dose and vice versa.
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4.4.2. Deformation Behavior

Deformation behavior of EB irradiated PBAT/MWCNT nanocomposites was also
investigated by the analyses of their tensile mechanical and micromechanical
properties.

4.4.2.1. Tensile Mechanical Properties

Based on the polymer branching and dose dependent degree of crosslinking of EB
irradiated PBAT, PBAT/3% MWCNT nanocomposites were irradiated with the dose
of 150, 200 and 300 kGy. Tensile stress-strain behavior of EB irradiated PBAT (with
150 kGy and above) and PBAT/3% MWCNT nanocomposites were investigated under
the same experimental conditions as discussed in section 4.2.1. The stress-strain curves
of irradiated PBAT and PBAT/3% MWCNT are presented in Figure 29 and the related
results are presented in Table 12. Tensile strength and tensile modulus of
nanocomposites are unchanged. However, significant variation in elongation at break
of both irradiated and unirradiated PBAT as well as composites are observed. Dose
dependent decrease of elongation at break of composites are implied which are
presented in Table 13.
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Figure 29: (a) Tensile stress-strain behavior of EB irradiated PBAT with lower dose and (b)
EB irradiated PBAT and PBAT/3% MWCNT nanocomposites with higher dose
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Table 12: Tensile mechanical properties of EB irradiated PBAT and EB irradiated PBAT/MWCNT
nanocomposites

Sample ¢ (MPa) Et (MPa) 8 (%0)
Matrix

PBAT-0 kGy 8356 17+£0.8 920 £45.0
PBAT-150 kGy 71+£2.2 19+£0.6 1094 £ 10.2
PBAT-200 kGy 8231 18+£0.7 812 £62.0
PBAT-300 kGy 76 £2.6 16 £1.7 675+ 174.2
Composites

PBAT/3% MWCNT -0 kGy 86x7.0 12+£0.5 238 £67.6
PBAT/3% MWCNT -150 kGy 84 £ 6.6 12+£0.5 211 £35.8
PBAT/3% MWCNT -200 kGy 84+7.0 12+1.1 190 + 47.7
PBAT/3% MWCNT -300 kGy 82+3.0 12+£1.1 132+ 354

o: Tensile modulus, Et: Tensile strength, ¢g: Elongation at break

Table 13: Dose dependent change of elongation at break of EB irradiated PBAT and EB irradiated
PBAT/MWCNT nanocomposites

Irradiated PBAT

Sample g8 (%) Remarks

PBAT-0 kGy 920 £45.0 -

PBAT-150 kGy 1094 £ 10.2 Increased by 19 %

PBAT-200 kGy 812 +62.0 Decreased by 12 %
PBAT-300 kGy 675+174.2 Decreased by 27 %
Irradiated nanocomposites

PBAT/3% MWCNT-0 kGy 238 £ 67.6 -

PBAT/3% MWCNT-150 kGy 211+35.8 Increased by 11 %

PBAT/3% MWCNT-200 kGy 190 £ 47.7 Increased by 20 %

PBAT/3% MWCNT-300 kGy 135+354 Increased by 43 %

eg: Elongation at break

Similar trend of elongation at break of irradiated PBAT is observed except that at the
dose of 150 kGy. This value of PBAT irradiated with 150 kGy increased by 19% in
comparison to that of unirradiated PBAT. The irradiation dose of 150 kGy corresponds
to PBAT branching as suggested by degree of crosslinking. Dose dependent change of
elongation at break of nanocomposites due to EB irradiation induced crosslinking
without changing other mechanical parameters is expected to improve the strain sensing

behavior of nanocomposites.
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4.4.2.2. Micromechanical Behavior

Microindentation measurements of EB irradiated PBAT/3 % MWCNT nanocomposites
were carried out. The change in HM, EIT and hmax of same composites irradiated with
different doses are presented in Figure 30. Similarly, the corresponding data of this

measurements are presented in Table 14.
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Table 14: Micromechanical properties of EB irradiated PBAT/3% MWCNT nanocomposites

Sample HM (N/mm?) Eir (MPa) hmax (M)

PBAT/3% MWCNT -0 kGy 6.66 £ 0.44 115.59 £ 9.79 39.75+1.25
PBAT/3% MWCNT -150 kGy 6.24 £ 0.38 111.33£6.78 41.05+1.32
PBAT/3% MWCNT -200 kGy 5.88+0.44 103.76 £ 9.57 42.34+151
PBAT/3% MWCNT -300 kGy 5.50 £ 0.84 96.25+ 11.22 43.86 + 2.30

HM: Martens hardness, Eir: Indentation modulus, hmax: maximum indentation depth

Table 15: Elastic and plastic work (W, and W,) of deformation of EB irradiated PBAT/3% MWCNT

nanocomposites and their ratio (We/W,)

Sample We (mJ) Wp (MJ) We/Wp
PBAT/3% MWCNT -0 kGy 2.98 £ 0.19 1.20+0.04 2.47
PBAT/3% MWCNT -150 kGy 2.98+0.12 1.20+0.03 2.49
PBAT/3% MWCNT -200 kGy 3.14+0.19 1.22 +0.04 2.58
PBAT/3% MWCNT -300 kGy 3.31+0.28 1.21+0.03 2.74

Figure 30 shows that both Martens hardness and indentation modulus of EB irradiated
PBAT/3% MWCNT nanocomposites decrease with higher irradiation dose.
Meanwhile, maximum indentation depth of the nanocomposites increases with
increasing irradiation dose. Both Martens hardness and indentation modulus are
decreased by ~17% by the irradiation of the samples with 300 kGy dose. Similarly,
maximum indentation depth is increased by ~10% at this irradiation dose. These trends
of change of micromechanical parameters are attributed to the EB irradiation induced
polymer branching and crosslinking. This is due to the increasing relaxation of rigid
polymer chains of the nanocomposites by their branching and crosslinking. Such a
relaxation leads to the decrease in interfacial interaction of MWCNT and PBAT chains.
On the other hand, increase in maximum indentation depth of the nanocomposites
implies their increased elastic deformability which is beneficial to their strain sensing
applications. Similarly, a closer view of Figure 30b and Table 15 shows an increasing
trend of elastic work (We) of PBAT/3% MWCNT nanocomposites with increasing
irradiation dose, however, plastic work (W) of deformation remains almost the same.
Such a variation of work of deformation increases We/ Wy ratio which is listed in Table

15. It suggests an increased elastic deformability of EB irradiated nanocomposites.
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4.4.3. Strain Sensing Behavior

Strain sensing behavior of PBAT/3% MWCNT nanocomposites irradiated with 150,
200 and 300 kGy was investigated carrying out cyclic strain test under the same
conditions as before. Results of cyclic strain tests of EB irradiated PBAT/3% MWCNT
nanocomposites are presented in Figure 31 to Figure 33. It is observed that AR/Ro
values of nanocomposites irradiated with 150 and 200 kGy fit well with mechanical
strain up to 10% which was fitted only up to 8% strain in case of unirradiated PBAT/3%
MWCNT nanocomposites as discussed in section 4.3.3. They are highlighted in Figure
31b and Figure 32b which are the closer regimes of Figure 31a and 32a, respectively.
Meanwhile, critical strain of these nanocomposites is 3% in which electrical resistance
of the nanocomposites decreases in comparison to initial resistance due to composite
conditioning and relaxation effect. Critical strain value for the unirradiated
nanocomposites was 1%. Increase in critical strain of irradiated nanocomposites is
ascribed to the decreased interfacial affinity of CNT towards PBAT due to polymer
branching and crosslinking. Crosslinking PBAT/MWCNT nanocomposites by the EB
irradiation was carried out on melt-mixed nanocomposites due to which MWCNT-
PBAT interfacial interaction is affected by the branching and crosslinking of polymer
matriX. Such an increased critical strain is highlighted in Figure 31c and Figure 32c
(closest regimes of Figure 3la and Figure 32a, respectively). These results are
attributed to the effect of PBAT-branching and the crosslinking carried out by the
irradiation dose of 150 and 200 KGy, respectively, which controls the viscoelastic flow

of PBAT chains during mechanical deformation.
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Figure 31: (a) Cyclic strain test of PBAT/3% MWCNT nanocomposites irradiated with
150 kGy (b) highlighted portion of increasing relative resistance change (4R/Rq)
fitted with strain and (c) highlighted portion of decreasing AR/Ro up to 3% strain
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Figure 32: (a) Cyclic strain test of PBAT/3% MWCNT nanocomposites irradiated with 200 kGy (b)
highlighted portion of increasing relative resistance change (4R/Ro) fitted with strain and (c)

highlighted portion of decreasing AR/Rq up to 3% strain
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Different results are obtained from the cyclic strain test of PBAT/3% MWCNT
irradiated with the dose of 300 kGy which are presented in Figure 33. It is observed
that 4R/Ro values have no correlation with the mechanical strain and it changes in an
irregular way regardless the effect of strain loading and unloading during the
experiment. It seems that electrical resistance decreased while moving from first to
second cycle as that in other irradiated samples, however, it continuously decreased up
to 10% strain without any correlation with the change in mechanical strain. Such a trend
of 4R/Ro values of nanocomposites even at higher strain is attributed to the formation
of a 3D crosslinked PBAT network which restricted the homogeneous and reversible
deformation of the conductive CNT network up on applying the mechanical strain.
Higher degree of crosslinking of nanocomposites restricts the homogeneous
deformation as well as destruction of percolation network with mechanical strain
(Zhang et al., 2013).
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Figure 33: Cyclic strain test of PBAT/3% MWCNT nanocomposites irradiated with 300 kGy

Further cyclic strain tests of both unirradiated and irradiated (150 and 200 kGy) PBAT/
3% MWCNT nanocomposites were carried out with higher number of strain
loading/unloading cycles and applying a fixed value of mechanical strain. Same
experimental conditions were applied for these tests also except the applied mechanical
strain and number of cycles. Mechanical strain of 7% was applied in these tests with 15
loading unloading cycles. 7% strain was chosen which is just below the optimum strain
value (8%) of unirradiated PBAT/3% MWCNT nanocomposites up to which 4R/Ro
values fitted well as suggested by the previous cyclic strain experiments discussed in

section 4.3.3. These cyclic tests were targeted to investigate the stability and
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reproducibility of piezoresistive sensitivity of nanocomposites with higher number of
cycles.

Results of cyclic strain experiment of unirradiated PBAT/3% MWCNT
nanocomposites applying 7% strain with 15 cycles are presented in Figure 34 (a-c). It
seems that resistance change decays in first few cycles (highlighted in Figure 34b
among which the decay in the first cycle is the most significant. This behavior is
common in thermoplastic elastomers which is explained in accordance with Mullin’s
effect. According to Mullin’s effect, contact surface between filler particles will be
increased due to repeated stretching and releasing of nanocomposites (Salaeh et al.,
2020). At higher strain, polymer chains rearrange themselves which is called strain
softening. It minimizes the deformation energy and physical damage of polymer matrix
is controlled. After few cycles, 4R/Ro-strain curves reach a plateau after which they
stabilize and all of the resistance amplitudes become similar (Xiang et al., 2019; R.
Zhang et al., 2013). These results are consistent to some extent as presented in Figure
34c. Similar results are found reported in literature. Based on these results and the
reports in literature, it is be predicted that resistance change will be more stabilized
beyond 15 cycles (Sang et al., 2019; Xiang et al., 2019).

Shoulder peaks are appeared in this experiment which become dominant beyond 4%
strain in PBAT/3% MWCNT and become even higher than the first peaks at higher

strain as suggested by the results of cyclic strain test, discussed in section 4.3.3.
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Figure 34: (a) Cyclic strain test of PBAT/3% MWCNT nanocomposites at 7% strain and 15 cycles (b)
highlighted first half of the test and (c) highlighted second half of the test
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Figure 35 presents the results of cyclic strain experiment of PBAT/3% MWCNT
nanocomposites irradiated with the dose of 150 kGy applying 7% strain with 15 cycles.
Similar results as that of unirradiated samples are suggested except that of shoulder
peaks. Shoulder peaks are lowered than the first peaks which is implied by the closer
view of Figure 35b and 35c. It suggests a better recovery of residual electrical
resistance during unloading. It should be due to the controlled mobility of PBAT chains
carried out by PBAT branching at 150 kGy as suggested by the results of degree of
crosslinking. This is further supported by the results of next section.
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Figure 35: (a) Cyclic strain test of PBAT/3% MWCNT-150 kGy nanocomposites at 7% strain and 15
cycles (b) highlighted first half of the test and (c) highlighted second half of the test
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Furthermore, results of cyclic strain experiment of PBAT/3% MWCNT irradiated with
200 kGy are presented in Figure 36 (a-c). Results of resistance change as a function of
increasingly applied mechanical strain, similar to that of samples irradiated with 150
kGy are suggested except those with shoulder peaks. Only minor shoulder peaks are
appeared in these nanocomposites. Recovery of the residual resistance during strain
unloading is further improved in these composites due to higher crossliking of polymer
matrix and the controlled viscoelastic flow of PBAT chains. Elasticity and the
stretchability of the elastomers are enhanced by the crosslinking (Park et al., 2022). In
this case, higher crosslinking density of PBAT (at 200 kGy) should have controlled the
destruction of CNT network during deformation (Zhang et al., 2013) because
deformation of filler network is carried out by matrix-to-filler stress transfer. Hence,
minor competition between destruction of old conductive pathways and formation of
new pathways is minimized. Change in electrical resistance should be carried out only
by the loss of MWCNT-MWCNT contacts in the conductive network as reported in the
literature (Salaeh et al., 2020).
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Figure 36: (a) Cyclic strain test of PBAT/3% MWCNT-200 kGy nanocomposites at 7% strain and 15
cycles (b) highlighted first half of the test and (c) highlighted second half of the test
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4.4.4. Summary of Effect of EB Irradiation

> Dose dependent crosslinking of neat PBAT occurred only above the irradiation dose
of 150 kGy. It is indicated by the reduced solubility of PBAT irradiated with 200
kGy and gel formation in its solution when dissolved in chloroform. Degree of
crosslinking of 51%, 62% and 73% were determined at the irradiation dose of 200,
250 and 300 kGy, respectively.

» Tensile test of irradiated PBAT and PBAT/MWCNT nanocomposites confirmed
the effect of crosslinking only on their elongation at break. This value of neat PBAT
increased by 19% at 150 kGy. On the other hand, it is decreased by 12 and 27% at
the crosslinking degree of 62 and 73%, respectively. Meanwhile, tensile modulus
and tensile strength of irradiated PBAT remains unchanged. Similarly, value of
elongation at break of irradiated PBAT/MWCNT nanocomposites was decreased
by 11%, 20% and 43% at the dose of 150, 200 and 300 kGy, respectively. Tensile
modulus and tensile strength of irradiated nanocomposites remained unaltered as
that of the irradiated PBAT. It leads the nanocomposites to higher elastic
deformability of the irradiated nanocomposites. This conclusion is further
supported by the change in dose dependent change of micromechanical behavior of
the irradiated nanocomposites. Increased maximum indentation depth, decreased
Martens hardness and indentation modulus, and increasing ratio of elastic to plastic
work of deformation of the irradiated PBAT/3% MWCNT nanocomposites are in
the favour of this conclusion.

» Electron beam irradiation induced branching and crosslinking of polymer matrix
enhanced the strain sensing behaviour of CPC. It is implied by the improved strain
sensing behaviour of EB irradiated PBAT/3% MWCNT nanocomposites. 4R/Ro
values of these nanocomposites fitted well up to 10% mechanical strain which was
only up to 8% strain for unirradiated nanocomposites. Meanwhile, critical strain
value of the irradiated composites increased to 3% from 1% (unirradiated samples)
due to the reduced CNT-PBAT interfacial interaction carried out by PBAT
branching (at 150 kGy) and crosslinking (at 200 kGy, degree of crosslinking: 51%).
However, 4R/Ro values with no correlation with strain applied, as performed by the
nanocomposites irradiated with higher dose (300 kGy, degree of crosslinking: 72%)
reveals the formation of a 3D crosslinked PBAT-network. It restricts the
homogeneous deformation and relaxation of conductive MWCNT-network by the

mechanical strain.
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> Results of cyclic strain test of irradiated composites with 7% strain and 15 cycles
performed the lower shoulder peaks (at 150 kGy) and even the minor peaks (dose:
200 kGy). On the basis of these results, it is concluded that EB irradiation induced
crosslinking of polymer matrix of CPC up to a moderate degree can be a strategy to

improve the strain sensing behavior of CPC.
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4.5. Thermal Properties of Nanocomposites

Thermal properties of polymeric materials greatly influence their performance during
applications. Therefore, thermal properties (thermal stability, melting and
crystallization behavior) of PBAT/MWCNT nanocomposites are investigated. Thermal
stability of nanocomposites is investigated by thermogravimetric analysis (TGA)
whereas, their thermal transitions, crystallization behavior are analysed by differential
scanning calorimetry (DSC). Characteristic thermal decomposition pattern of the
polymer matrix and the corresponding nanocomposites as a function of increasing
temperature will be evaluated by TGA. Initial degradation temperature (Tonset),
temperature of maximum degradation (Tmax) and final degradation temperature (Tr) are
taken into account to investigate the thermal stability of the nanocomposites. Similarly,
melting behavior of materials will be investigated by the evaluation of melting
temperature (Tm) and the enthalpy of melting (4Hm); whereas crystallization behavior
will be analysed taking crystallization temperature (Tc), enthalpy of crystallization
(4Hc) and the degree of crystallinity (Xc) into account. Corresponding TGA and DSC
results of neat PBAT and PBAT/MWCNT nanocomposites (both unirradiated and EB

irradiated) are discussed in this section.

4.5.1. Thermal Properties of Unirradiated Nanocomposites

Thermogravimetric Analysis (TGA): Thermogravimetric mass loss curves and
corresponding first differential curves of pure PBAT and some of the PBAT/MWCNT
nanocomposites (1, 2, 3, 6 and 10 wt.-% of MWCNT) are presented in Figure 37a and
b, respectively. The effect of presence of MWCNT on thermal stability of
PBAT/MWCNT nanocomposites are evaluated. The TGA curves are analyzed to
determine the Tonset, Tr, and the temperature range of severe degradation of the materials,
whereas differential curves are used to determine Tmax. Nanocomposites with low
MWCNT content (up to 3 wt.-%) are mainly targeted for the investigation of the effect
of low concentration of MWCNT and the trend of this effect at higher MWCNT
concentration in comparison to polymer matrix. Similarly, the composites with higher
CNT content (6 and 10 wt.-%) will be targeted to analyse the effect of higher CNT
concentrations on thermal stability of the nanocomposites. The corresponding results
of TGA are listed in Table 16.
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Figure 37: (a) TGA mass loss curves and (b) their first derivative curves of neat PBAT and
PBAT/MWCNT nanocomposites

Figure 37a suggests a single step thermal degradation of PBAT and PBAT/MWCNT
nanocomposites. Severe mass loss of PBAT occurs from 371 to 430 °C in which
maximum degradation takes place at 405 °C (as suggested by DTG curve in Figure
37b. Initial degradation temperature (Tonset) Of PBAT/MWCNT nanocomposites (371
°C) is increased to 374 °C (1 to 3 wt.-% MWCNT) and 388 °C (6 and 10 wt.-%
MWCNT) revealing an increased thermal stability of nanocomposites by the presence
of MWCNT. However, the trend of increasing thermal stability with increasing filler

concentration is not clearly distinguishable among the nanocomposites with low CNT
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content (1 to 3 wt.-% of MWCNT) and that between the nanocomposites with 6 and 10
wt.-% MWCNT.

The maximum thermal degradation of nanocomposites with low CNT content takes
place at ~410 °C, while the nanocomposites with 6 and 10 wt.-% CNT content degrade
the most at ~425 and 423 °C respectively according to the DTG curves in Figure 37b
and the data presented in Table 16. Higher Tmax values of PBAT/MWCNT
nanocomposites if compared to neat PBAT (405 °C) and its increasing values with
increasing MWCNT content in the nanocomposites suggest an enhanced interfacial
adhesion of MWCNT in PBAT matrix (Mohanty & Nayak, 2009). Higher CNT content
in the nanocomposites retards the chain mobility of polymer matrix that controls the
chain unzipping during thermal degradation (Zhang et al., 2019). Similarly, final
degradation temperature (Tr) of nanocomposites is found to increase with increasing
MWCNT content. These results also suggest an increased thermal stability of

nanocomposites (Teamsinsungvon et al., 2013; Xu et al., 2019).

Table 16: TGA data of neat PBAT and PBAT/MWCNT nanocomposites

Samples Tmax (°C) Weight loss (%0) Residue (%0)
PBAT-neat 405 94.8 4.4
PBAT/1% MWCNT 410 95.2 4.7
PBAT/2% MWCNT 409 94.3 5.9
PBAT/3% MWCNT 409 93.5 6.3
PBAT/6% MWCNT 425 88.8 10.2
PBAT/10% MWCNT 423 84.6 14.1

Higher values of Tonsett Tmax and Tt imply an increased thermal stability of
nanocomposites with the increased CNT content. Enhanced thermal stability of the
nanocomposites is attributed to the high thermal stability of CNT (~2800 °C), their
uniform distribution throughout the nanocomposites and good PBAT-CNT physical
type of interfacial interaction (with lower interfacial tension, assuggested by FTIR
spectroscopy) (Das et al., 2018; Hong et al., 2012; Ko et al., 2009; Rosenberger et al.,
2020; Zhang et al., 2019). CNT always have a good interfacial interaction with lower
interfacial tension with the polymers comprising aromatic ring which is present in BT
unit of PBAT (Ko et al., 2009). The results discussed here are consistent with that
reported in literature (Sirisinha & Somboon, 2011). Although thermal stability of

nanocomposites is found to increase with increasing filler concentration, it can be

92



saturated at higher CNT concentration (at or above 10 wt.-%) because of filler non-
wetting effect by the polymer melts as discussed in chapter 4.2.2.

From Table 16, residue of nanocomposite left at 800 °C after the complete degradation
of PBAT seems to increase with increasing filler content. This is obviously due to the
increasing CNT content of nanocomposites which can’t be degraded by thermal
treatment in the temperature range of this experiment.

Differential Scanning Calorimetry (DSC): Crystallization behavior and the
corresponding thermal transitions of PBAT-neat and PBAT/MWCNT nanocomposites
are analysed by DSC. DSC thermograms of first heating scan, cooling scan and second
heating scan of polymer matrix and that of nanocomposites are presented in Figure 38
(a-c), respectively. Similarly, thermal parameters (calculated from DSC curves)
corresponding to DSC results are presented in Table 17.

DSC thermograms of first heating scan show three transitions of temperature,
signifying glass transition temperature (Tg), first melting point (Tm1) and second melting
point (Tm2) from left to right, respectively as illustrated in Figure 38a. Similarly,
thermograms of cooling and second heating scans exhibit two temperature transitions
from left to right signifying Tqand Tm, respectively. It seems that there is not a uniform
trend of change of Tq with the increasing CNT concentration in nanocomposites. Its
value is almost unchanged at lower CNT concentration, however, it is increased by 3
and 4°C on the addition of both 6 wt.-% and 10 wt.-% of MWCNT, respesctively.
Change in Tg of polymers with the presence of MWCNT suggests a matrix-filler
interfacial interaction (Gonzéalez Seligra et al., 2016).

Two melting temperatures, Tm1 and Tmz exhibited by the thermograms of first heating
scan correspond to the melting of crystals of soft BA unit of PBAT and the melting of
co-crystals of BT and BA units of PBAT, respectively (Rosenberger et al., 2020). The
crystals of BA unit adjust into the crystals of BT unit by the process of co-
crystallization, fitting the perfect crystal structure of PBAT. Segments of adipic acid
and terephthalic acid present in PBAT are of similar length by which BA unit fits into
BT unit due to the process of co-crystallization. Two melting points are not shown by
the second heating thermograms (Gonzélez Seligra et al., 2016; Pietrosanto et al., 2020;
Teamsinsungvon et al., 2013; Yang & Qiu, 2011). Value of Tmy is increased with higher
MWCNT content of the nanocomposites, however, Tm2 values in both first and second
heating scans seem to be decreased with increasing MWCNT concentration. Lower

value of T2 corresponds to the formation of improper crystals due to the confinement
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of CNT on polymer chains, controlling their mobility. This effect slows down the

process of crystallization (Gonzéalez Seligra et al., 2016). As a result, value of Xcis in

decreasing order with increasing MWCNT content in the nanocomposites.
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Figure 38: DSC thermograms of neat PBAT and PBAT/MWCNT nanocomposites: (a) first heating (b)

cooling and (c) second heating
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From Table 17, it seems that the values of enthalpy of fusion (AHm) and degree of
crystallization (yc) significantly decrease with increasing CNT content in the
nanocomposites. It can be seen that value of ycis almost unchanged at 1 and 2 wt.-%
of MWCNT. It is due to the nucleation effect (heterogeneous) of MWCNT which
enhances the chain mobility at lower CNT concentration. However, mobility of
polymer chains is blocked at higher CNT content (Rodrigues et al., 2016; Xu et al.,
2019) and the degree of crystallinity decreases. The value of ycis reduced to 27.1 and
21.0% on the addition of 3 and 10 wt.-% of MWCNT, respectively. Decrease in T,
AHm, Xc¢ with increasing filler content implies that the extent of the process of
crystallization is decreased and the less perfect crystals are formed at higher filler
concentrations. At higher MWCNT content, the melt viscosity of the composites will
increase which obstructs the chain mobility of PBAT leading to the formation of
imperfect crystals (Fukushima et al., 2012; Hong et al., 2012; Sirisinha & Somboon,
2011). On the other hand, crystallization temperature (T¢) is significantly increased with
the increasing filler concentration in nanocomposites as performed by cooling scan
thermograms which facilitates the process of crystallization and the size of crystals
formed enhancing the process of nucleation (Giri et al., 2021; Xu et al., 2019). Value
of Tc is increased from 89 to 105 °C on the addition of 10 wt.-% MWCNT. Process of
crystallization of PBAT, occurring below 105 °C is reported by Behera et al. (Behera

et al., 2020).
Table 17: DSC Data of neat PBAT and PBAT/MWCNT nanocomposites

Samples DSC first heating DSC cooling DSC second heating

Tm  AHn g Te AH: T T AHm g

(0 (g) @ () (g) (S (O JdgH) @
PBAT-Neat 1223 384 337 89.2 281 375 1258 339 297
PBAT/1% MWCNT 1235 320 283 99.8 257 -38.0 1244 320 283
PBAT/2% MWCNT 1219 392 351 99.7 246 -38.0 1237 327 293
PBAT/3% MWCNT 1204 346 313 1013 233 -380 1232 300 271
PBAT/6% MWCNT 120.3 305 285 1069 266 -345 121.3 232 217
PBAT/10% MWCNT 1202 273 266 1050 30.2 -335 1197 216 210

Increasing trend of T¢ suggests that MWCNT act as heterogeneous nucleating agent
which increase the crystallization sites in the PBAT/MWCNT nanocomposites and
promotes the rearrangement of chains of PBAT leading to the formation of more
ordered crystals (Fukushima et al., 2012; Mohanty & Nayak, 2009). Hence, increase in
the value of Tc PBAT/MWCNT nanocomposites is in favour of the crystallization
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process of PBAT regardless the trend of enthalpy of crystallization and melting; and

melting temperature.

4.5.2. Thermal properties of EB Irradiated Nanocomposites

Thermogravimetric  Analysis (TGA): Thermal stability of EB irradiated
PBAT/MWCNT nanocomposites were investigated by TGA measurements of
PBAT/3% MWCNT nanocomposites, irradiated with different doses (150, 200 and 300
kGy). TGA and DTG curves of the EB irradiated PBAT/3% MWCNT nanocomposites
are presented in Figure 39 (a, b), respectively. The corresponding TGA results are
presented in Table 18. TGA and DTG curves and the corresponding results of
unirradiated PBAT/3% MWCNT nanocomposites are also presented for the
comparative analyses.

From Figure 393, it seems that Tonset Of EB irradiated composites is slightly lower than
that of unirradiated composites. It decreased from 374 °C (unirradiated composites) to
370 °C (irradiated composites). In the same way, Tmax Values of unirradiated and
irradiated samples are 409 °C and 402 °C, respectively. Tmax Of irradiated composites is
lower even than that of neat polymer matrix which is 405 °C. Such a decrease in thermal
stability and Tmax of EB irradiated nanocomposites is attributed to the irradiation
induced degradation of polymer matrix (Pietrosanto et al., 2020; Rzepna et al., 2018;
Zhao et al., 2020). However, values of T¢ of irradiated nanocomposites is found almost

unchanged.

96



Residual Mass (%)

300 350 400 450 500
Temperature (°C)

402 °C
l [0 b

o
S 154
'—
<
£ 10

0.5

0.0 : : : : : : .

350 375 400 425 450

Temperature (°C)

Figure 39: (a) TGA mass loss curves and their (b) first derivative curves of EB irradiated PBAT/3%
MWCNT nanocomposites with different doses

Table 18: TGA Data of EB irradiated PBAT/3% MWCNT nanocomposites

Samples Tmax (°C) Weight loss (%) Residue (%)
PBAT/3% MWCNT -0 kGy 409 925 6.3
PBAT/3% MWCNT -150 kGy 402 94.3 5.9
PBAT/3% MWCNT -200 kGy 402 93.2 6.8
PBAT/3% MWCNT -300 kGy 403 92.8 7.0

The effect of EB irradiation on thermal stability and the variation of Tmax seems
independent of irradiation dose used in this work. Similarly, unchanged values of
residue left at 800 °C (Table 18) implies no effect of irradiation on CNT because both

unirradiated and irradiated samples contain 3 wt.-% of fillers.
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Differential Scanning Calorimetry (DSC): DSC thermograms of PBAT/3% MWCNT
nanocomposites irradiated with different doses (150, 200 and 300 kGy) and the

corresponding DSC data are presented in Figure 40 (a-c), and Table 19, respectively.
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Figure 40: DSC thermograms of unirradiated and EB-irradiated PBAT/3% MWCNT nanocomposites:

(a) first heating (b) cooling and (c) second heating with different dose
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Table 19: DSC data of EB irradiated PBAT/3% MWCNT nanocomposites

Samples DSC first heating DSC cooling DSC second heating
Tm AHm Zc Tc AHC Tg Tm AHm (J Zc
(C) (gh) @ (C) (@ () () g) (%)

PBAT/3% MWCNT 1204 346 312 1013 233 -380 1232 300 271

-0 kGy
PBAT/3% MWCNT 1185 334 30.2 889 247 -385 1211 305 276
-150 kGy
PBAT/3% MWCNT 1175 348 315 919 246 -380 1205 300 27.1
-200 kGy

PBAT/3% MWCNT 1190 344 311 937 233 -380 1181 271 245
-300 kGy

Table 19 suggests an overall decreasing trend of Tm, 4Hm, Tc and yc of irradiated
nanocomposites with increasing irradiation dose. Even the values of Tmi performed by
the thermograms in first heating, corresponding to melting temperatures of crystals of
BA units of PBAT decreases with increasing dose of irradiation. Meanwhile, yc values
from first heating scans seem slightly increased, however, they decrease in second
heating scan particularly with 300 kGy dose. Decrease in these thermal parameters of
nanocomposites with same CNT content with increasing irradiation dose is attributed
to the slightly declined molecular weight of polymer matrix due to material degradation
(minor) carried out by EB irradiation and increase in branching density of polymer
matrix in irradiated nanocomposites. Higher branching density of polymers controls the
process of crystallization which is exhibited by the composites irradiated with 300 kGy
(Pietrosanto et al., 2020; Rzepna et al., 2018). Despite the irradiation resistance of
PBAT at lower dose, it is degraded through aliphatic ester group at higher dose (used
in this work) (Rzepna et al., 2018; Zhao et al., 2020). Decrease in degree of
crystallization is also attributed to the irradiation induced polymer degradation and
decrease in molecular weight, however, dose dependent degradation effect could not be
distinguished between different doses which can be expected at higher doses than that
is used in this work.

Tq of EB irradiated PBAT/MWCNT nanocomposites seems unchanged by the
irradiation with in this dose. Increased value of Ty of EB irradiated PBAT based
composites, attributed to the formation of a 3D crosslinks PBAT-network is reported
in literature (Hwang et al., 2010), however, this is not noticed in this work.
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4.5.3. Summary of Thermal Properties

» TGA analyses of PBAT-neat and PBAT/MWCNT nanocomposites shows the
enhanced thermal stability of the nanocomposites compared to that of neat PBAT.
Increased Tonset, Tmax and Tr values of the nanocomposites with the increasing
MWCNT concentration imply the enhanced thermal stability. High thermal stability
of MWCNT, their uniform distribution in the nanocomposites during melt-mixing,
good filler-matrix interaction and the affinity of MWCNT with PBAT (due to the
presence of aromatic ring) may be attributed to be responsible for the improved
thermal stability of the nanocomposites.

» Thermal stability of EB irradiated nanocomposites is found to reduce, however, up
on EB irradiation, values of both Tonset and Tmax are decreased and that of Tr.
remained unchanged. Decrease in molecular weight of polymer matrix due to the
irradiation might be the reason behind this effect.

» DSC analysis of nanocomposites in comparison to neat PBAT suggest an
unchanged Tg and significantly increased Tc. On the other hand, values of Tm, 4Hm,
AH., and X decrease with increasing CNT concentration in the nanocomposites.
These results imply that MWCNT act as heterogeneous nucleating agent in the
nanocomposites retarding the mobility of PBAT chains. As a result, the process of
crystallization will also be retarded and the less perfect crystals will be formed.
However, increasing value of Tc compensates the process of PBAT crystallization
increasing the crystal size and the number of crystallization sites in the
nanocomposites. Meanwhile, first heating scan of DSC exhibits two melting peaks
around at 48 °C and 120 °C. The first melting temperature corresponds to the
melting of crystals of BA unit of PBAT formed during melt-mixing. These crystals
of BA adjust into crystals of BT units later by the process of co-crystallization
forming perfect PBAT crystals whose melting temperature is signified by the
second peak around at 120 °C.

» The effect of EB irradiation can also be noticed in the DSC analysis of irradiated
nanocomposites. The value of Tm, 4Hm, Tc and yc of the irradiated nanocomposites,
are decreased with irradiation. Decrease in y is significant with the dose 300 kGy.
This result of DSC is consistent with that of tensile and microindentation tests. Even
the value of Tm: corresponding to the melting of BA crystal, possessed by first

heating scans is decreases from 48 °C to 46 °C.
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CHAPTER 5
5. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORKS

This chapter summarizes the outcome and the conclusions drawn from the entire
research work. Incorporation of MWCNT into PBAT matrix imparted various physical
properties in the development of morphology and microstructure of PBAT/MWCNT
nanocomposites. Study of deformation behavior of the materials in correlation with

their electrical properties have been the primary objective of this research work.

5.1. Conclusions

» Melt-mixed flexible and electrically conductive PBAT/MWCNT nanocomposites
have been successfully fabricated.

» Different microscopic techniques such as scanning electron microscopy (SEM),
transmission electron microscopy (TEM) and transmission light microscopy (TLM)
altogether revealed uniform MWCNT distribution throughout the polymer matrix.
Uniform surface morphology of nanocomposites with a net-like CNT-network
formed by CNT-CNT connection is implied by scanning electron microscopy
(SEM). A low rate of agglomeration of MWCNT and the uniform distribution of
agglomerates are suggested by TEM and TLM. Agglomerate area ratio (A/Ao) in the
range of 0.27 to 1.26 suggests a low MWCNT aggregation.

» Comparative analyses of Fourier transform infrared (FTIR) spectra of neat PBAT
and PBAT/MWCNT nanocomposites reveal a physical type of binding force
between polymer matrix and filler. The interfacial adhesion of filler onto the matrix
is responsible for the formation of nanocomposite microstructure.

> Increasing slope of tensile stress-strain curves with higher concentration of
MWCNT in nanocomposites implies the mechanical reinforcement of
nanocomposites by MWCNT. It is further supported by the elevated Martens
hardness (HM) and indentation modulus (Eir), and lowered maximum indentation
depth (hmax) Of nanocomposites. Formation of micro-voids and cracks in the
nanocomposites at higher filler concentration is revealed by the decreasing ratio of
elastic to plastic work of deformation i.e. 3.25 (neat PBAT) to 2.13 (PBAT/5%
MWCNT nanocomposites).
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» Achievement of comparatively low percolation threshold (between 0.5 to 1 wt.-%
of MWCNT) is due to uniform filler dispersion, low rate of agglomeration. Relative
resistance change (4R/Ro), increased in a non-linear and exponential-like manner as
a function of mechanical strain during tensile stretching of nanocomposites
confirms their piezoresitivity. Range of volume resistivity (6.90x10° Q.cm to
1.24x10* Q.cm) of electrically conductive PBAT/MWCNT nanocomposites and
their piezoresitivity reveal their potential of strain sensing applications. Fitting of
AR/Romaximaat low mechanical strain (2 to 8%) in cyclic strain test confirms their
low-strain sensing potential. Moreover, improved fitting of 4R/Ro maxima with
strain (up to 10%) with minor shoulder peaks during cyclic strain test of
PBAT/MWCNT nanocomposites, crosslinked by electron beam (EB) irradiation
suggests EB irradiation induced crosslinking as a strategy to improve their elastic
properties leading to improved strain sensing behavior. Meanwhile, resistance
change of nanocomposites irradiated with the highest dose (300 kGy) in an irregular
way performing no fitting of resistance maxima with mechanical strain suggest the
application of this method only up to a moderate dose of irradiation.

» Enhanced thermal stability of PBAT/MWCNT nanocomposites with the
incorporation of MWCNT into PBAT is revealed by thermogravimetric analysis
(TGA). A good MWCNT-PBAT interfacial interaction and uniform dispersion in
the nanocomposites are responsible for enhanced thermal stability. Differential
scanning calorimetry (DSC) studies of PBAT/MWCNT nanocomposites suggest an
unchanged glass transition temperature (Tg), increased crystallization temperature
(Tc), decreased melting temperature (Tm), enthalpy of melting (4Hm) and enthalpy
of crystallization (4Hc). As a consequence, decreased crystallinity (yc) is achieved
signifying that MWCNT act as a heterogeneous nucleating agent retarding the
polymer crystallization. Furthermore, slightly decreased thermal stability of EB
irradiated nanocomposites (with same filler concentration) implies the minor
degradation of polymer matrix by EB irradiation. Reduced crystallinity (yc) of
irradiated nanocomposites is attributed to the retarded chain mobility of PBAT by

the crosslinks
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5.2. Recommendations for Future Works

Based on the above listed findings and conclusions, following recommendations are

put forward for future works.

> Investigation of strain sensing behavior of PBAT/MWCNT nanocomposites
applying higher mechanical strain (beyond 10%) and reproducibility of change in
electrical resistance with maximum number of cycles would be worthy.

> Exploration of more strategic methods to improve the elastic properties and strain
sensing performance of PBAT/MWCNT nanocomposites to prepare biodegradable
strain sensors addressing the existing plastic waste problem.

> Investigation of strain sensing behavior of PBAT/MWCNT nanocomposites using
PBAT with varied molar ratio of BA and BT units to investigate the variation in

elastic properties and the rate of biodegradation.
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CHAPTER 6
6. SUMMARY

As per the aim of fabrication of biodegradable CPC and investigate their
piezoresistivity and strain sensing behavior, PBAT/MWCNT nanocomposites were
prepared by the method of microcompounding followed by compression moulding.
PBAT was taken as a biodegradable, flexible and stretchable polymer matrix whereas
MWCNT were taken as conductive filler. Investigation of morphology, structure,
deformation behavior, electrical conductivity, thermal stability and crystallization
behavior of the nanocomposites was carried out. Deformation behavior of
nanocomposites was correlated with their electrical properties targeting their
piezoresistive strain sensing behavior. Low-strain sensing capacity of PBAT/MWCNT
nanocomposites opened the door to explore for a strategic method to enhance their
strain sensing capacity. Crosslinking the PBAT/MWCNT nanocomposites by EB
irradiation was employed as a strategy to improve the elastic deformability (essential
for strain sensing) of the nanocomposites. This strategy was found applicable up to a
moderate dose of irradiation.

Chapter 1 introduces an overall research work, provides an overview of related works
and draws a research gap from the survey of reported works. It includes the aim of the
research work which is divided into general objective and the specific objectives. The
particular works conducted to meet the objectives of the entire research project are
included by the specific objectives. Similarly, it includes the research contribution, and
the scope and limitations of the studies.

Chapter 2 includes a critical review of related works reported in literature.
Biodegradable and electrically conductive polymer composites (CPC), their electrical
conductivity and percolation theory are explained. As a research gap, this chapter
mentions the necessity of investigation of piezoresistive strain sensing behavior of
PBAT based biodegradable CPC. It also explains about the method of quantification of
piezoresitive sensitivity of flexible and stretchable CPC. Furthermore, it puts forward
electron beam (EB) irradiation, as a strategic method of crosslinking CPC to enhance
their elastic deformability, summarizes the related works of PBAT, PLA/PBAT and the

corresponding composites reported in literature.
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Chapter 3 lists out the materials used with their physical properties and the methods
employed for sample preparation. Similarly, it involves the conditions employed for
the preparation of samples, tools and techniques adopted for their characterization,
laboratory manuals, corresponding instruments and the conditions of measurements.
Chapter 4 of this thesis presents the overall results of entire research work, and their
analyses and interpretation. The morphological and structural investigation of the
nanocomposites were carried out employing different microscopic techniques and
FTIR spectroscopy, respectively. Microscopic studies attested uniform filler dispersion
and an interconnected MWCNT-network throughout the polymer matrix whereas a
physical filler-matrix binding force with a good interfacial interaction was revealed by
FTIR spectroscopy. Deformation behavior of the nanocomposites in correlation with
the change in electrical resistance during tensile stretching and cyclic strain test
confirmed their piezoresistive properties and strain sensing behavior, respectively.
Low-strain sensing potential of nanocomposites was improved by crosslinking the
polymer matrix by electron beam irradiation in order to improve their elastic properties.
Increased thermal stability of nanocomposites with the presence of MWCNT is
revealed by TGA whereas decreased crystallinity and the formation of less perfect
crystals of polymer was attested by DSC. Similarly, slightly decreased thermal stability
with lower crystallinity of EB irradiated nanocomposites was attested.

Chapter 5 of this thesis includes the general conclusions drawn from the overall
research work in connection to the general and specific objectives. Recommends for
new possible explorations after carrying out this work are listed. PBAT is concluded to
be an efficient polymer matrix to develop flexible, biodegradable and biocompatible
strain sensors. Moreover, EB irradiation (up to a moderate dose) induced crosslinking
is conclusively proposed as a strategic method to enhance elastic deformability and
strain sensing behavior of CPC.

Chapter 6 summarizes the content of all chapters of this thesis in brief,
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