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Abstract

The ever-increasing human population has raised concerns about the need for environmentally
friendly, sustainable and reliable energy storage system. Natural rubber (NR) is an elastomer which
exhibits unique properties such as reversible deformation, excellent mechanical strength and large
strain storage capacity rendering it as a promising prospect to be developed as a smart material with
energy storage potential. However, a few drawbacks of NR for instance poor oil resistivity had raised
the use of synthetic rubbers produced from petrochemicals that caused environmental and health
issues. To counter this circumstance, the development of novel specialty natural rubber (SPNR) have
been garnering tremendous interest due to the importance of green concept of rubber. However, the
physical and mechanical characteristics of epoxidized natural rubber (ENR) and deproteinized natural
rubber (DPNR) both belong to the class of SPNR fabricated in the form of rubber latex (RL) films are
rarely investigated. This research work aims to analyse temperature-triggered biobased smart rubber
with enhanced mechanical strength for energy storage application. More precisely, the emphasis of
this research is to discover the compatibility of starch nanocrystals (SNC) as reinforcement nanofiller
in NR and its derivatives such as ENR and DPNR for wide range of working temperatures. Moreover,
the shape memory effect (SME) of SNC reinforced RL films is yet to be explored. Majority of the current
research works related to smart materials are shape memory alloys and other electro-responsive
material which are seldom 100% biodegradable and possessed less flexibility. From the engineering
perspective, it is also crucial to analyse and demonstrate the feasibility of a novel material before any
specific application. Therefore, the physical and mechanical characteristics, shape memory behaviour
as well as evaluating the energy storage capability of the fabricated smart rubbers are presented in
this research.

To this end, the research was divided into three objectives: (i) experimental investigations which
included characterization of SNC, physical and mechanical characteristics of sulphur-cured rubber
films and SNC reinforced rubber composite films (ii) evaluation of the shape memory behaviour of
sulphur-cured rubber films and SNC reinforced rubber composite films (iii) quantifying and
demonstrating the energy storage potential of rubber nanocomposite films. The optimized acid
hydrolysis technique was adopted to synthesize SNC from native waxy maize starch while latex casting
is used to fabricate the temperature triggered smart rubber films. A series of characterization works
were done to the synthesized SNC, sulphur-cured rubber films and SNC reinforced rubber composite
films. For the second objective, shape memory testing was performed with a special elongation device
to quantify the shape fixity (Sf) and shape recovery (S;) of the smart rubber films. The energy stored
within the smart rubber was quantified by cyclic loading-unloading test and manual experiment was
performed to demonstrate the energy storage capability of the rubber nanocomposite films by lifting
a load which then concludes the third objective.

In characterization of SNC, the synthesized SNC was found to be well dispersed and possessed a
spherical shape with nano-dimension determined through morphological study and particle size
analyser. Native waxy maize starch and SNC showed a typical A-type crystalline structure with 35%
and 44% of relative crystallinity respectively. In terms of thermal behaviour, SNC displayed higher
endothermic temperature peak than native starch as SNC was found to have a higher degree of
crystallinity. For sulphur-cured rubber films, the following results were observed: (i) the crosslink
density and tensile stress were found to increase while elongation at break decreases with higher
loading of sulphur, (ii) increasing content of sulphur resulted in a decrease of swelling percentage in
toluene, (iii) the samples exhibited a trend of maintaining in glassy state below its glass transition
temperature (Tg) with decreasing storage modulus while Ty of ENRLs-based rubber films is higher than
its NRLs counterpart. As for SNC reinforced rubber composite films, (i) SNC is well dispersed in the
rubber matrices (ii) crosslink density and tensile stress increased with SNC content while incorporation
of SNC maintained the deformability of the rubber nanocomposites films, (iii) water and toluene



uptake of the rubber nanocomposites films were found to be in contrast with addition of SNC, (iv)
comparable T; was found in their respective RL types with incorporation of SNC, (v) two weight loss
steps corresponding to degradation of SNC and rubber matrix were found from the thermogram.

For the second objective, in terms of shape memory behaviour, the most lightly crosslinked
rubber films (0.2phr sulphur) was determined to exhibit the best overall SME. Therefore, all rubber
nanocomposites films were crosslinked with 0.2 phr sulphur with varying SNC contents. The results
suggested that incorporation of 8% SNC into the rubber composite films achieved S¢ of the 93.3% while
retained 100% S, of the material. This outcome suggested that the rubber nanocomposite film is
capable of storing strain at the elongated state which translated to the storage of certain amount of
elastic deformation energy. Thus, from the findings of SME, third objective of the work investigate the
energy storage potential of the rubber nanocomposite films. The greatest attained energy stored was
calculated to be 20.91 MJ/m? while manual experiment showed that the smart rubber was able to
perform work by lifting a load in the vertical direction which is similar to the application of one-way
actuator. This fabricated smart rubber is expected to possess environmentally friendly green energy
storage capabilities and can be considered as an option for future energy storage.

It can be concluded that the smart rubber fabricated in this study possessed high mechanical
properties, excellent SME and green energy storage potential. The SME and energy stored during the
deformation process can be harnessed in various ways, broadening its potential application across
multiple fields including soft robotics, self-deployable structures, medical devices and implants as well
as energy storing devices. In all of these applications, smart rubber enables not only shape
transformation but also the storage and release of mechanical energy making them highly versatile
for both mechanical tasks and energy management solutions across various industries.
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Chapter 1

1.0 Introduction
1.1 Research background

As reported by Bloomberg New Energy Finance, 137 GW/ 442GWh of new energy storage capacity
will be added globally by the end of this decade to accommodate the ever-increasing energy output
(Nsitem, 2024). Population growth, industrial advancement, technology development and economic
upturn have led the demand for sustainable energy storage system. The growing demand for energy
has caused environmental impacts such as global warming and climate changes, air pollution that
affects health condition , and threats of water and soil contamination (Riffat SB, 2015; Guney and Tepe,
2017; Osman et al., 2023). The effect can be clearly noticed by the increasing atmospheric carbon
dioxide concentration of 360 ppm to 400 ppm between 1995 and 2015 (Heard et al., 2017). Therefore,
energy insecurity and environmental consciousness have motivated researchers to develop green,
high abrasion and sustainable carbon-free energy storage system for improvement of this situation
(Dehghani-Sanij et al., 2019). Smart material as a family member that is listed in advanced materials
are material that gives responses in controllable and reversible fashion to external stimuli such as
pressure, temperature, electric field, light, or chemical substances can be an interesting option for
energy storage application when their characteristics undergo reversible changes (KOK et al., 2019).
In fact, a material that is able to response to its surrounding with outstanding mechanical properties

presents a great opportunity for the development of smart material-based energy storage system.

The types of smart materials developed through previous research comprised of shape memory
alloys (SMAs), shape memory polymers (SMPs), magneto-rheostatic fluid, piezoelectric, thermo-
responsive, magneto-restrictive, chromic and pH-sensitive materials (Mishra, 2017; Bahl et al., 2020;
W. Wang et al., 2023). SMAs are smart materials that have at least two different phases which can be
transformed from one to another by changing temperature and stress. They are able to transform to
certain shape and return to their original structure upon presence of external stimuli (Dye, 2015). Out
of all of the SMAs, the most crucial discovery of SMA is nitinol alloy system which possesses great
functionality and wide range of commercial purposes (Huang, 1998). SMAs possess several features
such as thermoelasticity (Aydoldu et al., 2016; Qader, Kok and Dagdelen, 2019), superelasticity
(Santoro, Nicolay and Cangialosi, 2001; Ou et al., 2023) and damping capacity (Van Humbeeck and
Kustov, 2005; Pan and Cho, 2007). In these works, only specialty features of the developed SMAs were
discussed. Moreover, other types of smart materials were being used in various applications such as
actuators (Olabi and Grunwald, 2008; Craciunescu and Ercuta, 2015; Spanner and Koc, 2016),

aeronautical technology (Toozandehjani, 2018), intelligent textiles (Thakur, 2016; Junior et al., 2022)



and energy harvesting device (Cramm et al., 2011; Davino, 2021; Ali et al., 2023). Nonetheless, it is
worth noting that the works focusing on fabrication of smart materials showed novel functionality,
but research encompasses SMPs and the storage of energy are less common. Hence, the focus of this
work will be on developing SMPs with enhanced properties while exploring its energy storage

capabilities.

SMPs as a member of smart materials are an emerging class of intelligent polymer gained
tremendous interest among researchers in recent years due to its possibility of innovative applications
and mechanical functionality. SMPs are one of the most up and coming stimuli-responsive materials
that have the ability to memorize a permanent (original) macroscopic shape, be manipulated and
“settled” (fixed) to a temporary shape under certain condition of temperature and stress (Jahid, Hu
and Zhuo, 2018; Zende, Ghase and Jamdar, 2023). Under the influence of thermal, electrical or
environmental stimulus, it can then return to the original stress-free condition. SMPs particularly
shape memory natural rubber (SMNR) were claimed to be a superior smart material to SMAs because
of their relatively lower processing cost, greater efficiency, biodegradability and by far offering better
mechanical properties (Barik and Rao, 2019). Due to their nature of being biodegradable, a more
economical and effective after life treatment of SMPs can be offered without raising any

environmental concerns.

Malaysia as the fifth or sixth largest producer of natural rubber (NR) globally has registered a
record spike of RM 71 billion in total export at 2021, an increment of 46.3% when compared to the
year before (Low, 2022). NR is an elastic polymer which has the ability to stretch several times from
its original length without breaking while imparting excellent tensile strength. Owing to the excellent
properties of rubber, the physical and mechanical characteristics of this material are crucial in
developing final products for various applications. Extensive research have been done on evaluating
the mechanical properties of NR (Schaefer, 2002; Sasitaran et al., 2016). However, NR has low
resistance towards oil penetrability which gives rise to the development of novel natural rubber
derivatives such as epoxidized natural rubber (ENR) and deproteinized natural rubber (DPNR) to
compete with synthetic rubber while maintaining its advantage of being biodegradable (Tanrattanakul
et al.,2003; Ramliet al., 2022). These natural rubber derivatives also known as specialty natural rubber
(SPNR) are potential candidates to replace synthetic rubber produced from petroleum that caused
environmental and health issues (Musto, 2013). ENR is acclaimed to exhibit improved oil and gas
permeability with enhanced toughness when compared with its predecessor NR (Zhu et al., 2022).
DPNR a kind of NR derivative with low extractable protein content and less smell of rubber is more
commonly adopt in manufacturing hypoallergenic material (Ariyawiriyanan et al., 2013). Nevertheless,

ENR and DPNR are normally used in the form of dry rubber with many undiscovered product



applications at this point. The physical and mechanical characteristics of these SPNR in rubber latexes

(RL) form are also very much unexplored.

With the concept of sustainability in mind, the emphasis should be laid on fabricating green smart
materials with outstanding mechanical properties. Therefore, with the availability of biodegradable
raw material and high resistance to crack growth at large deformation, the development of shape
memory rubber (SMR) will be an interesting area to explore. The major benefits of shape memory
SMNR are their exceptional capability of storing large strain, cold and mechanical energy (Heuwers et
al., 2013), generating mechanical stress when exposed to solvent vapour (Quitmann et al., 2013),
programmable under different environmental conditions (Quitmann et al., 2014), triggerable under
mechanical and chemical stimulus with discrete trigger range (Quitmann et al., 2015) and tunable
trigger temperature after programming (Heuwers et al., 2012; Quitmann et al., 2015). Despite the
magnificent properties shown by SMNR, the development of this smart material is not common
because of their low glass transition temperature (Tg) which proved to be an obstacle to induce SME

at room temperature (Koerner et al., 2004; Zhang et al., 2009; Yin et al., 2022).

SMR as one of the SMPs depends on strain induced crystallization (SIC) that occurs whenever
cross-linked rubber is stretched to large deformation for shape memory behaviour (Reghunadhan et
al., 2021). Shape fixity (Sf) then quantifies the ability of a SMP to fix the temporary shape upon
mechanical deformation when releasing the stretching force (Saadoun Al Azzawi, 2023). Under the
influence of external stimuli, decrystallization occurs where permanent net-points of crosslinked
rubber pull the rubber molecules back to their original shape. Recently, a few strategies have been
developed to induce shape memory effect (SME) on rubber. Firstly, SIC in lightly crosslinked NR where
crystals do not vanish after releasing the stretching force at room temperature (Heuwers et al., 2013).
Secondly, the blending of additives such as fatty acid soaps in NR compound to increase the melting
temperature (Tm) of the rubber composite (Wee, Chai and Ho, 2017; Kow, Chai and Ho, 2020a, 2020c,
2020b). Thirdly, the increment of Tg in ENR by using novel curing and crosslinking agent (Zhang et al.,
2015; Zou et al., 2023). However, in majority of the studies, only different fabrication methods to
induce SME in SMR had been investigated. It can be noted that considerably minimum studies that
explicitly deal with improving the mechanical properties while maintaining or enhancing the SME of

SMR had been conducted.

SMPs especially SMR are well accepted as smart polymetric materials due to their intriguing
characteristics for instance biocompatibility, large deformation and various fabrication methods
(Rousseau, 2008). However, the major limitation of SMPs are their relatively low tensile strength and

stiffness when compared with metal (Pradhan et al., 2022). Incorporation of effective nanofillers has



been manifested to be the most conducive approach to overcome this concern because nanoparticles
can be well dispersed in polymer matrices and develop strong physical interactions while serving as
multi-functional netpoints (Wu et al., 2019). A number of studies regarding mechanical properties of
reinforced SMP nanocomposites are available (Sessini, Brox, et al., 2018; Sessini, Navarro-Baena, et
al., 2018; Hassanzadeh-Aghdam, Ansari and Mahmoodi, 2019; Gopinath et al., 2021; Kausar, 2022;
Namathoti and Vakkalagadda, 2023). The unique benefits of shape memory polymer nanocomposites
include their abilities to reform under an active drive at a specific trigger, ease of transport, and their

lightning production capacity further validated their potential in solving problems in many applications.

In recent years, with increasing environmental awareness, replacement of conventional inorganic
fillers like carbon black, silica and clay with nanoparticles synthesized from polysaccharides has been
the topic for intensive research due to its nature of being totally biodegradable (Bel Haaj et al., 2016).
Starch nanocrystals (SNC) were formed as distinct crystalline platelets due to the disruption of semi-
crystalline phase resulting from acid hydrolysis of amorphous region (LeCorre, Bras and Dufresne,
2011). The synthesized SNC had been incorporated into NR matrix for improvement of mechanical
performance and barrier properties. It was revealed that the addition of SNC as reinforcement filler
appeared to be an effective reinforcing agent for NR (Gao et al., 2014; Rajisha et al., 2014, 2015; Anand
et al., 2018). In spite of these efforts, there are minimum research works regarding the incorporation
of SNC in rubber matrix for fabrication of SMR while evaluating its energy storage capability and
mechanical properties. Moreover, the effect of adding SNC as filler in SPNR remained trivial at this

point.

This research work can be regarded as first step towards integrated analysis of temperature
triggered biobased smart rubbers with improved mechanical properties for energy storage application.
Moreover, the emphasis of this research is to discover the compatibility of SNC as reinforcement
nanoparticles in natural rubber latex (NRL), epoxidized natural rubber latex 25 (ENRL25), epoxidized
natural rubber latex 50 (ENRL50) and deproteinized natural rubber latex (DPNRL) for wide range of
working temperature to induce SME while observing its potential as novel energy storage system. For
these purposes, a series of characterization techniques such as the determination of crosslink density,
swelling behaviour, morphological analysis, tensile testing as well as mechanical and thermal
behaviour were done to evaluate the physical and mechanical characteristics of the fabricated smart
rubber films by latex casting method. A self-made elongation device is developed to quantify the SME
such as St and shape recovery (S;) under the determined working temperature. Furthermore,
experimental analysis and manual demonstrations were undergone to quantify as well as

demonstrating the energy storage capabilities of the smart rubbers.



1.2 Problem statement

Smart materials especially SMR have been a compelling material for research interest among
researchers and industrialists due to its unique combination of mechanical flexibility, durability and
shape memory properties. These attractive characteristics allow SMR to boost its appeal for
prospective cutting-edge applications ranging from medical devices to robotics and energy storage.
However, the development of SMR remains uncommon due to the extremely low T; of rubber.
Moreover, rubbery materials are commonly incorporated with fillers to enhance its mechanical
strength as unfilled rubber matrix possessed relatively low tensile strength and stiffness. Lately, with
raising environmental consciousness given by the rise of fossil fuel depletion and global warming it is
essential to replace inorganic filler with green sustainable sources. SNC is an abundant polysaccharide
that can be derived from many kinds of plants which could be used as a substitute for traditional fillers
to enhance the mechanical properties of the rubber matrix. Several drawbacks of NR have encouraged
the development of green SPNR such as ENR and DPNR that counter the limitations of NR. To date,
information about the physical and mechanical characteristics of SPNR films as well as SNC reinforced
rubber composites films remain largely unknown. Further to that, little to no work has been conducted
to investigate the effectiveness of SNC on SME of the rubber nanocomposite films. The SME on rubber
films is the fundamental attribute required for any energy storage within the smart rubbers.
Additionally, quantification and demonstration of energy stored within the SMR should be done to
provide critical insight and elemental understanding towards the future development of energy

storing SMR over a wide array of potential applications.

1.3 Objectives
The objectives of the research works are summarized as below:

1. To synthesis and characterize SNC as well as evaluating the physical and mechanical
characteristics of sulphur-cured rubber films and SNC reinforced rubber composites films.

2. Toinduce SME in sulphur-cured rubber films and investigate the effectiveness of SNC on SME
of the rubber nanocomposite films.

3. To evaluate the energy storage potential of smart rubbers through experimental analysis and

validates the energy stored within smart rubber through manual demonstration.



1.4 Layout of the thesis

The thesis is organized as follows: Chapter 1 provides an overview on the background and
motivation of this research, while the objectives and scope of the work are also highlighted in this
section. Chapter 2 presents a thorough literature review related to the work. This section begins with
the general review of NR and its derivatives. Subsequently, the review focuses on rubber
nanocomposite with emphasis towards the incorporation of SNC as nanofiller in NR. The research-
related works including general aspects of SMP and development of SMR are also included. The
chapter ends with the review on the potential of SMR as an energy storage alternative. Research
methodology is described in Chapter 3. The materials involved, samples preparation, a series of
characterization techniques, experimental procedures and design of the manual experiment are
detailed in this section. The successfully synthesized SNC is characterized accordingly. Rubber films
with and without the incorporation of SNC are evaluated on their physical and mechanical
characteristics before investigating their shape memory behaviour. The shape memory result is
obtained to show the energy storage potential of the rubber specimen. Experimental analysis and
manual demonstration are done to evaluate the energy stored within the rubber films. Chapter 4
shows the results and discussion based on the data attained from the characterization and
experimental works. Chapter 5 summarizes the outcomes of the current research work and suggests

improvements as well as directions for future research.
1.5 Scope of the research

This thesis first focuses on the physical and mechanical characteristics of four different RL: NRL,
ENRL25, ENRL50 and DPNRL with varying sulphur loading and SNC content. The morphological study,
crosslink density, swelling characteristics, dynamic mechanical behaviour, mechanical properties and
thermal stability are evaluated by conducting a series of characterization tests. The emphasis is then
shifted to investigating the SME of the smart rubbers through performing thermomechanical test by
using self-made elongation device. Special attention is given to SNC reinforced rubber composite films
on shape memory behaviour and energy storage as these rubber nanocomposite films show improved
mechanical properties. The experimental data is analyzed before conducting cyclic loading-unloading
test to quantify the energy storage capacity of the smart rubbers. A self-designed manual
demonstration is then done to validate the energy storage in smart rubber and make evident to

potential practical application.



Chapter 2

2.0 Literature Review

This chapter provides background information for the entire thesis developed in the following

chapters. The contents discussed in this chapter are as followed:

1. General overview of natural rubber and its derivatives

2. An overview of rubber nanocomposites with emphasis on the incorporation of starch
nanocrystal as filler in natural rubber

3. General aspects of shape memory polymers with prominence of the development of shape
memory rubber

4. Potential of shape memory rubber as energy storage alternative

2.1 General overview of natural rubber and its derivatives
2.1.1 Rubber as an elastomer

Rubber is an elastomer, a term that is commonly used to describe any material with rubber-like
properties. Elastomer refers to any rubbery material consists of long chain polymers that have the
capability to recover to their original shape after being stretched to a certain extent (lbrahim, 2022).
Therefore, elastomer is also defined as “elastic polymer”. Elastomeric materials are often structured
with physical or lightly cross-linked chemical bonds (Owen, 2001). Physical cross-links are the
interactions of coordination bonding, hydrogen bonding, ionic bonding or van der Waals forces (Wang,
Guo and Sun, 2019). These cross-links are natural entanglement without the addition of any cross-
linking agent. Under the presence of solvent or stimuli such as heating/cooling, physical cross-links
can be reversibly dissociated and recombined (Oyama, 2014). Meanwhile, chemical cross-links are
usually formed by covalent bonding. Chemical cross-linking is done by cross-linking of water-soluble
polymers by irradiation and co-polymerization of a monomer with cross-linking agent (Wang, Guo and
Sun, 2019). Therefore, rubber latex is often compounded with cross-linking agents such as sulphur to
undergo vulcanization for improvement of mechanical properties. Permanent deformation will
happen when stress is applied without the presence of cross-linkages. The effect of these processes

on rubber will be discussed in Section 2.1.3.

Elastomer molecules can be categorized into glassy, crystalline or rubbery state according to the
glass transition temperature, T of the material which is usually measured in terms of modulus or
stiffness. The physical properties of an elastomer will be at the glassy or crystalline region at
temperature below T; and behave like a rubbery material at temperature above T, (Ebnesajjad, 2016).

As shown in Figure 2.1, rubber behaves like an amorphous material which has a defined rubber plateau



region above T, that enables it to have considerable segmental motion. Elastic modulus is low for an
elastomer when they are in amorphous state which is also frequently defined as glassy state (Ozdemir,
2020). T, of an elastomer is significantly lower than room temperature (-70 °C for NR and — 27 °C for
ENR-50 (Sisanth et al., 2017). Therefore, at room temperature rubber possesses the ability to regain

its original length after stretching to several times when the applied stress is removed.
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Figure 2.1: Modulus versus temperature plot for amorphous material (Shrivastava, 2018)

2.1.2 Introduction to natural rubber and its derivatives
2.1.2(a) Natural rubber (NR)

Natural rubber (NR) is a polymer produced from the milky liquid called latex of the rubber tree
Hevea Brasiliensis (Heng and Joo, 2017). Latex is a milky white colloid that circulates in the latex vessels
or barks of the rubber producing plant. The extraction process of latex known as “tapping” is done by
making an incision into the bark of the rubber tree. Rubber tree is considered ready to harvest
approximately 5-6 years from the date of planting while the economic life of a rubber tree is around
25-30 years (Krukanont and Prasertsan, 2004). South East Asia is the main producing region of NR with
92% of the global production due to its equatorial climate while Africa and Latin America with 6% and
2% respectively (Correa-Pinilla et al., 2022). NR is a polymer mainly consisting of cis 1,4 polyisoprene
as shown in Figure 2.2. Mechanically, NR is known for its ability to elongate several times without
breaking, excellent tear resistance, high green and tensile strength due to the effect of SIC which set
it apart from most synthetic rubbers (Schwartz, 2016). Therefore, NR can also be classified as an
elastomer because of its capability to be stretched and recover to its original length. Upon

compounding and vulcanization with chemicals such as sulphur, zinc oxide and accelerator, there will
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be formation of crosslinks between the polymer chains of rubber molecules which improves the
resistance, elasticity and tensile strength of NR (Bllbil, 2020). NR is often reinforced with filler for
example carbon black to further improve its physical properties while also increasing the volume of
rubber which proves to be an important step towards cost saving. Owing to the outstanding properties
of NR, NR capitalizes the global rubber market with roughly 40% from the total rubber production
(Shoji and Masui, 2015). NR has been widely used in the automotive and medical industry to produce
car tires and gloves because of its low hysteresis properties and good abrasion resistance which is

difficult to be replicated by synthetic rubber.
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Figure 2.2: Chemical structure of NR

2.1.2(b) Epoxidized natural rubber (ENR)

Epoxidized natural rubber (ENR) is one form of the modified NR. Although NR has superior
mechanical quality to most of the synthetic rubber, NR cannot compete with certain specialty
synthetic rubber due to their low resistance towards oil penetrability and high gas permeability (Dieu
et al., 2023). Chemical modifying of NR is becoming popular to improve its stability towards these
external factors. Epoxidation which produces ENR is done by establishing hydrophilic groups with
regards to the isoprene backbone of NR. Synthesis of ENR involves the reaction between hydrogen
peroxide and formic acid to form the in-situ performic acid. The epoxidation reaction then substitutes
the C=C double bond in NR to structure the epoxy group and formic acid is the by-product (Fatimah
Rubaizah et al., 2018). Figure 2.3 shows the epoxidation reaction of NR. ENR has high oil resistance,
low gas permeability properties and improved toughness when compare to its predecessor NR due to
the presence of epoxy group randomly distributed along the isoprene backbone which increases its
hydrophilicity as well as the reduced number of double bond (Zunic and Peter, 2018). Therefore, ENR
has properties resembling synthetic rubber rather than NR. The three common ENRs available in the
market are ENR-10, ENR-25 and ENR-50 which refers to the degree of epoxidation apropos of mole

percent. For instance, 50% mole ENR will produce ENR-50. As the mole percent of epoxide level



increases, the properties of the rubber will shift from general elastomer to those of specialty
elastomer (Wan, Chin and Saad, 2010). ENR-50 undergoes SIC like NR but with gas permeability similar
to butyl rubbers and oil resistance comparable to medium acrylonitrile rubber (Baker and Gelling,
1989). ENR can be used in many applications where NR is needed with improved thermal, oil and gas

resistances serve as a requirement. These applications include tires, the sole of footwear and

adhesives.
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Figure 2.3: Epoxidation of NR

2.1.2(c) Deproteinized natural rubber (DPNR)

Deproteinized natural rubber (DPNR) is a type of NR derivative where the protein layer covering
the rubber particles is removed. Investigations on DPNR are launched due to the issues of protein
allergies caused by NR products especially gloves. Allergy reactions such as skin rashes, hives, flushing,
itching and sinus symptoms were reported (Alenius, Turjanmaa and Palosuo, 2016). Studies suggested
that the mean occurrence of latex allergy among individual in the healthcare industries, patients and
general personnel worldwide are 9.7%, 7.2% and 4.3% respectively (Wu, MclIntosh and Liu, 2016). The
presence of non-rubber content particularly allergenic proteins in NR has hindered its continuous
usage in existing products and potential in new applications. DPNR generally contains no substantial
protein along with excellent film-forming property and impart outstanding green strength (Tanaka et
al., 1996). When compared with ENR, DPNR is more commercially available due to its consumption in
the glove manufacturing industry. DPNR can be prepared either by centrifugation, enzymatic
degradation or irradiation. Surfactant is always added during deproteinization because of the role of
protein layer as stabilizer in NR. Figure 2.4 shows the schematic diagram of protein layer removal from
High Ammonia Rubber Latex (HANR). Deproteinized of NR by centrifugation and hydrolysis is the most
common method to prepare DPNR (Hashim and Ong, 2017). In centrifugation, polyethylene glycol
(PEG) is used as surfactant for the extraction of protein from NR latex with a constant speed of 1000
rpom and processing time of 5 to 30 minutes (Danwanichakul et al., 2014). The application of DPNR is
mainly in the production of protein free gloves, medical and pharmaceutical industry where protein

allergies have become an emerging problem.
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Figure 2.4: Schematic diagram of protein removal from HANR (Hashim and Ong, 2017)

2.1.3 Key terms involved in rubber manufacturing process

2.1.3(a) Compounding

Rubber or latex compounding refers to the addition of certain chemicals in raw rubber under a

definite proportion to obtain a uniform mixture for the desired physical and chemical properties in

order to meet the requirements of end users and to achieve low processing cost (Sisanth et al., 2017).

Unformulated rubbers behave like a high weight polymer with low elasticity and strength (Ramezani

and Ripin, 2012). The main core chemicals used in rubber compounding are rubber matrix, filler, cross-

linking agent, accelerator, activator and antioxidant. The purposes of the chemicals are listed in Table

2.1. Through vulcanization and curing, long chain rubber network will transform from a viscous like

material to an elastic solid.

Table 2.1: Purposes of chemicals addition in rubber compounding (Onions, 2020)

Chemical

Purpose

Natural Rubber (rubber matrix)

Serve as the rubber matrix to be compounded

Carbon Black (filler)

Acts as a reinforcing material and to reduce the
overall cost of the compound

Sulphur (cross-linking agent)

To enhance the cross-linking between rubber
monomers for better mechanical properties

Thiazoles (accelerator)

To increase the speed of vulcanization and to
allow vulcanization to occur at lower
temperature and higher efficiency

Stearic acid (activator)

To activate the action of accelerator for
vulcanization process

Amines (antioxidant)

To lower the rate of free-radical oxidation
reactions for extending the service life of the
rubber
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2.1.3(b) Vulcanization

Vulcanization is the process involving the curing of elastomers usually by heat (Bin Samsuri and
Abdullahi, 2017). Originally, rubber is a very soft and elastic material which could limit its performance
in certain applications. Therefore, vulcanization is needed to maximize the potential of rubber in
various industries. It is a chemical process that turns NR and other elastomers into cross-linked
polymers as shown in Figure 2.5. Vulcanizing agents such as sulphur or hydrogen peroxide is added
into the rubber matrix to improve the elasticity, tensile strength, viscosity and tear resistance of NR
(Tang et al., 2019). The cross-linking reaction between sulphur and the rubber matrix usually happens
at the C=C double bond with excess amount of sulphur. Vulcanization of rubber by only sulphur
consumed a huge amount of time (up to several hours) and is prone to rubber degradation due to the
long exposure to heat as well as oxygen. Therefore, maximum efficiency is achieved by mixing sulphur
with accelerator and metal oxides or fatty acid which acts as the activator for the cross-linking process
(Nair and Joseph, 2014). The selection of suitable chemicals strongly depends on the rubber properties
and application requirements. The mechanism of vulcanization and speed is a rather complicated
process. It depends on the nature of rubber, type of chemicals, cure time and thermodynamics of each
particular reaction (Manaila, Daniela and Craciu, 2012). It is presumed that sulphur vulcanization
proceeds in three stages. The first stage forms the active-crosslinking agent from the interaction of
curing systems (sulphur, accelerator and activator) and rubber. The second stage is dominated by
polysulphidic cross-link from the formation of primary vulcanized network. During the third stage, the
network is restructured into di and monosulphidic crosslinks with macromolecules of rubber which
eventually forms the final vulcanized rubber network (Kruzeldk, Sykora and Hudec, 2016). The degree
of crosslinking in rubber vulcanizate can be determined through the mechanical measurements or the
swelling experiments that involves Mooney-Rivlin equation (Mooney, 1940)(Rivlin, 1948) and Flory-
Rehner equation (Flory and Rehner, 1943) respectively. Recently, the crosslink density of rubber
specimen determined by dynamic mechanical analysis and low-field nuclear magnetic resonance

proved to show great accuracy (Hiranobe et al., 2021).
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Figure 2.5: Cross-linking of rubber (Whitby and Simmons, 1925)
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2.1.3(c) Reinforcement

Reinforcement of rubber refers to the addition of reinforcing material which is also commonly
termed as filler in the rubber matrix for improvement of stress to strain ratio. This simple action
improves the overall properties of rubber. The most prevalent type of filler used in the automotive
and other rubber applications is carbon black. Carbon black is a fine black powder mainly consisting
of carbon produced from the incomplete combustion of heavy petroleum products such as tar.
Reinforcement of rubber by carbon black increases the rubber strength, modulus, stiffness and
elongation at break as shown in Figure 2.6. The improvement in mechanical properties is attributed
to the formation of networks, bound rubber and entanglement between rubber matrix and carbon
black (Seo et al., 2017). With the development of nanotechnology, many different types of
nanoparticles are introduced as filler for rubber matrix and substantially novelty research about the
regarding topic has been widely investigated (Ponnamma et al., 2013). An overview about rubber

nanocomposites will be discussed in Section 2.2.

30
Reinforcement Index (Rl) = M300 / M100
25 | unfilled )
. -=-=-=CB ’/'
& 20 {l=—_—heat-treated CB','
= Py
o 151 ’,’
2 ,/RI=378 /
S 10 P4 of
o ’
ot o
5 1 e RI=1.61_ —
S —— — T —RI=145
0

0 100 200 300 400 500 600 700 800
Strain (%)

Figure 2.6: Stress-strain curve for unfilled and filled rubber (Robertson and Hardman, 2021)

2.1.3(d) Rubber shaping

When it comes to the production of rubber products, there are a few existing manufacturing
processes depending on the final application of the rubber products. Once the dry rubber or latex
arrives at the processing facilities, processing steps such as compounding, mixing, shaping and
vulcanizing will be done individually or collectively. Compounding and mixing of rubber with other
additive chemicals are key for achieving the demanded chemical and physical properties. Figure 2.7
shows the flow chart of rubber products manufacturing process. Some of the most common rubber

shaping processes are calendaring, extrusion, moulding, latex dipping and casting.
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Figure 2.7: Rubber manufacturing process

2.1.3(e) Moulding

Moulding is favoured for bulk production of products with closed dimensional tolerances. Rubber
products like shoe soles, seals, suction cups and bellows are typical products of moulding. Moulding
is also one of the steps in making tyres. Moulding and curing are done in the same process where
moulding is the process where rubber fills the cavity of the mould while curing is done next by applying
heat to the rubber in the mould. The moulding operation must compromise between the necessity of
viscous flow and degree of cross linking by exploring their dependence on the curing temperature.
Moulding comprised of three main types which are compression moulding, transfer moulding,
injection moulding and their variations. Table 2.2 shows the characteristics and applications of the
moulding techniques. The selection of the most appropriate technique relies on the size, shape,
function and precision needed of the rubber products as well as the amount of products to be
produced (Princi, 2019). In the general rule of thumb, mass scale production will justify the need of a
more sophisticated and reliable techniques while low volume production should minimize the capital
on mould and equipment. The capital expenditure of the moulding techniques increases from a
minimum for compression moulding then transfer moulding to a maximum for injection moulding.
The advantages for moulding process include better accuracy in terms of rubber dimension, versatility

and efficiency for high volume production.
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Table 2.2: Characteristics and applications of moulding techniques (Princi, 2019)

Technique

Characteristics

Applications

Compression moulding

Pressing pre-shaped rubber
compound in the mould
High tool costs
Low manufacturing costs

Small series, large parts,
prototypes, samples

Injection-compression
moulding

Pressing pre-plastified rubber
compound
High compound division
without canals
Less tool that can be used

Large surface membranes and
sealings, small precision parts,
high number tool parts

Transfer moulding

Transfer of rubber compound
to cavities
Improved tolerance
Less compound waste

Complex precision parts, no
secondary finishing

Injection moulding

Injection of pre-plastified
material
High manufacturing cost
Low cost of tools

Medium to large series part,
rubber metal part, automated
manufacturing

Transfer injection moulding

Transfer of pre-plastified
rubber compound
High constant flow stream

Large series of small parts, also
in rubber metal, no secondary
finishing

Low tool costs

2.1.3(f) Latex dipping

Latex dipping is a completely different process compared to the methods mentioned above when
dry rubber is used. Latex refers to a stable suspension of tiny polymer particles in aqueous medium
and is generally a two-phase system where water acts as the continuous phase while rubber molecules
is the discontinuous phase. It is in the liquid form before it is converted to solid upon processing. NR
latex is the largest volume of materials used although synthetic polymer such as nitrile butadiene
rubber (NBR) and styrene butadiene rubber (SBR) are also named latex. Latex dipping process starts
by immersing the former into compounded latex then slowly withdrawn from the latex in order to
leave a uniform film on the former. Processes such as leaching, beading, vulcanization cooling and

stripping are then done subsequently prior to the formation of final products.

The thickness of the rubber product can be increased by repetitive latex dipping (single-dip,
double-dip) or by dipping the former into coagulant which is normally a solution of calcium nitrate
before immersing it into latex (Groves and Routh, 2017). Calcium nitrate causes the latex to aggregate
onto the former forming a weak rubber film known as wet gel. Beading is an important steps to
strengthen the thin gel film against tearing at the edge of the open end and to prevent the final rubber
article from distorted configuration (Blackley, 1997). Figure 2.8 shows the basic flowchart of latex

dipping process. Formers are usually produced from aluminium, ceramic or stainless steel for better
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sustainability for production in the long run. The surface of the formers must be polished to a smooth
finish to prevent defects on the rubber products. Some of the common latex dipping products are

rubber gloves, balloons and condoms.
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Figure 2.8: Basic flowchart of latex dipping (Poh, Chew and Tan, 2019)

2.1.3(g) Latex casting

Latex casting is somewhat similar to the dry rubber moulding technique mentioned above where
both processes require a mould to fill the material. However, casting is by pouring of liquid into the
mould cavity for the formation of solid (or hollow) objects from latex compound by gelation whereas
moulding involved the usage of pressure and heat to fill the mould cavity with dry solid rubber. In
dipping process, the latex is placed outside of the mould (former) but latex is poured into the mould
for casting technique although both involved the use of liquid latex. The products from latex casting
are typically toys and rubber films where high dimensional precision and blueprints are made
necessary. The internal design of the mould and surface finish will define the sharp impression of the

finished articles (Mudzviti and Matai, 2019).

Generally, there are two types of mould materials: Plaster of Paris Mould (chemically named as
calcium sulphate dihydrate) and metal alloy (aluminium or magnesium). The gelation mechanism for
the aforementioned mould is through the absorption of water by porous mould surface and the
diffusion of calcium ions into latex that lowers the latex stability (Lazim et al., 2015). Therefore, a
gradual deposition will develop on the internal mould surface. For metal alloys moulds, the deposition
build-up depends on the temperature of the mould, heat capacity and sensitivity of the latex
compound. An illustrative diagram of casting process to produce films is shown in Figure 2.9. It will

serve as a useful guidance for lab-scale film preparation. Big-scale production of rubber products from
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casting technique usually uses metal alloy moulds as plastic moulds must be discarded for every 25-

30 castings (Nocil, 2010).
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Figure 2.9: Steps of casting process for the production of films (De Azeredo et al., 2014)

Peel Casting

2.2 An overview of rubber nanocomposites with emphasis on the addition of starch
nanocrystal as filler in natural rubber
2.2.1 Generalities on rubber nanocomposites

A rubber matrix with well dispersed nanoparticles in a cross-linked elastomeric polymer is defined
as rubber nanocomposite. The filler can be classified as nano-filler when the average particle size is
within the range of 1-100 nm (Khan, Saeed and Khan, 2019). Nano-fillers are known to improve the
strength and stiffness of the rubber matrix as they will impart high elastic modulus and durability to
the elastomers which are always the criteria required for practical applications. Incorporation of nano-
filler also plays an important role in alternative properties such as thermal stability, electric
conductivity, flame retardancy, gas and oil permeability other than the enhancement of mechanical
properties (Das, Basu and Heinrich, 2020). However, the extent of properties betterment depends on
size and shape of the nano-filler, degree of dispersion, aspect ratio of nano-filler, arrangement of
nano-filler in the rubber matrix and interfacial adhesion between nano-filler and rubber chain
(Bokobza, 2007; Wongvasana et al., 2022). In this case, finer dispersion of nano-filler in the rubber
matrix will develop a larger surface area which means more interfacial adhesion between the nano-

filler and rubber chain resulting to the overall improvement of rubber quality.

Amidst the outstanding properties emerged by the addition of nanoparticles, fine single particle
dispersion into rubber matrix proved to be difficult as most of the nanoparticles exist in agglomerate
form owing to the van der Waals and strong intermolecular forces (Henry et al., 2013). Several
methods have been proposed to improve the dispersion of nanoparticles in polymer matrices.
Parameters such as filler properties (surface area, crystallinity and structure), elastomer properties

(chemical structure and molecular weight), mixing time, temperature and total shear strain are the
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important factors to be considered when fabricating the rubber nanocomposites (Lacayo-pineda,
2015). The use of solvent-free powder and in-situ polymerization technique had also proved to
improve the dispersion of nanoparticles in polymer matrix (Kim, Noh and Yu, 2014). Nano-fillers can
be categorized into three types based on the number of dimensions at nano scale. One dimensional
(plates or laminar layer silicates and layered double hydroxides), two dimensional (nanotubes and
nanofibers) and three dimensional (nanogranules, nanocrystals and nano-silica) (Kumar et al., 2009).
Since the interfacial interaction between nanoparticles and polymer matrices is crucial in determining
the composites properties, comparative study of nano-filler dimension and interfacial volume of
polymer is done as shown in Figure 2.10. The plot of volume fraction of interfacial polymer against

volume fraction of filler shows increasing interfacial volume with decreasing nano-filler size.

! 09 L 2 nm Particles
§ 08 I 2nm Tubes 10 nm Particles
07 | 4
06
v 05}
8 04 p
§ 03 } 10 v Tubes 50 nn Particies
o2 /.~ .-
L =2 S
00 e e | mmem o e = 50,nm Tubes
0 0.1 02 03 04 05
Volume Fraction of Filler

Figure 2.10: Plot of volume fraction of interfacial polymer against volume fraction of filler
(Ponnamma et al., 2013)

2.2.2 Starch nanocrystals as reinforcement material
2.2.2(a) An overview of starch

Starch is a naturally occurring, renewable and biodegradable polysaccharide found in almost all
flora in the world. The most abundant carbohydrates found in food is polysaccharide. Polysaccharides
are long polymer chains composed of monosaccharide or disaccharide units joined by glycosidic bonds
(Mager and Thomas, 2011). Starch is the second most abundant biomass material on earth used in
the food and beverage industry as well as starch-based adhesive industrial products which includes
packaging and coating. Low density, cost effectiveness, non-toxicity, biocompatibility and the
increasing world population escalates the demand of starch. The global starch market is expected to
reach 160.3 million metric tons by 2026 growing at a Compound Annual Growth Rate (CAGR) of 5%
over the period (GlobeNewswire, 2021). Starch consists of two polysaccharides, amylose and
amylopectin. Amylose is a primarily linear or slightly branched (1 -> 4)—o—D-glucan polysaccharide

while amylopectin is a highly branched polysaccharide composed of (1 -> 4)—a—D —glucan short chain
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linked through a-(1->6) linkages (Paris et al., 1999). Generally, starch contains 20-30% of amylose and
70-80% of amylopectin (Svihus, Uhlen and Harstad, 2005). The conventional model of starch granules
are form through the amorphous (amylose) and crystalline (amylopectin) regions of starch granules
that are arranged alternately circling the initiation point called hilum as shown in Figure 2.11. (Jenkins

et al., 1994).
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Figure 2.11: Schematic diagram of starch granule and chemical structure of amylopectin (Lin et al.,
2011)

Starch presents as white granules in various locations of a plant for instance grains (corn, rice and
wheat), roots (sweet potatoes and cassavas), tubers (potatoes) and seeds (peas and beans) (Swinkels,
1985). The granular size, shape, morphological structure, composition of amylose and crystallinity
differ considerably between the origin sites of each starch. In general, plant starches are classified into
A, B and C according to the X-ray diffraction diagram produced from the amylopectin crystal lattices
of starches by evaluating the peak locations in the diffractogram. Grain starches have A type crystalline
structure, roots and tubers starches show B-type crystalline structure while legume (plants that
produce a pod of seeds) appears as C-type crystalline structure (Buléon et al., 1997; Dome et al., 2020).
X-Ray diffraction pattern of C-type starches showed a combination polymorph of A and B-types, thus
C-type starches can be considered as a mixture of the two. The crystalline type of native starches can
also be well differentiated by their amylopectin chain length. In most cases, A-type starches have
shorter average chain length than B-type starches (Li et al., 2018). Difference between A and B-type
starches can also be explained through the double helices packing configuration. The structure of A-
type starches are closely packed with water molecules in between each double helices packing while
the water molecules in B-type starches are at center cavity formed by six double helices (Imberty and
Perez, 1988; Ouyang et al., 2021). Figure 2.12 shows the double helices packing structure of A and B-

type starches.
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Figure 2.12: Double helices structure of A and B-type starches (Le Corre, Bras and Dufresne, 2010)

Crystallinity is the degree of long-range structural order and regularity of crystal lattice within a
solid material. The relative crystallinity of a solid has a big effect on the density, hardness and
diffusivity of the material. The relative crystallinity of native starches can be quantified with a two-
phase method by using X-Ray Diffraction pattern. Basically, a curve between the 20 angle of 4° and
40° is plotted in the diffractogram. The area above the curve is defined as crystalline while the area
below the curve and linear baseline is defined as amorphous (LeCorre, Bras and Dufresne, 2011).
Figure 2.13 shows the X-ray diffraction pattern of waxy maize (type A), potato (type B) and peas (type
C) starches. The relative crystallinity of the starches can then be calculated by Equation 2.1 (Nara and

Komiya, 1983).

Ac

= — 2.1
Ac+ A, (21)

Xc

where X, is the relative crystallinity, A, is the area of the crystalline region, A4, is the area of the
amorphous region.

Intensity

lo

L) L 520 1
6 10 16 20 25 30
Diffraction angle {*26)

Figure 2.13: X-ray diffraction pattern from the starches (a) waxy maize (b) potato and (c) peas (Cairns
etal., 1997)
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2.2.2(b) Preparation of starch nanocrystals

SNC are the crystalline platelets from the semicrystalline structure (amylopectin) of starch
granules following the removal of amorphous region (amylose) (Lecorre, Bras and Dufresne, 2011a).
The most common and established way to prepare SNC is by acid hydrolysis while some researchers
proposed the production of SNC by enzymatic hydrolysis. In acid hydrolysis, the regions of low lateral
order and amorphous phases are dissolved while the water-insoluble crystalline regions are obtained
as SNC. In the case for enzymatic hydrolysis, the less organized amorphous regions are more
susceptible to enzymatic attack while semicrystalline amylopectin regions are more resistant to

enzymatic erosion (Kim, Park and Lim, 2008). Therefore, the crystalline regions are retained as SNC.

Literatures regarding the preparation of SNC by acid hydrolysis and characterisation techniques
are summarized and gathered in Table 2.3. From Table 2.3, the acids used are hydrochloric acid (HCL)
and sulphuric acid (H2S04), the temperature of hydrolysis shows little variation which is between 30 °C
— 40 °C while the duration of hydrolysis varies from 5 days — 40 days. The main reason for low
hydrolysis temperature is to prevent the gelatinization of starch and destruction of starch crystalline
under extreme temperature. The use of HCL and H,SO4 shows distinct difference for the hydrolysis
period, namely, approximately 5 days for H,SO4 while more than 15 days is required for HCL. Angellier
et al (2004) proposed an optimized process for the preparation of SNC, most of the methods listed in
Table 2.3 were adopted from the optimized technique. Starch granules of approximately 36.725g is
mixed with 3.16 M, 250mL of H,SO, in Erlenmeyer flask with stirring speed of 100 rpm at 40 °C for 5
days. After that, the suspensions were washed by distilled water using Centrifuge Sigma 6K15 for 10
minutes at 10000 rpm until neutral pH is achieved. Stable starch suspension is attained by dispersing
aggregates using mechanical treatment with homogenizer Ultra Turrax for a duration of 2 minutes at
13000 rpm. The suspensions were added with chloroform and kept at 4 °C to avoid the growth of

bacteria (Angellier et al., 2004).
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Table 2.3: Prepare conditions of SNC and its characterization techniques

Starch Acid Duration T | Characterization Reference
Type | W(g) Type C(M) | (days) | (°C)
Potato 50 HCL 2.2 15 30 - (Dufresne and
Cavaillé, 1998)
Waxy 50 HCL/H,S04 - - 35 TEM, SEM (Dufresne, 2000)
Maize
Waxy 10 HCL 2.2 40 36 TEM, XRD (Putaux et al., 2003)
Maize
Waxy 14.7 H,S04 3.16 5 40 TEM (Angellier et al.,
Maize 2005)
Potato 37 H.S04 3.16 5 40 TEM (G.Chenetal.,
2008)
Pea 37 H,S04 3.16 5 40 TEM (Hua et al., 2008)
Pea 15 H.S04 3.16 5 40 SEM (Y. Chenetal.,
2008)
Potato 50 HCL 2.2 15 35 | SEM, TEM, XRD, (Namazi and
TGA, FTIR, DSC Dadkhah, 2008)
Waxy 15 H,S04 3.16 5 40 | TEM, XRD, TGA, (Namazi and
Maize FTIR, DSC Dadkhah, 2010)
Rice/ 25 H,S04 3.16 5/7 40 | DSC, XRD, SEM, (Martins, Latorres
Potato particle size, and Martins, 2022)
swelling power

Remarks: W = Weight, C = Concentration, T = Temperature, TEM = Transmission Electron Microscope,

SEM = Scanning Electron Microscope, XRD = X Ray Diffraction, TGA = Thermogravimetric Analysis,

FTIR = Fourier Transform Infrared Spectroscopy, DSC = Differential Scanning Calorimetry

As discussed, the botanical origins of starch granules will affect the granular size, crystalline type,

morphology as well as the yield of SNC. Xu et al (2014) investigated the yield of SNC, amylose content,
granular size, crystallinity type and degree of crystallinity of starches from different botanical sources.
The findings of the investigation are presented in Table 2.4. Xu et al (2014) adopted the optimized acid
hydrolysis technique as per discussed in Section 2.2.1(b) for the preparation of SNC. From Table 2.4,
following 5 days of hydrolysis period, it can be found that the yield of SNC ranged between 8.8% for
potato starch to 35.7% for mungbean starch. Furthermore, the SNC yield of corn, barley, tapioca and
chickpea starch were 14.1%, 18.2%, 15.1% and 16.8% respectively. The swollen structure of potato
starch is the main reason for the lowest yield of potato SNC as the swollen condition is more prone to
acid hydrolysis (Kim et al., 2012). In the other hand, the highest yield of SNC for mungbean starch
indicates its greater resistance towards acid hydrolysis process. However, the synthesizing technique
for waxy maize starch is the most established as shown in Table 2.3 and optimized acid hydrolysis
technique was reported (Angellier et al., 2004). Moreover, no amylose content is detected for all SNC
showed that the amorphous regions of native starches are completely hydrolysed. The crystalline type
for each native starch and its respective SNC were determined by the 20 diffraction peaks from the X-

Ray Diffractogram. The result presented in Table 2.4 are also consistent with the findings from
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previous literature. The degree of crystallinity is calculated using Equation 2.1. As shown in Table 2.4,
the degree of crystallinity for every SNC increased when compared to its native form. This further

proved that the amylose regions were dissolved during the acid hydrolysis process.

Table 2.4: Results of investigation (Xu et al., 2014)

Origin of starch | Yield of SNC (%) | Amylose (%) | Granular Size (nm) Type and degree of
crystallinity (%)

Corn 14.1+0.6 nd 47.0+10.5 A,44.0+0.6
Barley 18.2+1.7 nd 54.6+10.8 A,39.0+£0.6
Tapioca 15.1+0.2 nd 25.5%2.0 A,51.1+£2.8
Potato 8.8+0.6 nd 117.1+13.1 B,32.0%x1.0
Mungbean 35.7+2.3 nd 81.4+7.1 C,45.8+0.5
Chickpea 16.8+1.5 nd 61.7+11.7 C,46.70.2

Remarks: Data are presented as mean value * standard deviation, nd = not detected
2.2.2(c) Use of starch nanocrystals as reinforcing filler in various polymer

In the past decades, research works have shifted its focus to the development of other reinforcing
materials to replace carbon black in rubber compounding. It was due to the fact that the production
of carbon black from partial combustion of hydrocarbon will cause pollution as well as harmful effects.
Silica is also a commonly used reinforcing agent in rubber tread compounds but its reinforcing
properties such as abrasion resistance are lower than those obtained in carbon black (Flanigan et al.,
2012). Therefore, the search for alternative filler that implies similar or better reinforcing properties
than carbon black remained a field to be explored. In recent years, starch nanocrystals have attracted
substantial attention among researchers and industrialists as synthetic nanomaterials lack the ease of
processability and biodegradability when compared to natural nanomaterials. It is also a step to
promote the use of environmentally friendly materials for sustainable development in the rubber
industry. The most prominent use of starch in rubber industry is witnessed when a patented
innovation called Biotred is developed. Novamont (Novara, Italy) working in partnership with
Goodyear Tire and Rubber has produced tires using nanoparticles derived from corn starch to replace
the conventional carbon black and silica (Materne, Corvasce and Leitz, 2000). This patented innovation
not only presented environmental supremacy but also reduced the rolling resistance of tires.
Moreover, the innovation also provides new ideas and possibilities for research in the scope of using

natural nanofiller for the development of environmentally friendly strong rubber nanocomposites.

Numerous attempts have been made to incorporate SNC in polymetric matrices. The resulting
polymer nanocomposite often displays outstanding mechanical properties and thermal stability. Table
2.5 summarized the characterisation techniques and effect on mechanical properties for polymer

nanocomposite when NR acts as the polymer matrix and SNC as the reinforcing material. From Table
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2.5, it was found that SNC brought great reinforcing effect on NR matrix especially at temperature

above Ty which is at the rubber plateau region. This observation was confirmed by most of the authors

from their experimental investigations. However, the data obtained should be carefully compared as

the amount of SNC incorporated in NR matrix are different depending on the author. Some authors

expressed the dosage of SNC in weight percentage (the ratio of SNC to the total content of the rubber

nanocomposite) while some authors prefer to express SNC in the unit phr (per hundred rubber).

Nonetheless, the introduction of SNC in NR matrix showed increment in tensile strength and tensile

modulus with a decrease in elongation at break. For most authors, the optimum dosage of SNC as filler

in NR is approximately 20% wt. This SNC content effectively reinforced the NR matrix without

significantly decrease the elongation at break.

Table 2.5: Characterization techniques of rubber nanocomposite and mechanical properties of SNC
filled nanocomposite

Type of Rubber matrix Characterization Mechanical properties References
SNC techniques of of SNC filled
rubber nanocomposite
nanocomposite
Potato NRL FESEM, XRD, Water Tensile strength and (Rajisha et al.,
Uptake tensile modulus 2014)
increased linearly with
SNC content (5-20
wt%)
Corn NRL Toluene Uptake Improved tensile (Anand et al.,
strength and modulus 2018)
(optimum mechanical
properties achieved at
1.38 phr of SNC)
Corn Dry NR FESEM, DMA Tensile strength and (Rajisha et al.,
modulus increased 2015)
linearly with SNC (1-
7.5 phr)
Cassava NRL DSC, MST, Crosslink Improved tensile (Gao et al., 2014)
Density, Water and strength and modulus
Toluene Uptake (optimum mechanical
properties achieved at
6% wt of SNC)
Waxy NRL Water and Toluene Improved tensile (Angellier,
Maize Uptake, DMA strength and modulus | Molina-Boisseau
(optimum mechanical and Dufresne,
properties achieved at 2006)
20% wt of SNC)
Waxy Dry NR SEM, TGA, DSC, Improved tensile (Valodkar and
Maize Water Uptake strength with addition Thakore, 2010)

of SNC (optimum
mechanical properties
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achieved at 30 phr of
SNC content)
Waxy NRL FESEM, particle size Tensile strength (Tanetal.,
Maize distribution, DMA increased with SNC 2024b, 2024a)
content (2-8%)
Remarks: FESEM = Field Emission Scanning Electron Microscope, XRD = X Ray Diffraction,
DMA = Dynamic Mechanical Analysis, DSC = Differential Scanning Calorimeter,
MST = Mechanical Stability Test, SEM = Scanning Electron Microscope,
TGA = Thermogravimetric Analysis

As discussed, the use of SNC as filler in NR matrix showed improved mechanical properties. Le
Corre, Bras and Dufresne (2011) made a thorough investigation about the influence of different
botanic origins on the reinforcing effect of SNC. Waxy maize starch with 27% and 70% amylose content,
wheat starch with 28% amylose content and potato starch with 21% amylose content were used to
prepare the SNC. Four conclusions can be made from the results displayed on Figure 2.16: (i) nominal
stress increased with nominal strain until the breakage of the film (ii) the nominal stress evolved
greatly with increasing SNC content without much affecting the elongation at break (iii) all botanic
origins of starches improved the mechanical properties of NR/SNC composite film (iv) the higher the
amylose content (the lower the initial crystallinity) of native starch used to prepare SNC, the lower the
reinforcing effect (except for potato starch) for instance waxy maize starch of 27% amylose content
showed much better reinforcing effect on NR matrix when compare to waxy maize starch of 70%
amylose content. The results shown at Figure 2.14 consolidated the findings from Table 2.5 as the
preparation method of NR/SNC composites and testing procedures of the fabricated films are
standardized throughout the experiment. A new discovery is found where amylose content of native

starches play an important role when identifying starch to prepare SNC as reinforcing filler.

Nominal Stress (MPa)
~

Nominal Strain (%)

Figure 2.14: Typical nominal stress versus nominal strain curves of NR/SNC composites films where
dotted line refer to unfilled NR matrix, black and grey lines correspond to 5% and 30% wt of SNC
content respectively (LeCorre, Bras and Dufresne, 2011)

Various techniques had been used to characterize rubber nanocomposites as shown in Table 2.5.

Angellier et al (2005) characterized NR filled waxy maize SNC in terms of morphology, toluene and
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water uptake, barrier properties to water vapour and oxygen, thermal properties as well as
crystallinity. The outcomes of the characterization from Table 2.5 are in agreement with the
investigation done by Angellier et al (2005). The morphology of NR/SNC were evaluated by the surface
fracture film using SEM. The micrographs of unfilled NR, NR with 5% and 30% SNC are shown in Figure
2.15. From Figure 2.15(a), unfilled NR film shows a smooth and uniform morphology. The presence of
SNCis easily identify with the presence of white dots. As shown in Figure 2.15(b) and (c), the dispersion
of SNCis homogenous for both compositions. This key aspect isimportant to ensure a good reinforcing
effect on the NR matrix. The characterization results for other properties of NR/SNC composite is
summarize as below:

e The toluene uptake for unfilled NR film is the highest whereas the addition of SNC into NR
matrix displayed a dramatic decrease for the diffusivity of toluene. This observation may be
due to the formation of three dimensional network for rodlike polysaccharide filler (Gopalan
Nair and Dufresne, 2003). Contrary to the toluene uptake, the unfilled NR film showed the

lowest water diffusivity. It proved that the incorporation of SNC favours the uptake of water.

e The addition of SNC do not affect the permeability of water vapour to NR matrix due to the
hydrophilic nature of starch. The permeability of oxygen to NR matrix decreased upon the

addition of SNC as the platelet like structure of starch stand in the way of oxygen diffusivity.

e DSC results showed decrease in T; upon the addition of SNC. However, it is believed that T,

for NR/SNC composite should increase because of the hydrogen network formation.

e The addition of SNCincreased the relative crystallinity of the composite film as the amorphous

region of native starch is dissolved during the acid hydrolysis process.

Figure 2.15: SEM of the fractured surfaces (a) unfilled NR, (b) NR fill
30% SNC (Angellier et al., 2005)

SNC have also been used as reinforcing agent in other natural polymers as well as synthetic

polymers. For natural polymer, starch-based materials had been used as matrix and SNC as reinforcing
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filler. This combination will promote good adhesive interaction and miscibility between the matrix and
filler as the chemical structure of the components are similar. Nanocomposites materials prepared by
SNC as the reinforcing phase and starch plasticized by sorbitol as the matrix showed improvement on
the mechanical properties (Viguié, Molina-Boisseau and Dufresne, 2007). This reinforcing effect was
attributed to the increase in crystallinity of the nanocomposite material and strong interactions
between SNC as well as filler and matrix which aided in occurrence of crystallization between filler and
matrix interface. As for synthetic polymer, waxy maize SNC were blended with poly(styrene-co-butyl
acrylate) to produce nanocomposite (Angellier et al., 2005). The nanocomposite filled with different
loadings of SNC (ranging from 0-50% wt) showed substantial improvement in mechanical properties
upon increasing amount of filler. Another example is the inclusion of potato SNC as filler into
waterborne polyurethane (G. Chen et al., 2008). The incorporation of only 2% wt of potato SNC had

increased the tensile strength of nanocomposite by 1.7-fold.

2.2.2(d) Reinforcement mechanism of SNC

The reinforcing capability of SNC in various polymer matrices is well discussed in the above
literature. The structure of the matrices, network formed between SNC and polymer matrices,
interfacial interaction, the scale of dispersion and morphology of SNC are important factors to the
cooperative effects of the nanocomposites. A percolation mechanism, governed by the three-
dimensional network formed between the interconnectivity of SNC and strengthen by the hydrogen
bond is the main contributor to the improved mechanical properties of the nanocomposites. It has
been manifested that over the percolation threshold, SNC is interconnected and form a tri-
dimensional network through the nanocomposites (Favier et al., 1997). Figure 2.16 shows the possible
three-dimensional network formed in the nanocomposites. The formation of this network is the result
of strong interaction forces between SNC such as hydrogen bond. This phenomenon can be explained
through the mechanical properties spotted through a sheet of paper which result from the hydrogen
bonding forces that hold the percolation network of fibres together (Dufresne, 2008b). The
mechanical properties of the nanocomposites will be affected when the formation of percolation
network is interfered (Dufresne, 2006). Four factors that affect the formation of the described
network are morphology and dimension of nanocrystals, preparation and processing of nanocrystals,
structure of the matrix and the interaction between nanocrystals and matrix. It should be taken into
account that although chemical modification of SNC improves the interaction between the filler and
matrix, this action will partially or totally destroy the three-dimensional network (Angellier, Molina-

Boisseau, Lebrun, et al., 2005). Ultimately, this will lead to a strong decrease in the mechanical
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properties of the nanocomposites. A similar result is also shown in NR filled with chemically modified

crab shell chitin nanowhiskers (Nair et al., 2003).

SNC forming

networks in

J / NR matrix

Figure 2.16: Schematic diagram of network formation between SNC and NR matrix (Rajisha et al.,
2014)

2.3 General aspects of shape memory polymers with prominence on the development
of shape memory rubber
2.3.1 Introduction to shape memory polymers

SMPs represent a technologically important class of stimuli-responsive smart materials that can
respond dynamically to external stimuli. Stimuli-responsive materials are considered as smart because
of their capability to sense changes to the surrounding and provide direct response (Zhang et al., 2019).
There are many organisms in nature that demonstrate the stimuli-responsive phenomena. For
instance, chameleons change their bodies colour when expose to changes in temperature or light
intensity, sunflower bends towards the direction of the sun to increase sunlight exposure and the
leaves of Mimosa pudica folds inwards rapidly when exposed to physical touches. The research and
design of stimuli-responsive materials are done extensively to mimic the natural behaviour of the
organisms. The first significant contribution to the field of SMP is the development of polynorbornene
(Tg = 35-40 °C) by CDF Chimie Company, France in 1984 (Ratna and Karger-Kocsis, 2008). Despite the
long history of SMP, limited scientific papers and advanced investigation had been done because of
the limited processability of SMP. The invention of thermoplastic polyurethane SMP by Mitsubishi
Heavy Industries Ltd., Japan reignited the interest in this field due to the easy processing and versatility
of urethane in wide range of T (Huang et al., 2010). Ni-Ti alloy (Nitinol) is the most widely used shape
memory materials as it possesses desirable transition temperature (close to body temperature), great
elasticity and biocompatibility (Dhanasekaran et al., 2018). Despite the mentioned quality, SMAs show
downside such as limited recoverable strain (less than 8%), high stiffness, high cost and complicated
processing conditions. Such limitations have inspired for the search of alternative shape memory

materials predominantly SMPs. Table 2.6 shows the comparison of properties between SMAs and
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SMPs. SMPs offer deformation to a significantly higher degree (up to 800%) and a wider scope of
varying mechanical properties when compared to SMAs in addition to their relatively cheap cost, easy
processibility and biodegradable nature. Therefore, SMPs have raised mounting interest in recent
times because of their applicability in numerous fields such as microelectromechanical system, 4D
printing, aerospace engineering, smart actuators and biomedical devices (Xia et al., 2021). Moreover,
attention have been shifted to develop biodegradable and biocompatible SMPs with attractive
synergic properties referring to thermal behaviour, biodegradability as well as mechanical properties

due to the growing interest on the field of advanced materials (Navarro-Baena et al., 2016).

Table 2.6: Comparison of properties between SMA and SMP (Liu, Qin and Mather, 2007)

Parameters SMPs SMAs
Density (g/cm3) 0.9-11 6-8
Extent of deformation (%) Up to 800% <8%
Young’s modulus at T < Ttrans (GPa) 0.01-3 83 (NiTi)
Young’s modulus at T > Ttrans (GPa) (0.1-10) x 103 28-41
Stress required for deformation (MPa) 1-3 50-200
Stress generated during recovery (MPa) 1-3 150-300
Critical temperatures (°C) -10-100 -10-100
Recovery time (s) <1s-120 <1s
Biocompatibility and biodegradability Yes Part of
Corrosion performance Excellent Excellent
Cost (S) 10 250

SMPs are smart materials that can change their shapes upon exposure to external stimulus such
as heat, light solvent, pH, magnetic field and electric field. Moreover, there are various kinds of SME
discovered: one-way, two-way and three-way shape memory capability. This review primarily focuses
on one-way thermally induced SMPs which have the ability to memorize a macroscopic (permanent)
shape as well as fixing a temporary shape under specific temperature and stress conditions, and
subsequently revert back to their original shape under stress relaxation and suitable external stimulus.
The emphasis on one-way SME is due to the second objective of this research that is to investigate the
effectiveness of SNC in conventional one-way SME of the rubber nanocomposite films whereas
multiple-way SME requires two distinct transition temperature (Tians) Which diverges from the original
objective. SME happens when the original shape is recovered from the deliberately fixed temporary
shape. More studies about one-way thermally induced SMPs are discussed at Section 2.3.3. Srand S,
are the two functions used to quantity SME. Shape memory functions of a polymer matrix take place
below and above a (Twans) Which involve the freezing and activation of macromolecular chains. The
extent of fixing the temporary shape upon deformation strain under Tians by switching (soft) segment
is known as Ss whereas the extent of recovery to the original shape upon stress relaxation above Tirans

by hard segment is known as S.. Srand S, are calculated by using Equation 2.2 and 2.3 (Sun et al., 2011).
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where €; is the initial strain, & is fixed strain after stress is unloaded, € is the loading strain upon
deformation stress, €, is the recovery strain.

Tirans Can be either T, or melting temperature (Tm) of the polymer. Tg is the Tians for amorphous
polymers while Ty, is the Twans for crystalline polymers. In the case for semi-crystalline polymers either
Tg or Tm can be considered as the Tians. However, Tn, is prefer over T as melting is comparatively a
sharper transition (Zhang et al., 2012). A shape memory cycle is defined as the progression of stress,
strain and temperature during a thermomechanical cycle which involve deformation, fixing and
recovery. Figure 2.17 shows the schematic illustration of shape memory cycle revealing the step-by-

step development of shape memory behaviour of responsive materials.

1. Deformation: SMP is deformed to a predetermined strain under a certain stress at
deformation temperature (above T, or Tm) which often accompanied by modulus drop
(material soften).

2. Fixity: The deformed polymer is cooled (temperature below T, or Tm) under constant stress or
strain for a period of time before stress relaxation. This causes the material to achieve a rigid
state with the freezing of polymer chains while storing the strain as energy.

3. Recovery: The temporary deformed polymer is reheated (temperature above Tg or Tr,) without
any stress thus allowing the immobilized polymer chains to regain mobility and returning to
its original shape. The stored strain energy is released as elastic energy to drive the recovery

process.
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Shape fixing Shape Recovery

1. Heating above Ty, 5. Heating above T,
2. Loading
3. Cooling below T, with load
4. Unloading
Permanent shape Permanent shape

Temporary shape

Memory of original shape

Figure 2.17: Schematic illustration of shape memory cycle
2.3.2 Mechanism for shape memory effect

The mechanism responsible for the SME of SMAs and SMPs differ dramatically although both
showed similar behaviour to a certain extent. For SMAs, the existence of SME relies on the reversible
thermal transition between two stable crystal structures which are the low temperature favoured
(yieldable) martensitic phase and high temperature favoured austenitic phase. Pseudo-plastic fixing is
realizable through the martensitic de-twinning mechanism while recovery is induced by the
martensite-austenite phase transition (Liu, Qin and Mather, 2007). Contrarily, SME of SMPs is entirely
an entropic phenomenon. It can be thought as the activation and freezing of molecular chain by a
change in temperature from the molecular point of view. Figure 2.18 shows the molecular mechanism
for heat triggered SME. In the permanent macroscopic shape, the molecular chains within the SMP
networks are at the lowest energy (highest entropy) state. That is, the chains are at the
thermodynamically stable state. When an external deformation stress is applied to the SMP (step 2-3
in Figure 2.18), the conformation of the chains will be changed leading to a raise in energy (lower
entropy) and macroscopic deformation of the SMP. Upon cooling below the Tirans of the SMP (step 3-
4 in Figure 2.18), the macroscopic shape of the SMP will be fixed due to the freezing of the molecular
chains which led to the kinetic trap for maintaining the temporary shape (high energy state). The
mobility of the molecular chains is re-activated (kinetic trap is removed) when the SMP is heated
above its Tians (Step 4-5 in Figure 2.18). At this case, the entropic energy is released and the SMP
recovers to its original shape by driving the chain to return to their highest entropy level. In short, the

storing and release of the entropic energy is responsible for the shape fixing and recovery of SMP.
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1. heating

2. stress induced deformation

3. cooling under stress
4. stress removal

5. recovery upon heating
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Figure 2.18: Molecular mechanism for heat triggered SME, black dots: net-points; blue line: low
mobility molecular chain under Tirans red line: high mobility molecular chain above Tians (Xie, 2011)

For a polymer to display SME, two structural requirements that must be met are the presence of
crosslinks and switching (soft) segment. Crosslinks or net-points determine the permanent shape of
SMP by preventing the chain slippage of macroscopic material under large deformation stress whereas
switching (soft) segment allows the immobilizing of molecular chains for entropy trapping (shape fixity)
to maintain the temporary shape (Behl, Razzaq and Lendlein, 2010). Without the net-points, polymer
when heated with stress above its Tians Will undergo macroscopic shape change but with little or no
change in chain conformation (entropy) that consequently caused the non-reversible macroscopic
deformation of the polymer thus it shows no SME (Wu, Jin and Sun, 2011). The net-points that set the
permanent shape can be in the form of physical (entanglements, crystalline network, interpenetrated
network) or chemical (covalent bond) crosslinking. When the morphology of the polymer is segregated
into two domains, physical crosslinking will be obtained. The domain with the highest Tirans acts as the
hard segment while the domain associated with the second highest Tians acts as the switching (soft)
segment. Under certain conditions, the physical net-points may be reversible which suggests that a
new permanent shape can be formed for the SMP and contribute to the re-processability. In
comparison to chemical net-points, SMPs with physical net-points are more likely to unintended shape
changes during shape memory cycle which leads to imperfect shape recovery. Chemical crosslinks in
the other hand are obtained by the chemical reaction of two functional groups for example the
vulcanization of rubber by using sulphur as the crosslinker. In contrast, most chemical crosslinking
often helps in acquiring good shape recovery therefore it is non-reprocessable. A recent discovery of

the incorporation of nanoparticles into polymer matrix can also serve as net-points will be discussed
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in Section 2.3.4. Switching segment is usually related to the vitrification — glass transition,
crystallization — melting transition, molecular cross-linking and liquid crystal clearing transition.
Solidification of the switching segment via vitrification or crystallization is needed to enable the storing
of entropic energy (Liu, Qin and Mather, 2007). Upon reheating, the glassy domain will become soft
or the crystallites will melt with the releasing of entropic energy that recoils the molecular chain back

to the original shape. Figure 2.19 shows the schematic diagram for various net-points and switching
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Figure 2.19: Schematic diagram for various net-points and switching segment (Zare et al., 2019)

2.3.3 Classification of one-way thermally induced shape memory polymers

Based on the nature of permanent crosslinking and thermal reversible transition related to the
switching domain, SMPs can be classified into four different categories namely: (i) chemically
crosslinked glassy polymer (Tg = Ttrans) (ii) chemically crosslinked semi-crystalline polymer (Tm = Ttrans)
(iii) physically crosslinked glassy polymer (Tg = Tians) (iv) physically crosslinked semi-crystalline polymer
(Tm = Ttrans). These four types of SMPs can be characterized through dynamic thermomechanical
behaviour as shown in Figure 2.20 where the tensile storage modulus is plotted against temperature
at small oscillatory deformation of 1Hz. The elastic modulus of a material is a mechanical property
that determines the stiffness and its resistance towards external loading. Elastic modulus composed
of storage modulus and loss modulus, where storage modulus is a measurement for the elastic
response of a material while loss modulus is the modulus for the viscous part of the material. The first
type of SMP (Figure 2.20a) features a sharp T; at the temperature of interest and shows rubber
elasticity above Tg resulting from the chemically cross-linked structure. The second type of SMP (Figure

2.20b) composed of semi-crystalline structure where Tn, is employed to trigger the shape recovery
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which typically gives a more distinct recovery event. Here, the temporary shape is fixed by

crystallization instead of vitrification which occur in the first type of SMP during the shape fixing step.

The third type of SMP (Figure 2.20c) in which the crystalline or rigid amorphous domain contributes

to the physical crosslinks that offer high elasticity for SME mainly in the form of phase separated block

copolymers. The fourth type of SMP (Figure 2.20d) is also composed of block copolymer which soft

domain crystallize while T serve as the shape memory transition temperature instead of T,. For both

the third and fourth type of SMP, Tr, and T2 serve as the hard domain where the permanent shape of

the polymer is characterized. However, when the temperature is above Tr, or Tz the material can be

reshaped and reprocessed. The shape memory transition temperature is T, (type 3) and Tm1 (type 4)

which soften to a rubbery state when Tg/Tm1 < T < Tr/Tm2 and fixed to a temporary shape upon cooling

T < Tg/Tml.
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Figure 2.20: Dynamic thermomechanical behaviour for the four types of SMPs (a) chemically
crosslinked glassy polymer (Tg = Twans) (b) chemically crosslinked semi-crystalline polymer (Tm = Ttrans)
(c) physically crosslinked glassy polymer (Tg = Tians) (d) physically crosslinked semi-crystalline

polymer (Tm1 = Twrans) (Leng et al., 2009)
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2.3.3(a) Chemically crosslinked glassy polymer

The nature of chemical (permanent) crosslinking leads to attractive attributes that include
excellent degree of shape fixity and recovery, changeable working capacity that is governed by the
rubbery modulus through the extent of crosslinking and a strong hold of permanent shape due to the
strong chemical bonds. As discussed, once the material is processed (casting or moulding), the shape
is fixed permanently as the primary shape is covalently bonded. The length and functionality of the
crosslinking, switching segment and network structure define the shape memory behaviour for this
type of SMP (Kalita, 2018). An example for this type of SMP is chemically crosslinked vinylidene
random copolymer with methyl methacrylate and butyl methacrylate acting as the two vinylidene
monomers. These two monomers showed distinct T, values of 110 °C and 20 °C respectively (Liu and
Mather, 2002). T, of the copolymer showed a single sharp transition between the mentioned values
that is tuneable by varying the composition of the two monomers while the work capacity controlled
by the rubbery modulus is adjustable to fit specific application by manipulating the extent of
crosslinking, in this case by copolymerization with tetra-ethylene glycol dimethacrylate. This class of
SMP showed complete shape fixity (T <Tg) and recovery (T > Tg) in hot water at a short period of time.
This material has the advantage of being castable to a definite dimension and optically transparent.
Ultrahigh molecular weight polymer (> 10° g mol™?) with T, higher than room temperature may also be
included in this type of SMP due to their lack of flow below T, as well as excellent shape fixing by
vitrification. These characteristics make the polymers behave like the example mentioned above. A
summary of chemically crosslinked glassy polymer with shape recovery triggered by T, is showed in
Table 2.7.

Table 2.7: Summary of chemically crosslinked glassy polymer with shape recovery triggered by T,
(Liu, Qin and Mather, 2007)

Materials T (°C) Unique features
P(MMA-co-VP)-PEG semi-IPNs 65 Semi-IPN
Copolyester 48-66 Biodegradable
P(AA-co-MMA)-PEG 60 Wide transition
Corn oil copolymer 0-90 Biomaterial
PMMA-PBMA copolymers 20-110 Transparent
Fish oil copolymers 30-109 Biodegradable
PET-PEG copolymer <80 N/A
P(MA-co-MMA)-PEG 50-90 N/A
Thermosetting PU <56 Water swollen
Polynorbornene 40 Precise T
High M, PMMA 105 Deformable at T< T,

Remarks: P(MMA-co-VP)-PEG semi IPNs = poly((methyl methacrylate)-co-(N-vinyl-2-pyrrolidone))-polyethylene
glycol semi interpenetrating network, P(AA-co-MMA)-PEG = poly(acrylic acid-co-methyl
methacrylate)-polyethylene glycol, PMMA-PBMA = polymethyl methacrylate-polybutyl methacrylate
PET-PEG = polyethylene terephthalate — polyethylene glycol, P(MA-co-MMA)-PEG =
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Poly(methacrylate-co-methyl methacrylate)-polyethylene glycol, PU = polyurethane
Mw = Molecular weight, N/A = non-available

2.3.3(b) Chemically crosslinked semi-crystalline polymer

This type of SMP is similar to the first mentioned, once processed it cannot be reshaped because
of the permanent setting by the strong covalent bond. Here, Tn, is employed as the critical temperature
to trigger SME and the temporary shape is fixed by crystallization instead of vitrification as discussed
in Section 2.3.3. A comparatively lower temperature than Ti.ans can be chosen to allow a higher degree
of crystallization for the improvement of shape fixing for this kind of SMP. The sharper transition zone
of Tm aid in the faster shape recovery for this first order transition (Kalita, 2018). Compared with glassy
materials, this class of SMP offers better compliances where its shape memory behaviour is influenced
by the functionality of crosslink and degree of crystallinity which is often affected by the extent of
crosslink. This type of SMP includes bulk polymers for instance semi-crystalline rubber, liquid crystals
elastomer and hydrogels with phase separated crystalline microstructure. Table 2.8 shows a summary
for this class of SMP associated with the hard segment, soft segment and Tians. Polycyclooctene
chemically crosslinked with dicumyl peroxide has been developed and showed shape memory
behaviour (Liu et al., 2002). Initially, the neat polycyclooctene synthesized from the ring-opening
metathesis polymerization of cyclooctene and catalysed by dihydroimidazolylidene-modified Grubb’s
catalyst does not exhibit shape memory behaviour because of the missing of rubbery plateau region
above Tn. The crosslinked polycyclooctene showed shape memory behaviour where the net-points
and polycyclooctene act as the hard and soft segment respectively. This is in agreement with the
previous statement where the presence of crosslinks is a compulsory requirement for the shape
memory effect. The shape recovery for this SMP was found to increase with higher degree of crosslink
which is closely related to the theory of rubber elasticity — network structures with high crosslink
density tend to return to the lowest entropy state due to the high driving force. Another example for
this type of SMP is the crosslinked poly(ethylene-co-1-octene) has been developed (Kolesov et al.,
2009). The switching temperature of this SMP can be designed to between 60 °C — 100 °C by varying
the degree of crosslinking. The shape fixity and recovery were found to increase with the crystallinity
level and extent of crosslinking. It was observed that the perfection of crystalline structure has strong

influence on the stored strain energy.
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Table 2.8: Examples of chemically crosslinked semi-crystalline SMP (Kalita, 2018)

Materials Hard Segment Soft Segment Ttrans (°C)
Dicumyl peroxide polycyclooctene Crosslink Polycyclooctene 30-60
Alkoxysilane-poly-(E-caprolactone) Crosslink PCL 40-60
Natural Rubber Crosslink Polyisoprene 0-45

LDPE Crosslink LDPE 60-100
PU-epoxy TDI/1,4 butanediol PCL 40-60

Remarks: PU = polyurethane, TDI = toluene-diisocyanate PCL = polycaprolactone, LDPE = low density
polyethylene

2.3.3(c) Physically crosslinked glassy polymer

For this type of SMP, the hard or rigid amorphous domains may act as physical crosslink via Van
Der Waals forces, polar-polar interactions and hydrogen bonding to afford the elasticity required for
SME to take place mainly in the form of phase-separated linear block copolymers and multiblock
copolymers or blends. As mentioned in Section 2.3.3, the material will flow and will be able to be
reshaped and reprocessed when the temperature is raised above T, and Tr, of the copolymer. The
comparatively lower T, of the copolymer is responsible for the SME as shown in Figure 2.22(c). The
possible losses of physical crosslinks due to mechanical deformation may cause a lower extent of SME
for this type of SMP. Physically crosslinked MDI and PTMG soft segment polyurethane based SMP had
been developed (Cho et al., 2004). Two types of PTMG with molecular weight 1800 and 1000 g mol™
are used as soft segments. The response of SME based on the soft segment arrangement of
polyurethane SMP was investigated. The results showed that random and block copolymer exhibited
shape recovery ratios of higher than 80% whereas copolymer with one kind of PTMG showed
insignificant SME. Another example for this class of SMP is the blend of PCL based thermoplastic
polyurethane with phenoxy resin which act as the soft segment whereas HDI/4,4’-dihydroxy biphenyl
act as the hard segment (Jeong, Ahn and Kim, 2001). This blend made a single miscible domain and
showed single T; which lied between those of PCL segment and phenoxy resin. The blend showed
decent shape recovery when the trigger temperature is actuated to 70 °C which is at the higher range
of Tg region. Other examples of physically crosslinked glassy polymer are showed in Table 2.9. Most of
the examples showed in Table 2.9 have tuneable T; by varying the ratio of the blends. The best
transition temperature can then be investigated based on the requirement needed on shape fixity and

shape recovery of the SMP.
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Table 2.9: Examples of physically crosslinked glassy polymer (Kalita, 2018)

Materials Hard Segment Soft Segment Ttrans (°C)
PU-phenoxy resin HDI/4,4’-dihydroxy PCL/phenoxy resin 40-70
biphenyl miscible domain
PU-PVC HDI/4,4’-dihydroxy PCL/PVC miscible 40-50
biphenyl domain
Poly(ethylene adipate)-PU MDI/1,4-butanediol Poly(ethylene adipate) 10-50
PolyStyrene-polybutadiene PolyStyrene Polybutadiene 70-140
Poly(acrylic acid)-co-methyl Crosslink Poly(acrylic acid)/PEG 45-60
methacrylate)/PEG blend
PVDF/ACP Netpoints PVDF-ACP amorphous 45
phase
Poly(L-lactide-co-€- TDI/1,4-butanediol Poly(L-lactide-co-€- 30-55
caprolactone)-PU caprolactone)

Remarks: PU= polyurethane, HDI = hexamethylene diisocyanate, PCL = polycaprolactone,
PVC = poly(vinyl chloride), MDI = methylene diphenyl diisocyanate, TDI = toluene diisocyanate
PEG = poly(ethylene glycol), PVP = polyvinylpyrrolidone, PVDF = poly(vinylidene fluoride)
ACP = acrylic copolymer

2.3.3(d) Physically crosslinked semi-crystalline polymer

In this type of SMP, the soft segments will crystallize, instead of Tg, Tm is used as Tirans for SME.
Such SMP shows narrow transition zone unlike the SMP discussed in Section 2.3.3(c) with amorphous
reversible domain that displays a broader range of Tians. The shape memory behaviour for this class
of SMP can be modified through the ratio of hard and soft domains. Various SMP compositions, with
crystalline soft segments and their SME are presented in Table 2.10. PCL has been extensively used
for the synthesis of PU with crystalline soft segment by microphase separation of the PCL segment.
The optimum shape recovery temperature is generally between 40 °C to 60 °C depending on the
molecular weight of PCL as well as the composition of soft and hard segment (Kim et al., 2000).
However, some reports suggest the crystallization of PCL segment is obstructed by the low molecular
weight of the polymer. No SME takes place when the average molecular weight of the PCL copolymer
is below 2000 g mol* while the optimum molecular weight was observed to be 5000-6000 g mol™ (Kim,
Lee and Xu, 1996). The shape fixity of the SMP was found to increase over the number of cycles under
cyclic thermomechanical measurements. This discovery is mainly attributed to the relaxation of the
SMP after several cycles which resulted in the increasing orientation and crystallization of the chains.
The major issues of PU based SMP are the difficulty in achieving maximum crystallization and stable
hard domains. Various methods such as the addition of mesogenic segment and ionic groups have
been reported to enforce the microphase separation of PCL. Partial replacement of 1,4 BD by an
extender with ammonium ions as backbone for the synthesizing of PCL based PU cationomer SMP has

been developed (Yong et al., 2006). NMDA or BIN has been used as the extender while the
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corresponding cationomers were synthesized by acetic acid neutralisation. Introduction of the cationic

groups have shown improvement of both the shape fixity and shape recovery of the SMP.

Table 2.10: Examples of physically crosslinked semi crystalline polymer (Ratna and Karger-Kocsis,

2008)

HS SS %SS T: (°C) Re(1)/R(4) (%) | Ri(1)/Ri(4) (%)
MDI/1,4-BD PCL 70 44-55 82/95 82/73
MDI/1.4-BD PCL/PBC 38-62 18-48 92 60

blend (6/4)
MDI/BEBP or PCL 57-70 41-50 80/85 80/75
BHBP
MDI/DMPA PCL 70 45 95/95 66/45
MDI/NMDA PCL 75 10-20 98 90
or BIN
Aramid PCL 78-91 14-54 78 99
MDI/1,4-BD + PBAG 75 40-45 ~100 ~100
0oDO
TDI/1,4-BD Trans- 70 65 99 85
polyisoprene
PET PEO 72 58 >90 -

Remarks: SS = soft segment, %SS = percentage of soft segment, T: = recovery temperature
Ri(1)/R¢(4) = values of shape fixity after the first and forth cycle,
Rr(1)/R+(4) = values of shape recovery after the first and forth cycle,
MDI = methylene diphenyl diisocyanate, BD = butanediol, PCL = polycaprolactone,
BEBP = bis(2-hydroxyethoxy)biphenyl, BHBP = bis(2-hydroxyhexoxy)biphenyl,
DMPA = dimethylol propionic acid, NMDA = N-methyldiethamine,
BIN = bis(2-hydroxyethyl)isonicotinamide, ODO = octadecanol,
PBAG = poly(1,4 butylene adipate) glycol, PET = poly(1,4 butylene adipate) glycol,
PEO = polyethylene oxide

2.3.4 Shape memory polymer nanocomposites

The demands of advanced application SMPs have leaded to continuous development of SMP
nanocomposites. As discussed in Section 2.3.1, although SMPs have a few advantages over SMAs, they
still imposed several limitations such as low strength, low stiffness and produce elastic modulus up to
only 10 MPa (Leng et al., 2009). Therefore, incorporation of nano reinforcement fillers into SMPs have
attracted tremendous interest due to the significant improvement of mechanical strength, recovery
stress and speed as well as thermal properties (Meng and Hu, 2009). SMPs nanocomposite are the
combination of two materials where the dimension of one domain lies in the range of 1-100nm. This
represents a better option than the conventional filled polymer due to the fact that nanofillers offer
larger surface area to volume ratio that results in higher interfacial interaction between the SMP and
nanofiller. The examples for the common nanofillers are nano-clay, carbon nanotube and carbon

nanofiber.
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Montmorillonite, attapulgite, saponite and synthetic mica are the common clay materials used to
prepare nano-clay. Clay particles are generally formed by layered structure where each layer
composed of octahedral and tetrahedral structural sheets. The effect by the addition of nano-clay as
reinforcement filler on the mechanical properties and SME of polyurethane/nano-clay
nanocomposites had been reported (Cao and Jana, 2007). Tensile strength and elongation at break of
the nanocomposite is found to increase with the content of nano-clay. The improvement of tensile
strength is because of the increment in interfacial bonding between nano-clay and polymer chain that
inhibited the chain mobility while the enhancement of elongation at break is attributed to the present
of ammonium ions in clay particles who acted as plasticizers that suspended the chain formation in
the polymer matrix. On the other hand, the study revealed that the shape fixity of the SMP
nanocomposite decreased with increasing amount of nano-clay due to the decrease in crystallinity of
the overall polymer structure as shown in Figure 2.21(a). Contrarily, the shape recovery is found to
increase with the incorporation of nano-clay. It had been reported that the addition of 1wt% nano-
clay exhibited the best shape recovery when compared to higher composition of 3wt% and 5wt% as
shown in Figure 2.21(b). It is because 1wt% of nano-clay has higher exfoliation and lower rate of

relaxation resulting in higher shape recovery.
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Figure 2.21: (a) shape fixity polyurethane/nano-clay (b) shape recovery of polyurethane/nano-clay
where PU-00, PU-01,PU-03 and PU-05 indicate Owt%, 1wt%, 3wt% and 5wt% of nano-clay
respectively (Cao and Jana, 2007)

The incorporation of carbon nanotube into various polymer matrices displayed excellent result in
the mechanical and electrical properties of the material. This has attracted immense interest for the
investigation towards SMP/carbon nanotube nanocomposite. High performance shape memory
epoxy/carbon nanotube nanocomposites had been developed (Liu et al., 2016). The prepared
materials showed a wide range of T, (65 °C — 140 °C) with excellent mechanical properties. The wide
range of T; enable researchers to fine tune the trigger and recovery temperature to achieve the

desired SME. The SMP nanocomposite showed high modulus up to 3GPa at room temperature and
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tensile strength of 30 MPa. Moreover, high shape fixity (up to 98%) and shape recovery (up to 92%)
as shown in Table 2.11 is achieved with 1.0 shape memory epoxy and 0.25wt% of carbon nanotube at
elevated temperature of 20 °C above the highest T, for shape recovery and cooled at 20 °C for shape
fixity. Mechanical properties, thermal stability and SME of biobased polyurethane/multiwalled carbon
nanotube nanocomposites were investigated in another study (Kalita and Karak, 2014). Multiwalled
carbon nanotubes were modified through non-covalent technique using polyoxyethylene octyl phenyl
ether for better dispersion of the nanofiller in polymer matrix. The study revealed such
nanocomposite exhibited improved tensile strength and thermal stability when compared with pure
polyurethane. This can be due to the homogenous distribution of nanofiller in polymer matrix that
increased interfacial interaction such as physical crosslinking. Moreover, the addition of multiwalled
carbon nanotube may serve as a physical barrier so that the volatile component will have to overcome
a more difficult path during the thermal decomposition process, as a consequence, enhanced the
thermal stability of the material. As for the SME, all samples including polyurethane showed 100%
shape fixity however the shape recovery speed increased with the amount of multiwalled carbon
nanotube. This can be attributed to the increased elastic stored energy in the nanocomposite because

of the higher degree of physical crosslinking between nanofiller and polymer matrix.

Table 2.11: SME of SMP/carbon nanotube nanocomposite (Liu et al., 2016)

Materials S (%) Sr (%)
0.5EP 96.5 86.7
0.5EP-0.25% 96.7 97.6
0.5EP-0.75% 97.6 83.7
1.0EP 97.9 96.4
1.0EP-0.25% 98.1 92.1
1.0EP-0.75% 98.0 91.4

Remarks: St = percentage of shape fixity, Sr = percentage of shape recovery, EP = shape memory epoxy
0.25% and 0.75% = composition of carbon nanotube

Another type of carbon-based nanofiller that significantly improve the mechanical properties and
SME of SMP is carbon nanofiber. Carbon nanofibers have great effect on the crystallinity, degree of
crosslinking and conductivity of SMP that lead to differ behavior of SME. By incorporation of carbon
nanofibers, SME can be triggered by multiple stimuli. The performance of carbon nanofibers on the
mechanical properties and SME mainly depends on the homogeneity distribution of nanofiller in the
polymer matrix. Chemical surface treatment by oxidizing carbon nanofiber in a mixture of sulphuric
acid and nitric acid at various temperatures is an effective method to improve their dispersion in the
polymer matrix. The mechanical properties and SME by electrically trigger epoxy/carbon nanofiber
nanocomposite had been investigated (Luo and Mather, 2010). As expected, the nanocomposites

showed higher tensile strength and elastic modulus than the pristine epoxy. Furthermore,
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nanocomposites exhibited excellent shape recovery (up to 100%) under 15V of DC voltage. This is the
cause of well distributed carbon nanofiber in polymer matrix and the generation of efficient
percolating conductive network. In another study, the mechanical properties and SME of
thermoplastic polyurethane/oxidized carbon nanofiber had been evaluated (Jimenez and Jana, 2009).
Generally, tensile strength and elongation at break of carbon nanofiber (1wt%) reinforced
thermoplastic polyurethane increased 100% and 150% respectively over the pure specimen, however,
both of these properties decreased when the composition of nanofiller is higher than 1wt% due to
agglomeration. On the other hand, tensile strength can be increased by 200% with chemically
modified oxidized carbon nanotubes attributed to better nanofiber dispersion. It was observed that
shape fixity of the nanocomposites decreased dramatically with the presence of nanofiller as shown
in Figure 2.22(b). It is because the soft segment crystallinity of the SMP decreased from 29% for
unfilled thermoplastic polyurethane to less than 15% with 5wt% carbon nanofiber content as shown
in Figure 2.22(a). Contrarily, nanocomposites exhibited higher recovery stress than pure thermoplastic

polyurethane.
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Figure 2.22: (a) crystallinity of thermoplastic polyurethane/carbon nanofiber nanocomposites (b)
shape fixity of the SMP where ox-CNF represents oxidized carbon nanofiber, CNF represents carbon
nanofiber (Jimenez and Jana, 2009)

Recently, cellulose nanocrystals as a more sustainable, biodegradable and renewable alternative
to carbon-based nanofiller has been extensively studied. Cellulose nanocrystals have been
incorporated into commercially obtainable shape memory polyester urethane (Shirole et al., 2018).
The shape memory behaviour was made available by formulating the nanocomposites and modifying
the crystallization of soft switching segment via addition of nucleating agent. The addition of cellulose
nanocrystals had increased the tensile strength by approximately 3.5-fold while shape fixity increased
from 47 to 75% at a particular fixing temperature. In another study, cellulose nanocrystals were
incorporated into low molecular weight polyethylene glycol based polyurethane where
nanocomposites fabricated by in-situ polymerization and pre-polymer approach (Khadivi et al., 2019).

The addition of cellulose nanocrystals had no major impact on thermal-physical and thermal
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properties of the matrix. However, the modulus, tensile strength and elongation at break of the
nanocomposites were significantly improved with 0.5%wt of cellulose nanocrystals. The
nanocomposites showed shape memory behaviour with the same dosage while at higher loading no

shape memory effect was observed.
2.3.5 Development of shape memory rubber

SMR is a class of SMPs that possess the ability to retain the permanent shape after being
programmed to a temporary shape under thermal, electrical, magnetic, light or moisture command.
NR as a class of polymer that is capable of supporting large stress up to 30MPa at strain of multiple
100% (Rattanasom, Prasertsri and Ruangritnumchai, 2009). Therefore, research regarding SMNR has
attracted tremendous interest because of its excellent properties. The mechanism for SME of SMNR
is consistent with the statement mentioned in Section 2.3.2. SMNR consists of two phases which are
switching (soft) segment and permanent net-points that serve as hard segment. SIC of NR is
responsible for the shape fixity while the presence of crosslinking in NR serve as the permanent net-
points that offers shape recovery (Reghunadhan et al., 2021). SME of SMPs usually rely on Tg and Tr,
of the material, low T (-70 °C) of NR makes research works on SMNR uncommon. Two strategies that
had been reported to develop SMNR are SIC in lightly crosslinked (<0.4%) NR network that have trigger
temperature above room temperature (Katzenberg, Heuwers and Tiller, 2011) and swelling
crosslinked NR with stearic acid that will form a percolated crystalline network upon cooling

(Brostowitz, Weiss and Cavicchi, 2014).

A number of attempts have been made to fabricate SMR in order to investigate their shape
memory behavior under different conditions. Table 2.12 shows a compiled version of fabricated SMR
with trigger mechanism, SME and methods to quantify shape memory behavior. From Table 2.12,
three SME trigger mechanisms have been discovered to fabricate SMR. First of all, lightly cross-linked
SMNR at the borderline between thermoplastic and elastomer allow SIC to fix the rubber network that
is stable at room temperature. The low surface energy of strain induced crystals have a melting point
higher than room temperature promote the existence of SMNR (Cavicchi, 2015). Secondly, swelling of
rubber specimens in fatty acid helps to induce SME in rubber. Swelling allows the formation of
crystalline platelets upon cooling which will act as the temporary network (soft segment) and
subsequently increase the trigger temperature to Tr, of the fatty acid. Thirdly, chemically crosslinked
rubber with non-conventional crosslinker such as zinc ferulate and 3-amino-1,2,4-triazole exhibited
high strength and deformability as well as possessing T, above room temperature that proved to be a
major upside for SME. Most of the SMR triggered by the mechanisms mentioned showed excellent

SME with shape fixity higher than 90% and shape recovery of 100%. The quantification methods of
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SME which include self-made stretching apparatus, tensile tester and dynamic mechanical analyzer

vary accordingly to the authors. As a conclusion, SMR showed promising SME with slightly affected

mechanical properties makes them potentially useful in many applications.

Table 2.12: Compilation of fabricated SMR

Rubber film Trigger mechanism SME and trigger Quantify References
forming temperature method
NR latex Lightly crosslinked Achieved 92% shape Custom made (Heuwers et
casting, solid SMNR fixity, 100% shape stretching al., 2013)
NR recovery at room apparatus
mastication temperature (20 °C) operated in
and cooled at 0 °C strain-
controlled
mode
Solid NR Swelling of NR with | Achieved 98% shape Tensile testing | (Setyadewi and
mastication palmitic acid fixity, 100% shape machine Indrajati, 2019)
recovery at elevated
temperature of 75 °C
and cooled at 10 °C
Solid ENR ENR crosslinked by | Achieved 100% shape Dynamic (Zhang et al.,
mastication in-situ formed zinc fixity, 100% shape mechanical 2015)
ferulate via oxa- recovery at elevated analyzer
Michael reaction temperature of 30°C
above Tg and cooled at
40 °C below T,
ENR melt ENR crosslinked by | Achieved 95% shape Dynamic (Changetal.,
mixing 3-amino-1,2,4- fixity, 100% shape mechanical 2006)
triazole with recovery elevated analyzer
bisphenol-A as a temperature of 20°C
catalyst above Tg and cooled at
20 °C below T,
NR from Swelling of NR with | Achieved 80% shape Modified (Wee, Chai and
Malaysian palmitic acid fixity, 83% shape adjustable Ho, 2017)
Rubber Board recovery at elevated spanner
temperature of 75 °C
and cooled at 10 °C
NR latex Swelling of NR with | Achieved 92% shape Self-made (Kow, Chai and
molding palmitic acid and fixity, 100% shape special Ho, 2020a)
stearic acid recovery at elevated elongation
temperature of 70 °C device
and cooled at 0 °C
NR rubber Swell crosslinked Achieved 99% shape Modified (Brostowitz,
band NR with stearic acid fixity, 88% shape wrench and Weiss and
recovery at elevated dynamic Cavicchi, 2014)
temperature of 75 °C mechanical
and cooled at 10 °C analyzer
Solid XNBR XNBR matrix Achieved more than Modified (Gonzalez-
mastication crosslinked with 90% shape fixity, more wrench and Jiménez etal.,
ionic associations than 90% shape dynamic 2022)
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between MgO salt recovery at elevated mechanical

and the carboxylic | temperature of 150 °C analyzer
groups and cooled at 25 °C

Remarks: The summarized SME and trigger temperatures are the optimum results from the literatures

2.3.6 Applications of shape memory polymer

Since SME in polymeric materials were first discovered, potential applications for SMP almost
exist in every part of our daily life ranging from traditional applications such as heat shrinkable tapes
and tubes made with radiation crosslinked polyethylene (Kleinhans and Heidenhain, 1986), thermally
reversible recording for information storage (Terai, 2002), temperature sensors (Osada, 1995; Asar et
al., 2022) and actuators (Yoo et al., 2006). Furthermore, thermally induced SMPs have been developed
in the field of aerospace engineering to meet current and future demand due to their attractive
properties such as reasonably low cost, light weight and tunable shape memory behavior. These
desirable features make SMPs well-suited for small and large applications such as hinges, versatile
optical systems, antennae as well as morphing structures (Meng and Li, 2016). Figure 2.23 shows the
recovery process of a prototype of solar array actuated by SMP hinge. After fixing the temporary shape
at room temperature, the SMP hinge was heated to 80°C, the SMP hinge deployed from 90 °to 0 ° in

80 seconds showing the complete shape recovery of the SMP.

Figure 2.23: Shape recovery process of solar array prototype actuated by SMP hinge (Lan et al.,
2009)

The biomedical applications of SMPs have raised tremendous interest due to their nature of being
biodegradable, wide range of tailorable stiffness (0.01 GPa < E < 3 GPa), tunable transition
temperature with sharp transition zone, excellent shape deformation and recovery as well as being
able to response swiftly to the applied stimulus. Currently in the animal testing stage, many novel
medical devices using SME have been investigated to minimize the impact of invasive surgery and
enhance the recovery process of patients. Large bulky medical devices could potentially be inserted
into the body with a compressed temporary shape and then be expanded to the permanent shape

that is required to perform the treatment. Figure 2.24(a) shows the removal of blood clot by laser-
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activated SMP microactuator coupled to an optical fiber (Small IV et al., 2005). The medical device is
introduced into blood vessel in its temporary straight rod form and coils into its permanent corkscrew
shape for blood clot removal upon laser activation. Figure 2.24(b) shows a self-tightening
biodegradable suture fabricated from thermoplastic monofilament fiber based SMP (Lendlein and
Langer, 2002). The development of this smart suture is inspired from the difficulty in tying a knot to
close an incision or open wound during endoscopic surgery. It is extremely challenging to manipulate
the conventional suture so that the wound lips are closed under the right stress. With the design of
smart suture, the temporary shape of the medical device can be formed by elongating the fiber with
controlled stress and would shrink while tightening the knot by applying optimum force to close the
wound when raised above the transition temperature. An additional set of experiments had been
done to investigate the feasibility of the concept is shown in Figure 2.24(c). The programmed smart
suture was loosely stitched through rat belly and abdominal muscle. Shape recovery was triggered
when the temperature was raised to 41 °C while the smart suture tighten automatically releasing an
impressive force of 1.6N during the process (Lendlein and Langer, 2002). The following examples have

given a solid foundation for SMP to excel in biomedical applications.

Figure 2.24: (a) SMP microactuator coupled to an optical fiber. The figure from top to bottom
showed the coils forming for blood clot removal upon laser activation (Small IV et al., 2005) (b) Self-
tightening smart suture. The figure from top to bottom showed the knot was tighten in 20s when
heated to an elevated temperature of 40 °C (Lendlein and Langer, 2002) (c) Biodegradable smart
suture for wound closure. The figure from top to bottom shows the shrinkage of fiber and wound
closure when temperature is increased from 20 °C to 40 °C (Lendlein and Langer, 2002).
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2.4 Potential of shape memory rubber as alternative for energy storage application
2.4.1 Current state of the art for global energy

Global energy consumption has increased dramatically as a result of escalating industrialization,
technological innovation, increasing demand and economic growth in developing countries. Despite
the consistent surge in energy price, the needs for energy are soaring rapidly because of the increase
in human population, per capita consumption, energy supply in remote areas, static large-scale
machinery and portable devices. According to the recent survey released by International Energy
Agency (IEA), the global energy demand will rise by 4.5% or a staggering 1000 TWh in 2021 which
boosted CO, emission by over 5% (Grundy, 2021). Given the current situation, renewable energies
are being employed at an astounding rate to counter the worldwide environmental issue of CO;
release for the sake of no greenhouse gases is emitted during the energy production process. On the
report from International Renewable Energy Agency (IRENA), the share of renewable energy sources
will rise from 26% currently to 57% by 2030 and 86% by 2050 to promote sustainable growth for future
energy (IRENA, 2020). However, these green energy sources may be inconsistent due to unavoidable
circumstances for example: inefficiency of solar panels and wind turbines at cloudy and calm weather.
Therefore, to account for these intermittencies, energy storage systems (ESS) are regarded as the
most realistic choice who possesses excellent prospective to optimize energy handling and control
energy spillage (Mitali, Dhinakaran and Mohamad, 2022). ESS are the set of technologies used to
harvest, transform and store energy which can be then withdrawn at a later time to perform practical
operations. An ESS is defined by its capability to store certain quantity of energy and power (Arcos-
Vargas, Canca and Nunez, 2021). Furthermore, report suggested that 345GW/ 999 GWh of new energy
storage capacity will be added globally by 2030 to accommodate the increasing energy output (Henze,
2021). Figure 2.25 shows the forecast of global cumulative energy storage installation in various
countries which highlighted the dramatic increase in demand of ESS due to the rising of renewable
energy sources. According to estimates, requirements for ESS will become triple the present values
while the quantities of electricity supply through grids will be dominated by stationary energy (Ralon
et al., 2017). ESS can be used in every stage of the network that encompasses generation, storage,

transmission and distribution for many stationary applications.
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As discussed in Section 2.4.1, current status of global energy suggested that the demand for ESS

is expected to skyrocket in the near future while the economy is shifting towards production of

greener energy. These demands are the driving force behind for researchers to develop novel methods

of energy storage that are capable of delivering consistent and controlled power while being more

efficient. ESS are designed to sustain unforeseen circumstances during peak and off-peak season. The

integration of ESS and energy utilization significantly reduced electricity production that in turn

lowered the emission of CO, to the atmosphere (Olabi et al., 2021). Therefore, installation of

renewable energy sources must be coupled with ESS to achieve the best outcome of loading and

unloading of green energy (Ralon et al., 2017). ESS is classified by the form of energy stored, usage of

energy, storing efficiency and time. Figure 2.26 shows the classification of major ESS based on the

form of energy. From Figure 2.26, energy can be stored in the form of thermal, mechanical, chemical,

electrochemical and hybrid form which is a blend two different forms.
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Figure 2.26: Major energy storage systems (Mitali, Dhinakaran and Mohamad, 2022)

Thermal energy storage systems (TESS) are basically dealing with the changes in temperature
which specifically designed to store heat energy by heating, cooling, melting, condensing and
vaporizing of a substance (Mitali, Dhinakaran and Mohamad, 2022). The materials are stored in an
insulated repository of high or low temperatures where the energy from these materials are recovered
at a later time for various application such as heating or cooling of a space, production of hot water
and electricity generation depending on the operating temperature range (Chen et al., 2009). In this
case, the materials gain energy when temperature is increased and lose energy when temperature
decreased. The three main types of TESS are sensible heat, latent heat and thermochemical heat
energy storage. Sensible heat storage system is where the energy is contained through increasing or
decreasing in temperature of the single-phase storage medium. Sensible liquid storage for energy
includes aquifer (Lee, 2010; Bloemendal and Olsthoorn, 2018), hot water (Nabavitabatabayi et al.,
2014; Sarbu and Sebarchievici, 2016; Bespalko, Miranda and Halychyi, 2018), gravel-water (Rad and
Fung, 2016) and molten salt (Bauer et al., 2012; Ushak, Fernandez and Grageda, 2015) thermal energy
storage systems. Latent heat energy storage system deals with the phase change of storage materials
when a certain amount of heat is released or absorbed. Moreover, thermochemical energy storage
involves association or dissociation of molecular bonds in a completely reversible chemical reaction
where the heat energy is stored by utilizing the enthalpy of reaction. Figure 2.27 shows the phase of

matter for each of the involved thermal energy storage systems.
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In mechanical energy storage systems (MESS), the energy stored is induced by the conversion
between mechanical and electrical energy forms (Nadeem et al., 2019). In this sense, mechanical
energy in the form of kinetic or potential energy are stored by the conversion of electrical energy from
power source during off-peak hours. During peak hours, kinetic or potential energy is transformed
back into electrical energy. MESS can be classified into four categories: flywheel energy storage system,
pumped hydro energy storage, gravity energy storage and compressed air energy storage as shown in
Figure 2.28. Kinetic energy is stored in flywheel energy storage system while potential energy is stored
in the other three types of energy storage system. MESS can be regarded as highly attractive because
they offer several benefits in terms of environmental concerns, cost and sustainability when compared
to other ESS (Mahmoud et al., 2020). Moreover, the common advantages between different kinds of
MESS are their capability to quickly convert and release stored mechanical energy while producing
less contaminants in both operational and construction phase which indeed is an crucial element to
improve environmental problems for avoidance of human health-related diseases (Guney and Tepe,
2017). The flywheel energy storage system is a short term mechanical energy storage device that
utilized the kinetic energy for example rotating motion of massive cylinder (Hossain et al., 2020) to
store energy in the form of mechanical. Furthermore, pumped hydro energy storage is the most
implemented MESS characterized by its huge energy storage capacity, long life cycle, long storage
capacity and low maintenance cost (Rehman, Al-Hadhrami and Alam, 2015). Generally, this type of
storage system comprises two large reservoirs at different elevations for initiation of potential energy,
pumping system to pump water from low to high reservoir and turbine for generation of electrical
energy. Sometimes, due to geological and water limitations when considering pumped hydro energy
storage, there is inclination towards a new gravitational energy storage concept called gravity energy
storage system (Aneke and Wang, 2016). An example of this technique is developed by Gravity Power

where energy is stored by using water to lift a piston or other object with a prerequisite mass then
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dropping the piston to allow water pushing through hydroelectric generator when power is needed
(Gravity power, 2014). In compressed air energy storage, energy is stored in a reservoir either in an
underground ground cavern or aboveground pipelines by compressing the air (Akhil et al., 2015). The
air is heated and expanded before using in a turbine generator to produce electricity during peak
period. The amount of energy stored depends on the volume of storage space, pressure and

temperature where the air is stored (Vazquez et al., 2010).

Mechanical Energy Storage

System
Flywheel Energy Pumped Hydro Gravity Energy Compressed Air
Storage System Energy Storage Storage Energy Storage

L B

Figure 2.28: Classification of mechanical energy storage systems
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2.4.3 Storage of elastic potential energy with emphasis on shape memory rubber

Elastic potential energy is the energy stored by deformation of an elastic material as a result
from the force applied (Lifshitz, Kosevich and Pitaevskii, 1986). The storage of energy happens until
the force is removed and the deformed object returns to its original shape doing work in the
process. Stretching, compressing and twisting of the objects are examples to the type of
deformations. Objects such as compressed or stretched spring, stretched bow, bent diving board
and rubber band are designed specifically to store elastic potential energy to suit our daily life
applications. Similar to an elastomer, objects designed to store elastic potential energy usually have
high elastic limit to sustain the applied load. When the object is deformed beyond its elastic limit, it
will undergo permanent deformation where the macroscopic structure of the object will no longer
return to its original shape. A perfectly elastic material for instance cross-linked amorphous polymer
stores all energy associated with deformation as potential energy which is a kind of mechanical

energy (Ratner, 2012).

Mechanical properties of NR are mainly related to SIC (Nie et al.,, 2017). However, several

phenomena regarding SIC are still being misunderstood for example the contradicting effect of SIC on
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stress. On one hand, SIC acts as network points which increase network chain density and resulting in
stress hardening (Flory, 1947). On the other hand, SIC induced stress relaxation of the amorphous
phase which can be observed from the plateau region of stress-strain curve upon crystallization begins
(Toki, Fujimaki and Okuyama, 2000; Trabelsi, Albouy and Rault, 2003). Moreover, studies also
suggested that SIC might develop due to constant strain on the amorphous region of NR (Albouy et
al., 2012, 2014). Strain’s energy is required to generate a certain stress in the material which translates
to the moment where SIC occurs. The mechanical energy brought onto the object will dissipate over
a cycle referring to loading and unloading part. The difference between the strain’s energy at a given
stress and the material’s elastic energy at the stress is called elastic hysteresis. In another word, it is
the area in the centre of hysteresis loop which corresponds to the difference in area below the loading
and unloading curve as shown in Figure 2.29. Experiment years ago first showed that SIC is closely
related to elastic hysteresis witnessed from the kinetic differences between occurrence of
crystallization and crystallite melting (Clark et al., 1940). Therefore, SIC can be generally assumed to

be responsible for the hysteresis loop discovered in mechanical responses of NR.
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Figure 2.29: Hysteresis loop of NR (Rezende et al., 2019)
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As mentioned, elastic material such as NR is able to store the elastic potential energy upon
deformation. A study on phase modelling of SIC suggested that storage of elastic energy is possible in
the vicinity of crystal while topological constraints such as crosslinks or entanglements are
accumulated (Laghmach et al., 2015). Another research stated that mechanical energy dissipated by
NR, which is the area in the centre of elastic hysteresis loop, is neither due to intrinsic nor thermal
dissipation but is entirely consumed by the material itself to undergo microstructure changes (Le Cam,
2017). It was also showed that mechanical energy brought to deform NR is stored elastically in the
amorphous region along with additional topological constraints induced close to the crystallites in the
event of SIC. The crystallization / crystallite melting process stores and releases elastic part of the

mechanical energy at different kinetics explained the phenomenon of changes in internal energy of
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the hysteresis loop. Moreover, several studies further concreted that the elastic hysteresis of NR
networks is mainly due to the formation of crystals upon deformation strain (Trabelsi, Albouy and
Rault, 2003; Toki et al., 2004). Therefore, the extraordinary resistance to crack growth of NR can be
realistically explained through the formation strain-induced crystals and the ability of NR to store
elastic part of mechanical energy without converting it into heat energy. As revealed in Section 2.3.5,
SMR showed capability of fixing a temporary shape and recover to its original shape after being
elongated to several 100%. In another word, the ability of SMR storing strain highlighted its potential
to also store stress which corresponds to certain amount of energy. A study explored the energy
storage potential of SMNR by calculating the elongation and stored energies through numerical
integration of force against crosshead travel plots during the demonstrated first shape memory cycle
(Heuwers et al., 2013). Figure 2.30 shows the plot of force versus crosshead travel for a complete
shape memory cycle of one SMNR sample. The result indicated that the values of the calculated stored
elastic energy were in the range of 1.34 to 4.88 J g with efficiencies between 26.22 and 48.32%.
Ultimately, the effectively stored mechanical energy in SMNR is rightly comparable to the best value
presented by spring steel (Ashby, 2016). The stored elastic energy and efficiencies both increased with
increasing degree of crosslinking for SMINR. Interestingly, the storage of elastic energy happens at a
minimum programming strain at this case 300%. This is because SIC in NR only happens under large
deformation of several 100% strain when chain of molecules in the material become ordered under
deformation process (Gent and Zhang, 2002; Huneau, 2011; Candau et al., 2019; Loos et al., 2020).
Therefore, it is not possible to store elastic energy contributed by SME below a certain deformation

strain.
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2.5 Thoughts and research gaps

As discussed in Section 2.2, SNC showed promising reinforcing effects on the mechanical
properties of NR/SNC nanocomposites. However, minimum work about the evaluation of physical and
mechanical characteristics of SNC reinforced NR derivatives had been performed. Moreover, ENR is
usually used in the form of bulk rubber to produce dry rubber products. There is limited information
regarding the usage of ENRL to fabricate latex-based products (Ramli et al., 2020). To add on this, the
characteristics of unfilled ENRL and DPNRL has rarely been investigated. This presents an opportunity
to investigate the physical and mechanical characteristics of unfilled and filled NR derivatives latex in
depth. It serves as a step to promote new sustainable green material which have better mechanical
properties than synthetic rubber and its predecessor NR as well as having improved resistance against
oil and gas attack that NR lacks. Furthermore, it will help in the search of an alternative filler that raises
great research interest recently to replace the conventional carbon black which causes a certain

degree of pollution during its manufacturing process.

From Section 2.3, shape memory polymers showed promising potential in various applications
such as temperature sensors, actuators, biomedical products and aerospace industry. Incorporation
of nanofillers into shape memory polymers had been extensively studied recently due to its larger
surface area and subsequently stronger polymer-nanofiller interaction which enhanced the polymer
mechanical properties. However, on behalf of shape memory behaviour, conflicting results had been
presented about the influence of nanofillers on shape memory effect of polymers (Jimenez and Jana,
2009; Luo and Mather, 2010; Kalita and Karak, 2014; Shirole et al., 2018). This uncertainty never stop
research regarding SMP because of their capability to offer unique and outstanding characteristics.
Furthermore, development of SMNR has attracted tremendous interest due to the biodegradability
and amazing mechanical properties offered by NR. Nonetheless, the specific material needs to have a
T, above ambient temperature or is partially crystalline at ambient temperature to develop SME. NR
lacks both prerequisite and should not show any shape memory behaviour at normal condition. This
inspired an idea of research with the incorporation of SNCinto NR and its derivatives for enhancement
of mechanical properties while investigating its effect in shape memory behaviour of smart rubbers.
Moreover, limited works have been done on developing SMR especially NR derivatives with the

incorporation of SNC as nanofiller (Kalita, 2018).

As per Section 2.4, the current view of global energy is shifting towards the production of greener
energy and lower cost as well as efficient design of energy storage system. This aid in the realization
of Kyoto and Paris agreement which goal is to reduce the total emission into atmosphere by energy

harnessed from fossil fuels commaodities (Olabi et al., 2021). Therefore, research is needed to develop
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sustainable energy storage devices with lower cost, higher efficiency and minimum environmental
impacts especially at the disposal stage after completing the life cycle of the devices. SMPs are
interesting prospects for the development novel energy storage device because of their ability to fix
a temporary shape and recover to its original shape after being elongated to a certain extent. During
the shape memory cycle, strain is stored in the material after being deformed and energy is released
when the material recovers to its original shape. This ultimately showed the capability of SMPs to
store energy in one shape memory cycle. Due to the fact that most of the SMPs store fairly low strain,
there have not been much effort in the determination of stored work in SMP so far (Rapp and Baier,
2010). However, SMR is an ideal candidate for energy storage since SMR is capable of storing strain
up to several 100% while supporting high tensile stress. Moreover, the formation of strain induced
crystals in rubber chain molecules upon deformation strain aid in energy storage of SMR. Up to date,
there is minimum research quantifying the energy storage capability of SMR. Moreover,

demonstration of the energy storage capability of SMR has yet to be reported so far.

In this research, NRL, ENRL25, ENRL50 and DPNRL will be used as the raw material for the
fabrication of RL films. The latex casting method using petri dish and glass mould are adopted due to
the inability of ENR latex to form film through typical coagulant dipping process which involves the
usage of calcium nitrate solution (Darji et al., 2020). The low total solid content and presence of non-
ionic surfactants in ENR had proof to be the sources for this problem. The purposes of using both
latex casting with different apparatuses is to fabricate rubber films with varying dimensions and
thicknesses. The optimized acid hydrolysis process presented in the above literature is adopted for
synthesizing of SNC from native waxy maize starch. Later, a series of characterization techniques
such as FESEM, SEM, TGA, DSC and DMA were performed to evaluate the characteristics of SNC,
sulphur-cured rubber films and rubber nanocomposites films. Mechanical properties such as tensile
strength, elongation at break and modulus were determined by tensile test to evaluate the
reinforcing effect of SNC in different types of latex. A special elongation device was then developed
for the purpose of performing thermomechanical shape memory test under strain-control mode to
quantify the St and S; of the fabricated rubber films. Quantification of the energy stored and
demonstration of the energy storage capability of the smart rubber were conducted by cyclic
loading-unloading test and manual experiment. Further details of the research methodology are

presented at Chapter 3 of the report.
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Chapter 3

3.0 Research Methodology

The literature review has shown that very limited work had been done towards fabrication of
biodegradable SMR nanocomposites with improved mechanical properties and energy storage
capability. The present research has therefore been conducted to develop SMR with types of rubber

latexes: NRL, ENRL25, ENRL50 and DPNRL along with a series of characterization techniques.

Section 3.1 presents the materials and chemicals required for the experimental works in this
research. Experimental procedures to synthesize SNC, determination for yield of SNC, fabrication of
sulphur-cured rubber films and SNC reinforced rubber nanocomposites are discussed in detail in
Section 3.2. Section 3.3 layout the characterization techniques such as Field Emission Scanning
Electron Microscope (FESEM), X-Ray Diffraction (XRD), Differential Scanning Calorimeter (DSC),
Thermogravimetric Analysis (TGA), and Particle Size Analysis (PSA) utilized to characterize the
synthesized SNC. Subsequently, a series of characterization works for the fabricated rubber film and
rubber nanocomposites films including determination of crosslink density, Dynamic Mechanical
Analysis (DMA), FESEM, tensile test, water and toluene uptake, and TGA were shown at Section 3.4.
Lastly, the evaluation of energy storage potential which involves shape memory test, cyclic-loading-

unloading test and manual demonstration are detailed in Section 3.5.
The overall flowchart of the research work is described in Figure 3.1.

Remark: It is to note that most of the content of this and the following chapters have been either
published or accepted in the list of journals as stated in the list of publications.
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Figure 3.1: Overall flow chart of research methodology

3.1 Materials

Commercial grade concentrated low ammonia NRL and DPNRL were purchased from Getahindus
(M) SDN BHD while ENRL with epoxidation level 25 and 50% were purchased from Malaysian Rubber
Board. Table 3.1 shows the specifications such as total solid content (TSC), dry rubber content,
alkalinity and special features of the purchased latexes. The compounding chemicals in dispersion
form such as sulphur, zinc dibutyl dithiocarbamate (ZDBC) and zinc oxide (ZnO) were supplied by
Aquaspersions (M) Sdn Bhd. The TSC, viscosity, specific gravity (SG), pH and particle size of the
compounding chemicals are listed in Table 3.2. TSC of the chemicals were determined by evaporation
at 105 °C to constant weight. Viscosity, SG and pH were measured by Brookfield Reading Viscometer
Spindle No.4 at 20 revolution per minute, digital meter and pH meter respectively. All testing
parameters were measured at 25 °C. The particle size of the compounding chemicals was measured
in microns (um) using particle size analyzer with particle size below the specified diameter is 95%.
Furthermore, commercial grade waxy maize starch with product name RESISTAMYL (TM) 347 was
supplied by Imextco (M) SDN BHD. Moisture content of the waxy maize starch ranged between 11-14%

was measured using EN ISO 1666 method. The product is suitable for experimental work because it
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complies with the requirements of EU Directives and Regulations in force on foods and food

ingredients.
Table 3.1: Specifications of the rubber latexes
Latex TSC (%) Dry rubber content (%) | Alkalinity (%) Special feature
NRL 61.84 60.16 0.30 -
ENRL - 25 62.55 61.15 0.10 25% epoxidation level
ENRL - 50 61.27 59.77 0.10 50% epoxidation level
DPNRL 60.30 59.50 0.55 Deproteinized NR latex
Table 3.2: Specifications of the compounding chemicals
Chemicals TSC (%) Viscosity (cps) SG (g/cm?3) pH Particle Size (um)
Sulphur 60.85 810 1.428 10.22 3.760
ZDBC 51.98 800 1.114 10.42 3.343
Zn0O 52.19 850 1.727 9.750 2.690

3.2 Materials Preparation

Based on the literature review at Section 2.4.3, SNC was synthesized using the optimized
technique (Angellier et al., 2004). It is because this technique was proved to be the most consistent
method while consuming the least time. Furthermore, low crosslinking NRL, ENRL25, ENRL50 and
DPNRL films were fabricated using latex casting method. Investigation regarding the utilization of
latex-based ENR for fabrication of rubber films has been absent so far. The synthesized SNC is used as
a reinforcing filler in all fabricated rubber films to evaluate its effect on mechanical properties of the
rubber films. Shape memory behaviour of the fabricated rubber films and SNC reinforced rubber
nanocomposites were then investigated based on the formation of SIC at different deformation strain

and programming temperature.
3.2.1 Synthesizing of SNC

Commercial grade waxy maize starch was used for the preparation of SNC. The optimized
technique for the preparation of SNC aqueous suspension discussed in Chapter 2.2.1(b) was adopted.
Waxy maize starch with a weight of 36.725g (14.69 wt%) was mixed with 250mL of 3.16 M H,SO,
solution (178.1 mL of 95% H,S04 and 821.9 mL of distilled water) in a 500 mL Erlenmeyer flask at 40 °C,
mechanical stirring speed of 100 rpm for 5 days duration. H,SO, was selected ahead of HCL because
of the long treatment time (more than 15 days) and low yield of HCL hydrolysis. After 5 days, the
suspension was transferred into 50mL centrifuge tubes to separate the SNC from acid by
centrifugations using Eppendorf Centrifuge 5430 for 12 minutes at 7800 rpm. Successive
centrifugations and washing with distilled water were performed to achieve neutrality in the SNC

suspension (about 8 subsequent centrifuging and washing cycles). At this stage, native starch was
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believed to be broken down into nanocrystals from the noticeable opaque nature of the aqueous
suspension which changes the refractive index of the starch solution. The suspension was then sent
to ultrasonic treatment to disperse aggregates by using Cole Parmer ultrasonic processor at 50%
amplitude for 10 minutes. The visible aggregates were completely dispersed and homogenized
following the ultrasonic treatment producing SNC dispersion. Finally, several drops of chloroform were
then added into the dispersion to prevent the growth of bacteria. The resulting aqueous suspension
was then stored in a 4 °C refrigerator. The flow chart and step-by-step diagrams for the preparation

of waxy maize SNC are shown in Figure 3.2 and 3.3.

Waxy maize starch granules

3.16M H,S0,4 40 °C, 100 rpm
5 days

Aqueous suspension containing
starch nanocrystals

Successive 7800 rpm,
centrifugations 12 minutes

Neutral aqueous suspension

Ultrasonic treatment 50% amplitude,
10 minutes

v

Dispersed aqueous suspension

h 4

Suspended in chloroform at 4 °C

Figure 3.2: Flowchart for preparation of SNC
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Figure 3.3: Synthesizing procedures of SNC
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The obtained aqueous suspension was freeze-dried using CHRIST Alpha 1-2 LDplus freeze drier at
temperature of -50 °C and vacuum pressure of 0.040 mbar for 6 hours to obtain loose SNC powder.
The resulting hydrolysis yield of SNC, Y was calculated as a percentage of the dry weight of non-
solubilized particles in relative to the initial dry weight of native starch as shown by equation 3.1 (Le

Corre etal., 2012).

Weight of freeze — dried loose powder
Y(%) = J ff i . powder (g) x 100% (3.1)
Weight of native starch (g)

After 5 days of SNC synthesizing, the yield of waxy maize SNC was found to be 15.7%. The result
is comparable to the literature using the same duration and type of acid for the synthesizing of SNC

that produce a yield of 14% (Lecorre, Bras and Dufresne, 2011b).
3.2.2 Fabrication of low crosslinking NRL, ENRL-25, ENRL-50 and DPNRL films

All RL were mixed individually with the chemical compounds listed in Table 3.3 and transferred to
separate beakers prior to the stirring process. The mixtures were continuously stirred by Cole-Parmer
magnetic stirrer at 200 rpm for 60 minutes at room temperature to ensure uniform dispersion.
Subsequently, the homogenized mixtures were cast and dipped with petri dish to form rubber films
with 1mm thickness. The mixtures were also cast on glass mould to form rubber films with larger
surface dimensions for the purpose of mechanical properties testing. The step-by-step rubber films
fabrication process is shown in Figure 3.4. The yellow appearance of the vulcanized rubber films is
directly related to the amount of sulphur where higher sulphur dosage resulted in a more yellowish
film. Firstly, the oven was pre-heated to 50 °C for 2 hours for thermal equilibrium before the drying
process. Next, the rubber specimen was heated at 50 °C for 5 hours. The vulcanized rubber films were
then stored at room temperature for 7 days to allow complete drying. After 7 days, the dried rubber
films were removed from the petri dish and cut into rubber strips with dimensions of 10 mm x 30 mm
and 20mm x 50mm both with 1mm thickness. The dried rubber films cast on glass mould occupied a

dimension of 150 mm x 150 mm with 0.3 mm thickness.

Table 3.3: Rubber formulation for various kind of RL films

Sample name Sulphur (pphr) ZDBC (pphr) ZnO (pphr)
RL 0.00 0.00 0.00 0.00
RL 0.20 0.20 0.40 0.25
RL0.30 0.30 0.50 0.25
RL 0.40 0.40 0.60 0.25
RL 2.00 2.00 1.00 0.25
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Figure 3.4: Fabrication process of sulphur-cured rubber films

3.2.3 Fabrication of rubber nanocomposites films

The aqueous suspension of waxy maize SNC were mixed with compounded RL under various
proportion using magnetic stirrer to obtain nanocomposite films with weight fractions of dry SNC
ranging from 0-8% wt. 0.2phr sulphur content is used for the fabrication of all rubber nanocomposites
films as this dosage showed the best overall SME determined from previous shape memory tests on
lightly-crosslinked rubber films (Tan et al., 2024a). Therefore, the corresponding amount of ZDBC and
ZnO were 0.40 and 0.25 respectively. Table 3.4 shows the varying amount of SNC incorporated into
RL. The mixing process was carried out by Cole-Parmer magnetic stirrer at 200 rpm for 15 minutes to
ensure uniform dispersion. After mixing, the mixtures were placed in an Elma ultrasonic bath

operating under degas mode with 35kHz frequency and 60% amplitude for 10 minutes to degas the
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mixture thereby avoiding irreversible bubbles formation during water evaporation. Next, the
homogenized mixtures were cast on petri dishes and glass moulds to form uniform films before drying
in a ventilated oven at 70 °C for 3 hours and then vulcanized at 105 °C for 30 minutes. 10g of the
mixtures were poured into petri dishes and glass moulds to obtain the desired thicknesses. The
resulting dry films were then conditioned at room temperature for 7 days before cutting into rubber

strips that occupied similar dimensions with the fabricated low crosslinking rubber films.

Table 3.4: Amount of SNC in rubber nanocomposite films

Sample name SNC (dry wt%)
RL/SNC 0% 0.0
RL/SNC 2% 2.0
RL/SNC 4% 4.0
RL/SNC 6% 6.0
RL/SNC 8% 8.0

3.3 Characterization techniques for SNC
3.3.1 Field Emission Scanning Electron Microscope (FESEM)

Morphology and particle size of the synthesized SNC were determined by Field Emission Scanning
Electron Microscope (FESEM, FEI QUANTA 400F). Aqueous suspension of SNC samples were mounted
on aluminium specimen holder before being inserted into the FESEM. The samples were examined at
accelerating potential of 5 —10kV with 3000 and 8000 times of magnification. All tests were performed

under vacuum condition. The samples were observed ‘as it is” without any form of metal deposition.
3.3.2 Particle Size Analysis (PSA)

Particle size distribution of native starch and synthesized SNC were measured using Malvern
Panalytical Nano-Zetasizer. Dry state native starch and aqueous suspension of SNC were placed on
quartz cuvette at 25 °C before running the analyzer for 60s. The refractive index of native starch and
SNC were determined to be 1.50. Water having a refractive index of 1.33 and viscosity of 0.8872 mPa.s

was used as the dispersant for the analyzing work.
3.3.3 X-Ray Diffraction (XRD) analysis

The crystalline structure of both native starch and SNC were characterized by Panalytical X'pert
Pro MPD X-Ray diffractometer. The analysis conditions for the diffractometer were Cu K, radiation at
A = 1.54060 A with generator settings of 45kV and 35mA for voltage and current, respectively. The
samples were scanned with scattered radiation at 20 ranging from 5 to 50 °, with a step size of 0.02 °
and a step time of 0.15s operating under continuous mode. Freeze-dried SNC powder and native

starch were used for the X-ray scanning to avoid interference with moisture. The degree of crystallinity
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of native starch and SNC can be quantitatively calculated by using the two-phase method (LeCorre,
Bras and Dufresne, 2011). Basically, a curve connecting the peak baseline was plotted on the
diffractogram. The area above the curve was defined as the crystalline region while the area below
the curve and baseline corresponded to the amorphous region. The degree of crystallinity of the

material is taken as the ratio of the upper area to the total area and was calculated as equation 3.3.

X, = —¢— (3.3)

where,

X, = degree of crystallinity

A_ = area of the crystalline region

A, = area of the amorphous region

3.3.4 Differential Scanning Calorimetry (DSC)

Thermal transitions of dry state native starch and SNC were measured by research grade DSC
Q2000 TA instrument. Native starch and freeze dried SNC samples weighed 3-7mg were transferred
into hermetically sealed aluminium pan. Each sample were heated from 30 — 250 °C at heating rate of
10 °C/min under nitrogen environment. Endothermic peaks of native starch and SNC were determined

from the DSC diagram.
3.3.5 Thermogravimetric Analysis (TGA)

Thermal stability of native starch and SNC were measured by TGA/DSC Mettler Toledo. Samples
of native starch and freeze dried SNC weighed 3-6mg were heated from 60 — 600 °C at heating rate of
10 °C/min under nitrogen flow at 20ml/min. The sample weight in percentage were plotted against

temperature to determine the thermal degradation of native starch and SNC.

3.4 Characterization works for rubber and rubber nanocomposite films
3.4.1 FESEM

The morphology of the rubber nanocomposites films was evaluated by FESEM. A FEI, QUANTA
500F was used to observe the morphological pattern of nanocomposites films with different SNC
content. Samples of the rubber nanocomposites films were mounted on aluminium sputter holder
before being sputter coated with gold to ensure conduction. The specimens were coated using

Quorum Q 150 RS plus with sputter current of 20mA, sputter time of 20 seconds and tooling factor of
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1.0. The samples were examined under 10000 times magnification with accelerating voltage ranging
between 5 — 20kV depending on the quality of the images. The tests were performed under vacuum

condition and the micrographs were analyzed “as it is” without any forms of modification.
3.4.2 Determination of crosslink density

The crosslink density of the rubber films were calculated through the obtained storage modulus
(E’) from DMA tests at room temperature of approximately 25 = 1 °C (Hiranobe et al., 2021). The
resulting crosslink density can then be calculated as shown by equation 3.2.

4

x 1076 (3.2)

= 6RT

where,

n = crosslink density (mol cm™)

E’ = elastic storage modulus of the polymer (Pa)
R = universal gas constant (m3 Pa K* mol?)

T = absolute temperature (K)

3.4.3 Toluene and water uptake

The kinetics of toluene and water absorption were determined for all rubber and rubber
nanocomposites films. The samples used for the absorption study were rectangular films with
dimension 10mm x 30mm x 1mm. The rubber films were thin enough to ensure the happening of only
unidirectional diffusion. The films were first weighted using analytical balance with 0.1mg resolution
before immersing in water and toluene. Swelling experiments were carried out for a period of 48 hours
as equilibrium is deemed to be reached at this time (Anand et al., 2018). The samples were wiped with
filter paper upon their removal from solution to ensure no adherence of toluene on the rubber surface.
The toluene uptake (TU) and water uptake (WU) were calculated as shown by Equation 3.3 (Angellier
etal., 2005).

ms—m
TU (%) = tm— X 100 (3.3)

0
where,

mg = initial weight of the sample before any immersion

m, = final weight of the sample after removing from toluene solution
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3.4.4 Dynamic Mechanical Analysis (DMA)

Dynamic mechanical tests were performed with Dynamic Mechanical Analyzer 8000 PerkinElmer
for the identification of E’ and tan 6 peak to relate the Tg of rubber samples. The tests were carried
out under tensile mode with a frequency of 1Hz. In each test, a rectangular sample with dimension
(30 x 10 x Imm) was loaded with static force of 0.5N, force multiplier of 2.0 and strain of 0.1mm. The
scanning temperature for E’ against temperature was programmed from -60 to 110 °C at 2 °C/min
while the scanning temperature for tan & against temperature is -60 to 40 °C. Liquid nitrogen was
purged into the system to achieve the required testing condition. Area under the tan 6 curves were
calculated using Equation 3.4 to evaluate the damping of the rubber samples. The rubbery storage
tensile modulus at room temperature of 25 °C (E’;s) were determined from the test to investigate the
reinforcing effect of SNC at temperature higher than T, and to validate the results from tensile tests
(Angellier, Molina-Boisseau and Dufresne, 2005). The experimental setup displayed the results

through evolution of E’ and tan & between the range of programmed temperatures.

40

Area = 2[(191 ; bz) x h] (3.4)

—60

where,

b, = base length of one side of the tan 6 curve

b, = base length of the other side of the tan & curve
h = height of the individual trapezoid

3.4.5 Tensile test

Mechanical properties of the rubber and rubber nanocomposites samples were evaluated by
Universal Tensile Machine Al 3000 (GT Instruments). All tensile tests were performed in accordance
with ASTM D412 standards (ASTM D412, 2016). The dried rubber films were removed from the glass
mould and subsequently cut into dumbbell shape with dimension of 115mm x 25mm with thicknesses
ranging between 0.2-0.3mm as shown in Figure 3.5(a) using pressurized dumbbell specimen cutter
machine. In each test, dumbbell shaped rubber sample was clamped tightly between two grips to
allow elongation of the specimen as shown in Figure 3.5(b). Gauge length of 25mm was set while
crosshead speed of the tensile tester was 500mm/min. The tests were conducted at an ambient
temperature of approximately 25 °C. The samples were elongated until break in every of the tensile
test. Stress strain curves of the rubber samples were obtained to evaluate the tensile strength and

elongation at break of the rubber and rubber nanocomposites films. The tensile test was repeated
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three times for each of the different formulations and the average value was calculated along with

the standard deviation.

(b)

Figure 3.5: (a) dumbbell shape rubber sample (b) properly clamped rubber sample

3.4.6 TGA and Differential Thermal Gravimetry (DTG)

TGA has been widely used as the method to evaluate thermal stability and degradation of
polymeric materials. The weight of the sample is measured as a function of temperature or time in a
stable atmosphere while the specimen is subjected to undergo a controlled temperature program.
DTG is the first derivative of TGA that analyzed the rate of material weight change upon heating. It
supplies sensitive analysis that is useful to determine the relative rate of polymer degradation as well
as to distinguish between the minor and major weight loss step in polymer composites. The maximum
peak in DTG plot corresponds to the maximum rate of weight loss in the material. The thermal stability
of rubber and rubber nanocomposites films were evaluated by using TGA/DSC Mettler Toledo. The
tests were performed under nitrogen atmosphere at a rate of 20ml/min to furnish a fundamental air
condition for the material of interest. Each test involving 3-8mg of rubber samples were heated from

60 — 600 °C at a heating rate of 10 °C/min under the settings of enabled synchronization.
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3.5 Evaluation of energy storage capability of rubber and rubber nanocomposite films

3.5.1 Shape memory behaviour

Technique of measuring the shape memory effect for fabricated rubber films were adopted from
previous literatures (Sun et al., 2011; Brostowitz, Weiss and Cavicchi, 2014). Thermomechanical cycles
were performed to determine the shape memory parameters of rubber vulcanizates using a self-made
elongation device operated in strain-controlled mode. The rubber specimen with dimensions of 50mm
x 20mm x Imm was secured by two stainless steel clipper that acted as clamps. Ultimately, this special
elongation device is the ideal tool to demonstrate the shape memory testing because of the need for
rapid temperature changes of the environment when immersing the rubber specimens into water
bath. The shape memory testing was carried out as follows. Firstly, each rubber specimen was marked
with a 1cm gap as the initial strain, €; with a pen before clamping on the clipper of the special
elongation device. Next, the rubber specimens were stretched at room temperature of 25 °C to an
elongation strain of 600% and the elongated length is recorded as loading strain, €;. The loading strain
is determined from tensile tests that indicated a minimum 700% elongation before fracture. As a
precaution to overstretching the rubber films, 600% loading strain was used to determine the shape
memory parameters. Then, the rubber specimens were immediately quenched in a 4 °C ice water bath
for 120s to fix the temporary shape. The stretched samples were then unloaded from the clipper and
the fixed strain, & was recorded. Subsequently, the recovery process was induced at temperature of
37 °C and the recovery strain, €, is measured. The accuracy of the length measurement is £0.5mm.
After all data had been collected, Sy and S,. of the rubber specimens were calculated using Equation
3.5 and 3.6 (Sun et al., 2011). The test was repeated twice and the average values were obtained.

Figure 3.6 shows the shape memory testing process of the smart rubber film.

&
S7(%) = 2 x 100 (3.5)
l
£ — €,
1= &

An additional parameter related to the strain storage capability of the specimen is recorded as
stored strain, Esored (Heuwers et al., 2013). This parameter identified the percentage of stored

elongation after the St process. Estored OVEr one shape memory cycle is calculated as Equation 3.7.

Estored(%) = (ef - Ei) x 100 (3-7)
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Initial gap of smart rubber film
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Smart rubber film unloaded from
clipper and & was recorded

S; of the smart rubber was
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Smart rubber film was stretched
to an elongation strain of 600%
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Smart rubber film was quenched
in ice water of 4 °C for S¢

Figure 3.6: Shape memory testing process of smart rubber film
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3.5.2 Energy storage capacity

The evaluation of energy storage capacity of the rubber nanocomposite films was evaluated using
cyclic loading-unloading tensile tests. The cyclic tests were performed using Instron Universal Tensile
Machine (5566). Real image of the equipment is shown in Figure 3.7(a). Firstly, rubber specimen with
dimension 50mm x 20mm x 1mm was secured by two vertically held clamps to prevent slippage of the
sample during elongation as presented in Figure 3.7(b). During the loading test, the rubber sample
was elongated to a strain of 600% at room temperature with a crosshead speed of 500mm/min as
shown in Figure 3.7(c). The unloading test started when the rubber sample reached a strain of 600%,
the applied force was reduced to zero and the rubber sample was allowed to slowly return to its
original shape without any external forces. This successfully concluded a single loading-unloading
tensile test. The loading-unloading tensile test was performed for three cycles and the stress-strain
curves were obtained. Five parameters which included applied energy (Eappiied), Stored energy (Estored),
elastic retraction energy (Eretract), hysteresis and energy storing efficiency (Eeficiency) Were determined
from the obtained data. The Eappiied, Estored and Eretract Were determined by calculating the area under
the loading and unloading curve by breaking down every interval data point into an individual
trapezoid (Heuwers et al., 2013; Cooper et al., 2021). The summation of the area of individual
trapezoid within the points of interest indicated the values of Eapplied, Estored @Nd Eretract. Eapplies Was
determined by calculating the area under the loading curve between the point of 0% and 600% strain.
The values of Eappiied Were calculated by using Equation 3.8. Eswored Was determined by calculating the
area under the unloading curve between the points of Esoreq discovered from shape memory test and
0% strain since all investigated rubber specimens exhibited S, of 100%. The values of Estored Were then
calculated using Equation 3.9. Eretract indicates the energy loss due to retraction of the rubber specimen.
In another word, the non-fixation part of the rubber specimen during shape programming of a shape
memory cycle. Eretract Was then determined by calculating the area under the unloading curve between
the points of 600% strain and Estored. The values of Eretract Were then calculated using Equation 3.10. The
hysteresis energy loss of the rubber specimen is the area between the loading and unloading curve. It
was then calculated by Equation 3.11 using simple mathematical subtraction. Eeficiency Of the rubber

specimen is the ratio between Estored and Eappiied. It was determined using Equation 3.12.

(3.8)

Eapptiea(M]/m*) = f[("l ~7) x ]

0

where,

o4 = tensile strength of one side from loading curve
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0, = tensile strength of the other side from loading curve

€ = strain of the individual trapezoid

Estored n
03 T 04
Estorea(M] /m?) = Z [(_2 ) X €] (3.9)
0
where,
03 = tensile strength of one side from unloading curve
0,4 = tensile strength of the other side from unloading curve
€ = strain of the individual trapezoid
600 +
05 T Og
Eretract(M]/m3) = Z [( 2 ) X €] (3.10)
Estored
where,
o5 = tensile strength of one side from unloading curve
0 = tensile strength of the other side from unloading curve
€ = strain of the individual trapezoid
Hysteresis (M]/m?) = Eappliea = Estorea = Eretract (3.11)
0L — Estored o
Eefficiency(/o) =|7——) x100% (3.12)
applied

Figure 3.7: (a) Instron Universal Tensile Machine (b) Tightly held rubber specimen (c) Elongation of
rubber specimen to 600% strain
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3.5.3 Demonstration of energy stored within the rubber nanocomposite films

A manual demonstration was undertaken to demonstrate there is stored energy within the rubber
nanocomposite films while showing its potential as a thermomechanical energy storage system. The
demonstration was done by showing the rubber nanocomposite films capable of lifting a weight
during a shape memory cycle. More specifically, the stored energy was utilized during the recovering
of its original shape after exhibiting fixation of the temporary shape. DPNRL/SNC 8% was selected
ahead of the other rubber nanocomposite films to conduct the manual experiment as it showed the
highest Esored during the cyclic loading-unloading test. Before undergoing the thermomechanical
manual experiment, rubber film weighing 1g with dimensions of 50mm x 20mm x 1mm was fixed
firmly between steel plates weighing 20g as shown in Figure 3.8(a) and (b). A 1cm gap was marked on
the rubber films to aid with the experiment process during elongation of the rubber films. Next, a
standard weight of 20g acting as additional load was attached by nylon string to the bottom of the
steel plates be seen in Figure 3.8(c). The manual demonstration was carried out by using a modified
self-made elongation device operating in strain-controlled mode. The elongation device was modified
from the piece of equipment used in shape memory tests by adding a retort clamp to prevent slippage
during elongation of the rubber nanocomposite films. The step-by-step manual experiment processes
were shown in Figure 3.9. Initially, the rubber film was carefully secured by two stainless steel clippers
which acted as clamps before tightening the retort clamp located at the top side of the clipper. Then,
the rubber film was elongated to 600% strain at room temperature where the gap between the two
lines was measured as 7cm. Next, the elongated rubber film was quenched in 4 °C ice water for 2
minutes to induce fixation of the temporary shape. Subsequently, the rubber film was removed from
the ice water and unclamped from the bottom clipper. The recovery process was then initiated and
the lifted distance, d of the metal plates and standard weight induced by stored energy within the
rubber films were measured. Specific work output, W can then be calculated directly from Equation

3.12.

m;
W=—xgxd (3.12)
-
where,
W = specific work output (J/g)

m, = mass of loads (g)

m,- = mass of rubber films (g)
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g = gravitational acceleration (m/s?)

d = lifted distance of load by rubber films (m)

Figure 3.8: (a) Rubber films fixed between steel plates (b) Weight of the steel plates and (c)
Additional standard weight on rubber films
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Rubber film was secured on the The rubber film was elongated to
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Rubber film was unclamped from Rubber film was quenched in 4 °C
the bottom clipper ice water

Figure 3.9: Manual demonstration of rubber nanocomposite film
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3.6 Summary of Chapter 3

Chapter 3 presents a comprehensive methodology encompassing all materials preparation,
characterization techniques and the evaluation of energy storage potential of sulphur-cured rubber
films and SNC reinforced rubber composite films. Section 3.1 presents the materials and chemicals
required for the experimental works in this research. Experimental procedures to synthesize SNC,
determination for yield of SNC, fabrication of sulphur-cured rubber films and SNC reinforced rubber
nanocomposites are discussed in detail in Section 3.2. Section 3.3 layout the characterization
techniques such as FESEM, XRD, DSC, TGA, and PSA utilized to characterize the synthesized SNC.
Subsequently, a series of characterization works for the fabricated rubber film and rubber
nanocomposites films including determination of crosslink density, DMA, FESEM, tensile test, water
and toluene uptake, TGA and DTG were shown at Section 3.4. These characterization works are done
to investigate the physical and mechanical characteristics of sulphur-cured rubber films and SNC
reinforced rubber composite films. Lastly, the evaluation of energy storage potential which involves
shape memory test, cyclic-loading-unloading test and manual demonstration are detailed in Section
3.5. Important figures and equations involved in calculating any parameter are listed in a sequential

manner in the above sub-sections.
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Chapter 4

4.0 Characteristics and Properties of SNC, Sulphur-Cured Rubber Films
and SNC/Rubber Composites Films

4.1 Characterization of SNC
4.1.1 Morphology and particle size of native starch and SNC

The morphology structures and particle size of SNC evaluated by FESEM were presented in Figure
4.1(a) and (b) while the particle size distribution of native starch and SNC were presented in Figure
4.2(a) and (b). From Figure 4.1(a), the synthesized SNC have spherical shape. Furthermore, no
aggregate nor impurities are found in the material. This suggested that the SNC were well dispersed
and the method to synthesize it does not create any impurities. However, irregular spherical
morphology and rough surface are observed on some of the SNC. The heterogeneity and surface
roughness of SNC can be recognised as the adhesion between starch granules and surface fracture
caused by rigorous stirring during acid hydrolysis process and ultrasonic treatment (Utrilla-Coello et
al., 2014). From Figure 4.1(b), the size of individual SNC is ranging from 368.4 to 563.4nm with an
average size of approximately 450nm. This is in agreement with the findings from previous literature
(LeCorre, Bras and Dufresne, 2011). The size of SNC in nanoscale was further proven with particle size
distribution determined by zetasizer. It can be clearly seen from Figure 4.2 (b) that most of the size
distribution of SNCis in the range of approximately 600nm. Moreover, from Figure 4.2(b), some of the
SNC size are at 6um which is equivalent to the size of native starch as shown in Figure 4.2(a) reflects
the presence of native starch in SNC suspension. The presence of SNC in microscale might be due to
incomplete hydrolysis of the native starch. This circumstance can be improved by using a filter paper
before any usage of SNC. From the results of FESEM and zetasizer, the synthesizing method of SNC is
reckoned to be successful because of the obvious size reduction and well dispersed particles. SNC can
therefore be considered as a potential reinforcement nanofillers in rubber matrix because of its

demonstrated ability to distribute homogeneously in aqueous suspension.
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Figure 4.1: (a) morphology structure of SNC (b) particle size of SNC
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Figure 4.2: particle size distribution of (a) native starch (b) SNC
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4.1.2 Crystallinity of SNC

X-Ray Diffraction pattern of native starch and SNC was presented as Figure 4.3. Both native starch
and SNC showed a typical A-type crystalline structure notable from the 20 diffraction peaks. The
native starch and SNC exhibited diffraction peaks where 20 of the first peak was at around 15°, second
peak at near 17° and third peak at approximately 23°. The peak at 20 = 23° is more prominent when
compared with the other. The results related to the type of crystalline structure and locations of the
peaks were in accordance with the findings from other literature (Bel Haaj et al., 2016). The sharper
peaks and increment in area of the peaks after acid hydrolysis were due to higher relative crystallinity
in SNC. The two curves corresponding to native starch and SNC were simply vertically shifted after
hydrolysis treatment suggesting that the amylopectin content in SNC was higher. In another word, the
amorphous region of the native starch was being hydrolyzed leaving a higher relative crystallinity in
SNC. After 5 days of acid hydrolysis, the relative crystallinity of native starch and SNC were 35% and
44% respectively. This was consistent with the result published in previous literature (LeCorre, Bras
and Dufresne, 2011). The relative gain in crystallinity of SNC was limited as native starch had already
possessed a high crystallinity. This study in crystallinity further proved that acid treatment enables the
dissolving of low lateral order in native starch and high crystalline region may be converted into stable

suspension even with the action of vigorous mechanical shearing (Wang et al., 2010).
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Figure 4.3: X-Ray Diffraction pattern of native starch and SNC
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4.1.3 Thermal properties of SNC

Figure 4.4(a) indicates the characteristics temperature observed for the endothermic transition
of native starch and SNC. The measurement for native starch shows two endothermic peak instead of
one which is not in agreement with the findings from previous literature (D. Lecorre, Bras and
Dufresne, 2012). The first unusual peak found in the diagram for native starch is due to the melting of
unstable crystallites that absorbed water while the second peak reflects the melting of stable
crystallites at higher temperatures. Another explanation for the appearance of two endothermic
peaks suggested that the first and second peak are related to the partial and final melting of the
crystals where recrystallization occurred in between the melting processes (Biliaderis et al., 1985).
Furthermore, this case can also be attributed to the melting of amylose lipid complexes and crystallites
respectively (Zhong and Sun, 2005). It was revealed that the maximum endothermic peak for native
starch is ranged between temperature of 175 to 185 °C. This is aligned with the initial expectation as
the theoretical melting point of perfect crystallites without any presence of water is estimated
between 160 -210 °C (Colonna and Buleon, 2009). Therefore, this reassured the freeze-drying process

in SNC synthesizing removed residual moisture in the samples.

Based on Figure 4.4(a), to postulate mechanism the thermal behaviour of SNC had been
characterized and analysed. Two observations can be made from the diagram shown: (i) two
endothermic peaks was observed in dry state SNC, (ii) an obvious shift to the right in temperature
when compared with native starch. From the thermogram, the first maximum peak is located at
temperature of around 155 °C while the second peak is at approximately 200 - 210 °C. The result is in
agreement with the findings from previous literatures (Thielemans, Belgacem and Dufresne, 2006; D.
Lecorre, Bras and Dufresne, 2012). The first peak observed might be attributed to the gelatinization
of SNC and the increase in temperature of both the peaks is due to the more crystalline nature of SNC.
The existence of two endothermic peaks correspond to the presence of weak crystallites that melt
earlier and more stable crystallites that melt at a higher temperature (Evans and Haisman, 1982). It is
important to ensure that no depolymerization and degradation occurs under these conditions to
confirm the postulated mechanism. Therefore, TGA measurements are carried out to determine the
authenticity of this interpretations. Moreover, it should be noted that no consensus thermal transition
temperatures for SNC is established due to limited number of research work and different in botanic
origin of the native starch. Considering a classic polymeric approach, a few factors might increase the
melting temperature of semi-crystalline polymer, in this case SNC (i) increase in crystallinity, (ii) a more
perfect crystals with less plasticizer content. In the case of SNC, the increase in crystallinity when
comparing with its native counterpart was demonstrated through XRD pattern shown in Section 4.1.2.

This is because the amylose region of native starch is hydrolysed during synthesizing of SNC leaving
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the more crystalline amylopectin region behind limiting its effect as a plasticizer. Moreover, because
of the freeze-drying process, it is highly possible that the crystalline parts in SNC are more closely

arranged and bonded via hydrogen bonding forming a perfect crystal.

Thermal degradation behaviour of native starch and SNC were evaluated by TGA in the
temperature range of 50 — 550 °C under oxygen flow. Figure 4.4(b) shows the weight loss percentage
of native starch and SNC. It was revealed from the thermogram that there are two major similar weight
loss steps for both samples. The initial weight loss of approximately 5% is attributed to the evaporation
of adsorbed water that starts immediately upon temperature rises and ends at around 110 °C for both
native starch and SNC. The second weight loss step which commences at around 300 °C represents
the thermal degradation of native starch and SNC which involves the depolymerization of saccharide
rings. It should be noted from the thermogram that the secondary weight loss of SNC begins at a lower
temperature of 200 °C. This corresponds to the presence of sulphate groups at the surface of SNC that
are thermally decomposed at 200 — 250 °C (Jiang et al., 1999; Angellier, 2005). The weight loss related
to the decomposition of sulphonic acid groups reduces the depolymerization rate of SNC as observed
from the delay in ending of degradation pertaining to SNC. Therefore, the depolymerization of SNC
ends at 400 °C which is approximately 50 °C higher than native starch. This further suggested that SNC
has stronger crystal structure and higher crystallinity contributed by the more crystalline amylopectin
region. The thermogram also showed that the solid residue left behind by SNC (28.46%) is higher than
native starch (19.75%). This result indicated that the thermal stability of SNC is higher that its native
counterpart. In spite of this, the result is mutual with the findings of many authors that studied the
thermal decomposition of various native starches using TGA (Soliman, El-Shinnawy and Mobarak,
1997; Aggarwal and Dollimore, 1998; Simkovic and Jakab, 2001; Liu et al., 2010). The first weight loss
is related to evaporation of abounded water and the second weight loss resembles the thermal
decomposition of native starch while remains with 20% of solid residue after the whole heating
process (Liu et al., 2010). Furthermore, the thermal degradation behaviour of SNC showed by TGA is
in agreement with the previously reported results (D. Lecorre, Bras and Dufresne, 2012; Piyada,
Waranyou and Thawien, 2013; Wei et al., 2015). Indeed, depolymerization of SNC starts earlier than
native starch due to the presence of sulphate groups while having greater thermal stability observed
from the higher amount of remaining solid residues. In comparison, SNC has three different weight
loss steps pertaining to the evaporation of water at beginning of the curve, the decomposition of
sulphate groups at surface of SNC which starts at 200 °C contributes to the secondary weight loss and
the degradation of SNC at higher temperature of 300 °C. On the other hand, native starch possessed
two weight loss steps related to the evaporation of water and degradation of native starch both

occurring at similar temperature to SNC.
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Figure 4.4: (a) DSC thermograms (b) TGA curves for native starch and SNC

Additionally, validation for melting of crystallites in dry condition reflected by the endothermal
peaks displayed in Figure 4.4(a) can be assessed with TGA measurements (D. Lecorre, Bras and
Dufresne, 2012). Table 4.1 shows the temperature of endothermic peaks and degradation for native
starch and SNC. The postulated mechanism regarding the presence of weak crystallites that melt
earlier and more stable crystals that melt at a higher temperature reflected through the two
endothermic peaks is verified through a much higher degradation temperature than both the
endothermic peaks for native starch. Similar result was obtained concerning the evaluation on SNC. It
is shown that the two endothermic transitions of SNC displayed by DSC thermogram happens before
the thermal degradation temperature observed in TGA. This consolidated that no depolymerization
and degradation occurs before the temperatures of endothermic peaks. Although trace amount of
initial water evaporation is discovered for freeze-dried SNC, early stage depolymerization is absented
as observed from the TGA curve. This reaffirmed that the two endothermic peaks recognized from

DSC thermogram reflected the melting of weak and more stable crystallites of native starch and SNC.

Table 4.1: Temperature of endothermic peaks and degradation for native starch and SNC

Samples Temperature of endothermic peaks (°C) Degradation temperature (°C)
Native starch 155 (first), 175 — 185 (second) 300
SNC 155 (first), 200 — 210 (second) 300

4.2 Physical and Mechanical Characteristics of Sulphur-Cured Rubber Films
4.2.1 Crosslink densities of sulphur-cured rubber films

Crosslinking of rubber involves the linkages of rubber molecules via chemical bonding that forms
three-dimensional network structure prior to the vulcanization process. The crosslink densities of
sulphur-cured rubber films comprised of NRL, ENRL25, ENRL50 and DPNRL were calculated with
equation 3.2 aforementioned at section 3.3.1. This method involves the use of storage modulus in the

rubber plateau region at room temperature of 25 °C determined experimentally by DMA. The
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calculated crosslink densities of all sulphur-cured rubber films expressed in mol cm™ were tabulated
in Table 4.2. As expected, the crosslink densities of the rubber films increased with higher sulphur
loading. In another word, higher loading of crosslinking agent promotes the formation of crosslink
between rubber chains. It is because higher sulphur loadings give more available sulphur atoms to
react with the unsaturated C=C bonds in rubber. This is in agreement with the findings from previous
literature regarding NR where higher loading of crosslink density promotes the increment in
polysulphidic linkages within the rubber vulcanizates (Coran, 2013; Boonkerd, Deeprasertkul and
Boonsomwong, 2016). In the rubber chain, monosulphide, disulphide and polysulphide structures
were formed through the crosslinking reaction. The most stable polysulphide structure formed
through the ring-opening reaction with rubber was the most constituted crosslinking found in the

rubber vulcanizates (Rabiei and Shojaei, 2016).

Crosslinking in rubber chains through vulcanization gives the material a more rigid and better-
defined structure thus improving the mechanical properties involving tensile strength and modulus of
the rubber material. With this, the overall performance of the rubber will be enhanced
complementing the usage of rubber in various applications. These crosslinks tie the rubber molecules
together developing a net-like structure and forming a stiffer material while preventing the
intermolecular movement of rubber chains. The reduction in mobility of the rubber molecules leads
to an increment in T; of the sulphur-cured rubber films (Markovi¢ et al., 2020). It is because with
increasing crosslink densities, there will be higher intermolecular forces, interchain attraction and
cohesion between rubber chains that subsequently leads to a decrease in free volume causing an
increase in T of the rubber films. This interpretation is proven by the slight shift to the right of tan 6
peaks for all rubber matrices with the highest sulphur loading as shown in Figure 4.6(a), 4.6(b), 4.6(c)
and 4.6(d) in Section 4.2.3. Furthermore, from Table 4.2, it was manifested that ENRLs based films
have lower crosslink density when comparing to NRLs films. This is because epoxide groups developed
a bulky side group that reduced the accessibility of curing agent to C=C which eventually lowered the
number of available sites for event of sulphur crosslinking. However, the crosslink densities of ENRLs
increased as more unsaturated bonds were converted to epoxide groups. The ring-opening reactions
between epoxy groups and activation of double bonds by adjacent epoxy groups of ENRLs are the
factors behind this circumstance (Poh and Tan, 1991). These reactions happen during the vulcanization
process when curing agent is added to the rubber leading to the opening of epoxide ring and formation
of reactive hydroxyl group as well as a C=C bond. The reactive groups can then react with crosslinking
agent to form covalent bonds. Therefore, the crosslink densities of ENRL50 are comparatively higher

than ENRL25 as observed from Table 4.2.
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Table 4.2: Crosslink densities of sulphur-cured rubber films

Samples Crosslink Density Samples Crosslink Density

(x10* mol cm3) (x10* mol cm3)
NRL 0.2 1.20 ENRL25 0.2 0.72
NRL 0.3 1.40 ENRL25 0.3 0.80
NRLO.4 1.58 ENRL25 0.4 1.23
NRL 2.0 2.59 ENRL25 2.0 1.96
DPNRLO0.2 1.64 ENRL50 0.2 1.02
DPNRLO0.3 1.68 ENRL50 0.3 1.23
DPNRLO0.4 1.99 ENRL50 0.4 1.72
DPNRL 2.0 2.59 ENRL50 2.0 2.25

4.2.2 Swelling measurement of sulphur-cured rubber films

As mentioned in Section 4.2.1, crosslinks are essential to improving the overall performance of
rubber. Swelling measurement is an indicator directly related to the crosslink density of rubber films
as the swelling percentage is inversely proportional to the amount of crosslinks. In another word, an
increase in crosslink density stipulates the decrease in toluene uptake and vice versa. Therefore, the
rubber films were immersed in toluene until equilibrium to authenticate the interpretation relating
crosslink density and swelling behaviour as well as evaluating the oil resistance of ENRLs to solvent.
Figure 4.5(a) and (b) shows the condition of the NRL films at initial and final stage of swelling in toluene.
However, the difference in colours of the two figures was not investigated in this study as the purpose
of the swelling experiments are to relate the toluene uptake to crosslink density of the rubber films.
The calculated crosslink densities for each rubber films were presented in Table 4.2. From Table 4.3,
it showed clear evident that increasing crosslink density in all types of rubber films resulted in
decreasing swelling percentage. Similar findings accounting for NR were also discovered in other
literatures (Surya, Sukeksi and Hayeemasae, 2018; Kim et al., 2020). The toluene uptake for DPNRL
0.0 calculated as 571.43% was the highest swelling percentage recorded while ENRL50 2.0 which
recorded a reading of 305.00% had the lowest swelling percentage within the investigated range of
sulphur-cured rubber latexes. This is because increasing crosslink density in the rubber network
indicates that there are more covalent bonds between the rubber chains that develops a more
compact and tighter structure. This tighter structure reduces the free volume available in the rubber
matrix meaning less space between the rubber chains, therefore reducing the availability of solvent
molecules to penetrate into the rubber network resulting in less swelling (Hiemenz and Lodge, 2007,
Fried, 2014; Darko, 2022; Tsai and Chiu, 2022). Therefore, rubber films with high crosslink density can
accommodate fewer number of solvent molecules by immobilization of their rubber chains due to the
rigidity of the structure. The reduction of toluene uptake between neat rubber and RL crosslinked with

2.0 phr sulphur is determined to be 26.67%, 28.41%, 28.90% and 30.10% accounting for NRL, DPNRL,
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ENRL25 and ENRL50 respectively. Hence, the highest reduction in toluene uptake is ENRL50 as it is
well known that epoxidation of NR improves the oil and solvent resistance. From Table 4.3, it was
manifested that ENRLs based rubber films exhibited better toluene resistance than its NRLs
counterpart analogous to the same sulphur loadings. Owing to the fact that epoxidation reaction
increases the polarity of NR, this allows the rubber molecules to be less susceptible to swelling in non-
polar solvents such as toluene and benzene. This is due to the presence of oxirane groups that contain
oxygen atoms in epoxide groups which reduced its affinity towards non-polar solvents leading to
improved resistance against them (Ahmad, Ismail and Rashid, 2017). Moreover, increasing the fraction
of epoxide groups that means higher polarity of rubber films result in decreasing solvent penetrability
which in turn improve the oil resistance making ENRLs possessed comparable properties to synthetic
rubber such as NBR. ENRL with higher degree of epoxidation also contributed to lower solvent sorption
and equilibrium mol uptake (Kinasih, Fathurrohman and Winarto, 2017). These statements are in
agreement with the finding discovered where ENRL50 has better oil resistance than ENRL25. Similar
outcomes have also been uncovered in other literatures (Burfield, Lim and Law, 1984; Alakrach et al.,

2018).

Figure 4.5: Condition of NRL films at (a) initial and (b) final swelling stage in toluene

Table 4.3: Toluene uptake of various rubber films after immersion for two days

Samples Toluene uptake (%) Samples Toluene uptake (%)
NRL 0.0 540.00 ENRL25 0.0 464.00
NRL 0.2 503.85 ENRL25 0.2 451.61
NRLO.3 481.82 ENRL25 0.3 408.82
NRL 0.4 445.83 ENRL25 0.4 381.82
NRL 2.0 396.00 ENRL25 2.0 329.63
DPNRLO0.0 571.43 ENRL50 0.0 436.36
DPNRLO.2 520.00 ENRL50 0.2 416.67
DPNRLO.3 504.00 ENRL50 0.3 382.35
DPNRLO.4 482.76 ENRL50 0.4 360.87
DPNRL 2.0 409.09 ENRL50 2.0 305.00
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4.2.3 Dynamic Mechanical behaviour of sulphur-cured rubber films

Dynamic mechanical measurement was performed for sulphur-cured rubber films with different
sulphur loadings. Plots of the logarithm of storage modulus Log (E’) and tangent of the loss angle (tan
6) against temperature at 1Hz are shown as Figure 4.6 and 4.7. All curves of Log (E’) correlated with
the rubber matrices showed a typical fully amorphous high molecular weight thermoplastic behaviour.
All samples exhibited a similar trend of maintaining in the glassy state at temperatures below T, with
decreasing storage modulus against temperature but remained roughly constant above 1GPa. The
state of materials is hard and brittle at this condition. From Figure 4.6(a) and (b), a sharp decrease of
storage modulus of approximately 3 decades is observed at temperature around -60°C accounting for
NRL and DPNRL. In fact, an obvious glass-rubber transition zone is not clearly shown for NRL and
DPNRL as the horizontal glassy region of the materials are not reflected through the figures. This
observation is aligned with the certainty surrounding T, of pure NRL films being -65 °C (Ho and Khew,
2000). The same magnitude of storage modulus decrease is noticed from Figure 4.6(c) and (d) at
temperature of -40 and -25 °C for ENRL25 and ENRL50 respectively. The clear increment of
temperature for ENRLs at the initial sharp decrease of storage modulus is because epoxidation
improves the homogeneity of the polymer with narrower molecular weight distribution that enhanced
the rotational hindrance of ENRLs and reduced the free volume of chain sections (Ren et al., 2022).
Similar phenomenon is reported on epoxidized solution polymerized styrene-butadiene rubber (Liu et
al., 2020). This drop in storage modulus of all rubber latexes indicated that the rubber matrices
underwent primary relaxation process correlated with the glass-rubber transition. Moreover, this
plunge is related to an energy dissipation phenomenon showed in the concomitant relaxation process
where tan 6 reaches a maximum peak. Moving on, the storage modulus of all rubber matrices reached
a plateau stage at around 1-5MPa. At this stage, the material behaves as an elastomer which gives
softness and flexibility to the polymer. This also corresponds to the rubbery state of the material. The
broad temperature range between -20 °C to 110 °C of the rubbery state is due to the high molecular

weight of the polymer eventuating in a highly entangled state of the macromolecules.

Furthermore, the storage modulus is an indication of a polymer’s ability to store deformation
energy. This is directly related to the extent of crosslinking, where a higher degree of crosslinking
signifies the greater storage modulus. A higher storage modulus also denotes a more solid like
property which means higher strength or mechanical rigidity (Ahmed, 2017). Figure 4.7(a), (b), (c), (d)
and (e) show the zoomed in plots of Log E’ against temperature for rubber films with different sulphur
loadings. All figures apart from Figure 4.7(a) showed consistent data where DPNRL possessed the
highest storage modulus followed by NRL, ENRL50 and ENRL25. Moreover, the storage modulus

increased with sulphur loading which is in agreement with the aforementioned statement. This is also
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aligned with the findings shown at Table 4.4 where DPNRL films have the highest mechanical strength

among the other investigated rubber films.

From Figure 4.8(a), (b), (c) and (d) the evolution of tan & with temperature displayed a peak
located at T of NRLs and ENRLs. The peak of tan 6 often indicates the glass-transition region of rubbery
material where the material has the most viscous response to deformation. It is the most common
way to identify the T, of a material using DMA in accordance with ASTM D4065 (A.J. Jeffrey, 2020).
This relaxation process is associated with the anelastic manifestation of the glass-rubber transition of
the polymer and engaged collective movements of the long chain sequences. All NRL and DPNRL films
with varying sulphur loadings showed T, at temperatures between -50 and - 40 °C. ENRL25 and ENRL50
films displayed T, at approximately -30 and -15 °C revealing that ENRLs displayed higher T, than NRLs.
This is because the epoxidation of cis 1,4 polyisoprene which introduced the presence of epoxide
groups reduced the conformational flexibility of the polymer chains that gives rise to the increment in
Tg of NR (Chuayjuljit et al., 2006; Kaewsakul et al., 2021). Indeed, per degree % of epoxidation caused
around 0.9 °C of escalation in T; of NR (Roberts, 1988; Cataldo, 1992). Hence, the T; of ENRLs can be
manipulated by just controlling the degree % of epoxidation. In this case, the T; of ENRL50 is higher
than ENRL25 while ENRLs have obviously higher T, than NRLs. In all cases, the rubber networks
possessed a homogenous phase at the molecular level which can be observed from the single peak of
the curves. As revealed, the curves of tan & for all types of rubber films shifted slightly to the right
when comparing rubber films with 2.0 phr and no sulphur loadings. This event suggested that T, of
rubber films are increased by the structural modification of rubber chains via crosslinking. This
increment is also due to the consistently increased limitations of chain motion due to higher crosslink
density. Furthermore, tan 6 represents the ratio of viscous to elastic response of a viscoelastic material
and it is often called damping. In another word, the energy dissipation potential of a material. It was
observed that NRL and DPNRL have comparatively higher tan 6 peaks than ENRLs based rubber films.
Moreover, Table 4.4 showed the area under tan & curves of each specimen. It was realized that the
areas under the tan & curves of NRLs based rubber films are larger than its ENRLs counterpart,
indicating that NRLs have greater damping coefficient which translated to better efficiency in
accomplishing energy absorption and dispersal. In summary, NRLs have better damping coefficient
whereas ENRLs based rubber films have higher T, than NRLs while the appreciable increase in T, of all

rubber films with higher sulphur loadings symbolized the increment in stiffness of the network.
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Figure 4.6: Plot of logarithm of storage modulus against temperature for (a) NRL (b) DPNRL (c)
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Table 4.4: Area under tan 6 curves

Samples Area under tan 6 curve Samples Area under tan & curve
NRL 0.0 43.19 ENRL25 0.0 38.66
NRL 0.2 49.54 ENRL250.2 40.25
NRLO.3 48.90 ENRL25 0.3 39.30
NRL 0.4 44.55 ENRL25 0.4 36.90
NRL 2.0 42.57 ENRL25 2.0 33.91
DPNRL 0.0 49.89 ENRL50 0.0 34.06
DPNRLO0.2 45.05 ENRL500.2 35.77
DPNRLO0.3 48.91 ENRL50 0.3 37.64
DPNRL 0.4 43.52 ENRL500.4 33.84
DPNRL 2.0 40.50 ENRL50 2.0 31.22

4.2.4 Mechanical properties of sulphur-cured rubber films

The tensile mechanical properties of four different types of sulphur-cured rubber films (NRL,
ENRL-25, ENRL-50 and DPNRL) with different sulphur loadings were evaluated at room temperature.
Elastic non-linear behaviour of a typical amorphous polymer was found for all rubber films after
studying the result from tensile tests at T > T,. Figure 4.9(a), (b), (c) and (d) shows the stress-strain
relationship of the rubber films with different sulphur loading. It was found that the tensile strength
constantly increased with amount of sulphur until breaking of the rubber films. As expected, tensile
modulus and tensile strength increased with higher sulphur loading. The tensile strengths were
increased by 236% (NRL), 388% (ENRL25), 315% (ENRL50) and 333% (DPNRL) when sulphur loading
rose from 0.0-2.0phr accounting to an increment of 200% in crosslinking agent. This result is mutual
with the findings presented at Section 4.2.1 where higher sulphur loading developed rubber films with
higher crosslink density that subsequently formed stronger rubber films. Ultimately, low loading of
sulphur produces shorter crosslinks with a smaller number of sulphur atoms making the rubber softer.
Conversely, high loading of sulphur gives longer crosslinks and a larger number of sulphur atoms
makes the rubber harder with improved physical durability and tensile stress (Joseph et al., 2015; Tan
et al., 2024b). It is because the vulcanization process hardens rubber by forming crosslinks between
their individual rubber molecules where the resulting rubber chains were permanently linked together
to increase its strength. Therefore, vulcanization with sulphur increases viscosity, hardness, modulus,
tensile strength and abrasion resistance while decrease elongation at break, compression set and
solubility in solvents (Miguel Martin-Martinez, 2002). Furthermore, the increase in T of rubber film
will tend to increase its tensile strength if the fraction of crystallinity remain constant and compensate
for any drop if the crystallinity decreased (Davies et al., 1983). This interpretation is constant with the
discussion at Section 4.2.3 where increasing sulphur loading caused a shift to the right of tan 6 peaks

of all rubber films as shown in Figure 4.8(a), 4.8(b), 4.8(c) and 4.8(d).
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From Table 4.5, it was noted that all rubber films with no addition of sulphur (NRL 0.0, ENRL25
0.0, ENRL50 0.0 and DPNRL 0.0) possessed the lowest tensile strength while rubber films with the most
sulphur loading (NRL 2.0, ENRL25 2.0, ENRL50 2.0 and DPNRL 2.0) have the highest tensile strength
among their respective rubber types. In fact, it is worth to note that NRLs based films displayed higher
tensile strength when compared with its ENRLs counterpart. This is because NR has many double
bonds in its molecular chains that react with sulphur to form continuous network that makes the
rubber stronger while ENR converts part of the C=C double bonds in NR structure to epoxide groups.
Moreover, the presence of crosslink network enhanced the behaviour of SIC as there are more
entanglements within the rubber chains, this improved the tensile strength of NRLs films since
crystallization occurred upon stretching (Toki et al., 2009). This statement is proved by Table 4.2 where
ENRLs films have relatively lower crosslink density when comparing with NRLs films. Furthermore,
reports suggested that epoxidation of NR has suppressed the ability of NR to exhibit SIC at high
elongation (Cataldo, 2002; Chuayijuljit, Mungmeechai and Boonmahitthisud, 2017). Therefore, cis 1,4
configuration with higher capability to strain crystallize upon elongation aided in the slightly higher
tensile strength of vulcanized NRLs films. Similar observations about the effect of SIC to tensile
properties of rubber vulcanizates had also been revealed elsewhere (Sadequl, Poh and Ishiaku, 1999;
Cataldo, 2002; Raksaksri et al., 2017; Ngudsuntear et al., 2022). Out of all rubber films with highest
sulphur loadings, DPNRL and ENRL25 showed the highest and lowest tensile strength at 15.1 MPa and
9.9 MPa respectively. The upper bound value of tensile strength at 2.0phr sulphur loading for NRLs
based film is measured to be 15.1 MPa while ENRLs based films recorded a value of 10.2 MPa. DPNRL
2.0 and ENRL50 2.0 are the specimens behind these upper bound tensile strength values. When
comparing ENRLs based films within themselves, the tensile strength of the rubber films is relatively
the same at similar sulphur loadings. ENRL50 showed slightly better tensile strength than ENRL25, this

is due to the greater polarity of ENRL50 that contributed positively to mechanical properties.

On the other hand, the brittleness of the material increased with sulphur content as the
movement of chain is restricted which in turn reduced the flexibility of the rubber films (Al-Maamori
and Hamza, 2018). This is shown when all rubber films with 2.0 phr sulphur loading have the lowest
elongation at break when compared with the other rubber films. In spite of this, the decrement in
elongation at break is less than 100%, thus, this drop in fracture strain is deemed to be insignificant.
Interestingly, lightly crosslinked ENRLs in this case from 0.2-0.4 phr sulphur loading appeared to have
higher elongation at break than their respective neat rubber. The reason could be the weaker
adherence of sulphur to ENRLs polymer matrix hence leading to less stiffening of the rubber chains.
However, the improvement in elongation at break is trivial as the increment is less than 100% in

contrast to ENRL25 0.0 and ENRL50 0.0. From Table 4.5, all rubber films exhibited excellent flexibility
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that is manifested by elongation at break higher than 700%. Therefore, it is safe to postulate that
sulphur loading between 0.2-2.0 phr showed overall good mechanical properties. Considering the
ultimate properties, a good compromise must be made to select the rubber formulation to achieve

the desired strength and hardness.

Table 4.5: Tensile strength and elongation at break of sulphur-cured rubber films

Samples Tensile Strength | Elongation at Samples Tensile Strength Elongation at
(MPa) break (%) (MPa) break (%)
NRL 0.0 41+0.3 812.6 £20.1 | ENRL250.0 2.0+0.3 863.0+54.4
NRLO.2 5.9+0.7 817.7 £25.4 | ENRL250.2 3.2+01 924.4+24.9
NRLO.3 6.6 +0.5 793.8+16.9 | ENRL250.3 50104 917.3+22.1
NRLO.4 8.3+0.2 757.6 £36.1 | ENRL250.4 6.5+0.5 933.9+204
NRL 2.0 13.8+0.4 742.7 £20.3 | ENRL25 2.0 99+0.1 847.2+10.2
DPNRLO0.0 35+0.3 981.5+15.5 | ENRL500.0 2.5+0.3 938.8 +32.1
DPNRLO.2 6.3+0.3 942.3 +28.5 | ENRL500.2 4.3+0.5 958.2 + 34.8
DPNRLO.3 7.6+0.5 942.4 +£36.7 | ENRL500.3 55204 945.1+11.6
DPNRLO.4 9.4+0.2 940.8£11.6 | ENRL500.4 6.9+0.3 973.2+159
DPNRL 2.0 15.1+0.4 937.2+12.2 | ENRL502.0 10.2+0.5 886.3 £ 29.6
Remarks: Data were presented as average value * standard deviation
16 (a) 12 (c)
14 NRL 0.0 10 ENRL25 0.0
S 12 NRLO.2 = ENRL25 0.2
2 5 NRLO.3 s8 ENRL25 0.3
?, NRL 0.4 26 ENRL25 0.4
L 81 —NRL20 < ——ENRL25 2.0
n 4+
5 ° 24
C ©
= 4 c
S =2
2 2 4ﬂ-_—_—__——_-—_—__——’,,—”//// g /’_________________________——””
0 - <o
0 200 400 600 800 1000 0 200 400 600 800 1000
Nominal strain (%) Nominal strain (%)
16 1 (b) 12 (d)
14 4+ ——DPNRLO.0 10 . —ENRL500.0
=12 DPNRL 0.2 = ENRL50 0.2
S0 DPNRL 0.3 % 8 ENRL50 0.3
- g DPNRL 0.4 2 6 ENRL50 0.4
4 ——DPNRL 2.0 o ——ENRL50 2.0
& 6 by
24 =
£ 2 /
2 2
) 0

0 200 400 600 800
Nominal strain (%)

1000 0 200 400 600 800
Nominal strain (%)

1000

Figure 4.9: Plots of nominal stress against nominal strain for sulphur-cured (a) NRL films (b) DPNRL
films (c) ENRL25 films (d) ENRL50 films
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4.3 Characteristics and Mechanical Properties of SNC/Rubber Composites Films
4.3.1 Morphology of SNC/rubber composites films by FESEM

The morphology of SNC reinforced rubber nanocomposites films were evaluated by FESEM
analysis. The insights regarding distribution level of varying SNC content in RL were identified by the
surface morphology patterns of the rubber nanocomposite films as presented in Figure 4.10, 4.11,
4.12, 4.13 and 4.14. The presence of SNC is easily evidenced by the appearance of white dots in the
micrographs whose concentration is a direct function of the SNC content. A rather homogenous
distribution of SNC is observed for all rubber nanocomposites films. The micrographs also showed that
there was no significant difference accounting for the homogeneity in dispersion between NRLs and
ENRLs based films. However, a tendency to agglomerate is seen for increasing SNC content ranging
from 6-8%. Such scenario is also reported elsewhere on potato and corn SNC filled NR rubber matrix
(Bouthegourd et al., 2011; Rajisha et al., 2014, 2015). In fact, the reason that SNC can be spotted
throughout these micrographs suggested that some small parts of the SNC are “homogenously
aggregated” in the rubber matrices (D. S. Lecorre, Bras and Dufresne, 2012). Therefore, it is convinced
that there was coexistence of micro and nano-scaled SNC in the suspension which aligned with the
findings from particle size distribution analysis discussed at Section 4.1.1. Thus, even though micro-
scaled SNC is spotted in the 6-8% micrographs due to its higher loading, a huge part of SNC presence
in nano-scaled are still well dispersed. This uniform distribution of SNC plays a big role in ensuring the
reinforcement effect on rubber matrices. Apart from this, it was revealed that no particular
sedimentation of SNC had occurred within the thickness of the investigated rubber nanocomposites
films from micrographs and small angle light scattering analysis of the other study (Angellier, Molina-
Boisseau, Lebrun, et al., 2005). Furthermore, Figure 4.15 shows the side view of rubber
nanocomposites films with 8% SNC content. The micrograph clearly unveiled the homogenous
dispersion of nano-scaled SNC in the rubber matrix with very slight specific “site agglomeration”

consisting of larger spherical SNC which agrees with the discussion above.
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Figure 4.14: FESEM images (a) NRL/SNC 8% (b) DPNRL/SNC 8% (c) ENRL25/SNC 8% (d) ENRL50/SNC
8%
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Figure 4.15: Side view of FESEM image for rubber nanocomposites film with 8% SNC content
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4.3.2 Crosslink densities of SNC/rubber composites films

The effect on crosslink density of rubber nanocomposite films upon incorporation of SNC were
evaluated through the obtained storage modulus by DMA tests. Crosslink density of the rubber
nanocomposites films is an important parameter to investigate because of its strong influence in
mechanical properties and solvent absorption of the material. The crosslink densities of the
rubber/SNC nanocomposite films were calculated as described in Section 4.2.1. Thereby, the
calculated crosslink densities of the rubber nanocomposite films were tabulated in Table 4.6. As shown
in Table 4.6, the crosslink densities of rubber nanocomposites films increased with SNC content.
Similar observation had been realized in graphene and calcium carbonate NR nanocomposites, carbon
black NBR nanocomposites and cellulose nanocrystals ENR nanocomposites (Saeb, Ramezani-Dakhel
and Esteki, 2012; Kang et al., 2017; Habib et al., 2021; Somseemee et al., 2022). The crosslink density
is significantly increased by at least 3.5-fold for all types of rubber nanocomposites films when the
SNC content increased from 0-8% which strongly substantiates that the crosslinked supramolecular
network was enhanced with SNC content. This is attributed to the good dispersion of SNC within the
incorporated range as revealed in Section 4.3.1 that formed effective interaction with the rubber
matrix. Furthermore, the increase in crosslink density might be also due to (i) the presence of SNC that
enhanced the physical entanglements with rubber chains which eventually formed network structure,
(ii) the increase in chemical crosslink as SNC contains hydroxyl groups that can participate in
crosslinking reactions with the rubber chains, (iii) the high surface area of SNC that creates nucleation
effect which provides favorable sites for initiation and propagation of crosslinking reaction (Q. Wang

et al., 2023; Yadav, Pal and Poonia, 2024)

As discussed in Section 4.2.1, increasing crosslink density tends to develop a stiffer rubber
nanocomposites film where the movement of the polymer chains are restricted thereby increasing
the Tg of the rubber films. This case is not reflected by SNC reinforced rubber nanocomposites films
through the result from DMA in Figure 4.17 in Section 4.3.4. It was affirmed that tan a peak of the
rubber nanocomposites films within their respective RL type do not simply shift to the right although
their crosslink densities were determined to be higher with addition of SNC. It is because the
incorporation of SNC appeared to have good interaction with rubber matrix leading to enhanced
mechanical properties as evident in Section 4.3.5. However, the presence of SNC does not significantly
influence the chain mobility of the rubber nanocomposites films that governs T, of the material. This
leads to the comparable T; between unfilled rubber films and rubber nanocomposites films. From
Table 4.6, it was shown that ENRLs based rubber nanocomposites films exhibited higher crosslink
density than NRLs. This is due to the hydroxyl groups present on SNC which can react with epoxy group

in ENR facilitating the formation of additional crosslinks within the rubber nanocomposites films.
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Subsequently, ENRL50 based nanocomposites films have higher crosslink density than ENRL25

because of the greater number of epoxy groups.

Table 4.6: Crosslink densities of SNC reinforced rubber composites films

Samples Crosslink Density Samples Crosslink Density

(x10* mol cm™) (x10* mol cm™)
NRL/SNC 0% 0.49 ENRL25/SNC 0% 0.49
NRL/SNC 2% 0.80 ENRL25/SNC 2% 0.91
NRL/SNC 4% 1.22 ENRL25/SNC 4% 1.35
NRL/SNC 6% 1.59 ENRL25/SNC 6% 1.57
NRL/SNC 8% 2.19 ENRL25/SNC 8% 2.29
DPNRL/SNC 0% 0.72 ENRL50/SNC 0% 1.11
DPNRL/SNC 2% 1.08 ENRL50/SNC 2% 1.62
DPNRL/SNC 4% 1.60 ENRL50/SNC 4% 1.94
DPNRL/SNC 6% 1.84 ENRL50/SNC 6% 2.54
DPNRL/SNC 8% 2.58 ENRL50/SNC 8% 4.16

4.3.3 Swelling behaviour of SNC/rubber composites films

The swelling behaviour of rubber/SNC composites films were evaluated after immersion in water
and toluene until equilibrium. Toluene is known to be a good solvent for rubber matrices while water
has a high affinity for polysaccharides. The respective water and toluene uptake of rubber
nanocomposites films were calculated using Equation 3.3. The toluene uptake of all rubber
nanocomposites films was higher than 380% whereas the highest reading for water uptake is only
slightly more than 10%. This is due to the hydrophobic nature of rubber latexes. Figure 4.16(a) showed
that the water uptake increased with the introduction of SNC for all rubber films. The microstructure
of nanocomposites films has a significant influence on the diffusion of water molecules whereas the
amount of SNC present had an observable impact on this process. It was revealed that the unfilled
rubber matrix displayed the lowest water uptake while swelling in water increased with the amount
of SNC until weight fraction of 8% within this context. Similar observation on NR nanocomposites was
also being reported in other literatures (Gao et al., 2014; Rajisha et al., 2014). Water uptake of the
vulcanized rubber nanocomposites was escalated due to the high hydrophilicity of the hydroxyl groups
in starch molecules, this allowed them to easily attract and bind with water molecules. With the
increment of SNC contents, there are more capacities for swelling of starch domains which weakens
the interface between rubber matrix and nano-filler leading to the creation of free volumes at
interfacial areas that increased the water uptake. Moreover, the addition of SNC that dispersed
homogenously in rubber matrix verified by FESEM developed additional surface area for water
molecules to penetrate due to their high surface area to volume ratio. The increased surface area

leads to a surge in the number of interfacial regions between rubber matrix and water molecules that
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promotes the formation of hydrogen bonds between them, causing an increase in water uptake.
Therefore, the formation of continuous polar network of SNC with increased surface area and
hydrogen bonding within the rubber matrices encouraged the nanocomposites films to swell up when

exposed to water.

The swelling behaviour of rubber nanocomposites films in toluene was displayed as Figure 4.16(b).
It was observed that the unfilled rubber matrices displayed the highest toluene permeability while the
addition of SNC inhibited the toluene uptake in almost linear fashion with increasing SNC contents.
Comparable findings were reported on SNC filled NR (Angellier, 2005; Gao et al., 2014; Anand et al.,
2018). This is due to the formation of three-dimensional network of SNC that act as a physical barrier
which hindered the diffusion of toluene molecules into the rubber nanocomposites films. Moreover,
this network will develop tortuous pathways for the permeability of toluene molecules thus lowering
the swelling percentage. The formation of this network had already been reported for other
polysaccharide based fillers (Neus Angles and Dufresne, 2000). Similarly to the network effect of SNC,
the incorporation of SNC increased the crosslink densities of rubber nanocomposites films as shown
in Table 4.6 which developed good interfacial interaction with rubber matrix that enhanced the
physical barrier thus resulted in less swelling. Contrarily to swelling in water, the homogeneity in
dispersion of SNC in rubber matrices that increased the interfacial interaction between them reduced
its susceptibility to toluene uptake but increased the mechanical properties of the rubber
nanocomposites films as shown in Section 4.3.5. Also, the formation of hydrogen bonds improves the
adhesion between SNC and rubber matrices which reduced the tendency of the rubber
nanocomposites to swell when exposed to toluene. As displayed by Figure 4.16(a) and (b), SNC
reinforced ENRL nanocomposites films have lower water and toluene uptake compared to NRL
nanocomposites films. This discovery and reason are analogous to the result reported in Section 4.2.2
where sulphur-cured ENRL films were less prone to toluene swelling due to its polar nature that
exhibited improved oil resistance. The reduced water uptake of ENRL nanocomposites is due to the
presence of cyclic structures such as oxirane rings that act as physical barrier towards any penetrating
molecules. Similar finding had also been reported where blending of ENR into wheat gluten improved

the water resistance of the blends with respect to pure wheat gluten (Hemsri et al., 2015).
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Table 4.7: WU and TU of rubber nanocomposites films at swelling equilibrium

Samples WU (%) TU (%) Samples WU (%) TU (%)
NRL/SNC 0% 2.60 515.38 ENRL25/SNC 0% 0.88 471.43
NRL/SNC 2% 6.06 495.24 ENRL25/SNC 2% 2.58 456.56
NRL/SNC 4% 8.11 468.08 ENRL25/SNC 4% 4.52 435.09
NRL/SNC 6% 8.86 446.67 ENRL25/SNC 6% 5.94 426.32
NRL/SNC 8% 11.96 424.23 ENRL25/SNC 8% 7.05 404.31

DPNRL/SNC 0% 1.42 525.00 ENRL50/SNC 0% 0.78 442 .31
DPNRL/SNC 2% 4.31 511.61 ENRL50/SNC 2% 2.43 424.53
DPNRL/SNC 4% 5.31 491.49 ENRL50/SNC 4% 4.14 405.58
DPNRL/SNC 6% 8.15 477.41 ENRL50/SNC 6% 5.35 398.19
DPNRL/SNC 8% 10.65 436.89 ENRL50/SNC 8% 6.03 378.63
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Figure 4.16: Swelling behaviour of SNC reinforced rubber composites films (a) water uptake at
equilibrium (b) toluene uptake at equilibrium

4.3.4 Dynamic Mechanical behaviour of SNC/rubber composites films

DMA was performed for the rubber nanocomposites films with varying SNC content over
temperature ranging between -60 — 100 °C. It measures the viscoelastic response of the rubber
nanocomposites films under periodic stress as a function of temperature. Storage modulus and
damping ratio often denoted by tan & are measured in a DMA test. The plots of Log E’ and tan 6 against
temperature for SNC reinforced rubber nanocomposites films were presented in Figure 4.17 and 4.18.
All curves of Log E’ for the unfilled rubber matrices displayed a typical high molecular weight
thermoplastic behaviour as revealed in Figure 4.17. Since NRL 0.2 and NRL/SNC 0% shared the same
formulation, the curves of Log E’ against temperature exhibited similar trend among one another
when comparing Figure 4.6(a) and 4.17(a). Indeed, SNC filled rubber matrices showed a similar pattern
to the unfilled matrices corresponding to the storage modulus curve. This event suggested that the
incorporation of SNCin RL maintains the elastomeric properties with viscoelastic behaviour within the
material. At temperature below Tg, all rubber nanocomposites films are in their glassy state where

they become rigid and brittle with decreasing storage modulus against temperature but remains

102



above 0.1 GPa. A sharp decrease in storage modulus of over 2-3 decades was observed through Figure
4.17 for both NRLs and ENRLs based nanocomposites films corresponding to the primary relaxation
process related with the glass-rubber transition which resulted in a damping phenomenon as shown
in Figure 4.18. This sharp decrease in storage modulus occurred at -60 °C for NRLs based
nanocomposites films while it happened at -40 °C and -25 °C for ENRL25 and ENRL50 nanocomposites
films. Similarly to the findings discussed at Section 4.2.3, no clear horizontal glassy region is observed
for NRLs based nanocomposites films and the glass-rubber transition of ENRLs based nanocomposites
films occurred at a higher temperature. Then, the modulus reached a plateau rubbery region at 0.7 —
6.2MPa for all rubber nanocomposites films. The broad rubbery region implied that the material is
flexible, elastic and capable of returning to its original shape after deformation over a wide span of

temperature.

Interestingly, all drops in storage modulus at glass-rubber transition zone of SNC filled rubber
nanocomposites films is lesser than the unfilled rubber matrix which eventuated a higher storage
modulus for the rubber nanocomposites films at the rubbery region. Therefore, the incorporation of
SNC to rubber matrices helps to retain stiffness while enhancing the energy storage capability
reflected through the higher storage modulus of the material. This advocated that SNC possessed
significant reinforcing effect at temperature above T,. For instance, the E’»5 of rubber nanocomposites
films containing 2%, 4%, 6% and 8% of SNC is at least 1.5, 2.0, 2.5 and 3.5 times higher respectively
than the unfilled rubber matrix as shown in Table 4.8. This reinforcing effect is usually attributed to
the development of robust network of SNC interconnected through strong hydrogen bonds (Dufresne,
2008a, 2010). It was also demonstrated that the reinforcing effect of SNC could be ascribed to the

filler/rubber matrix interactions (Mélé et al., 2011).

The evolution of tan § against temperature shown in Figure 4.18 displayed a peak located at T, of
the rubber nanocomposites films. This relaxation process referred to as a is associated to the anelastic
behaviour observed during the glass-rubber transition of the polymer. It involves coordinated
movements of long chain segments within the material. It was revealed that the T, for NRL and DPNRL
nanocomposites films are at around -50 °C whereas T; of ENRL25 and ENRL50 nanocomposites films
are at approximately -30 °C and -10 °C. Reasons for the higher Ty showed by ENRLs based rubber
nanocomposites films are clearly discussed at Section 4.2.3. In fact, SNC filled rubber matrices have
comparable Tg to pure rubber matrix as presented through the peak of temperature (T,) in Table 4.8.
This outcome is identical to the findings of other literature where addition of varying SNC loading from
different botanical origin to NR matrix resulted in similar T (LeCorre, Bras and Dufresne, 2012). Thus,
it is in agreement with the discussion at Section 4.3.2 where incorporation of SNC within the range of

2-8% do not directly affect the chain mobility which governs T, of a material but aided in mechanical
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properties enhancement through good filler/rubber interactions. Moreover, the magnitudes of tan §
peak (l) and area under the tan & curves of the rubber nanocomposites films are listed in Table 4.8.
These values provided an insight to the energy dissipation potential of a material as rubbers possessed
viscoelastic behaviour that are capable of storing part of the energy applied upon deformation and
dissipate the other part through viscous dissipation. It was realized that |, and area under than tan 6
curves of SNC filled rubber nanocomposites films are lower than pure rubber. Similar observations
had been reported on carbon nanotubes reinforced polycarbonate composites (Babal et al., 2015).
This is due to the lower energy loss caused by the diminished molecular motion of polymer chains
resulted from good intermolecular interactions between filler and matrix (Haris et al., 2022).
Therefore, rubber nanocomposites films act more elastic and have more potential to store energy
rather than dissipating it. Ultimately, this makes rubber nanocomposites films a suitable candidate to
be developed as smart rubbers for energy storage application if the temporary deformed shape can
be fixed when the applied force is removed. Further discussion about the development of rubber

nanocomposites films for this characteristic is done in Section 5.

Table 4.8: E'3s, To, lo and area under tan & curves of rubber nanocomposites films

Sample E'2s Ta (°C) lo Area Sample E'2s T (°C) lo Area
(MPa) under tan (MPa) under tan
6 curve 6 curve
NRL/SNC 0% 0.73 -46.45 | 2.75 44.98 ENRL25/SNC 0% 0.73 -29.29 | 2.11 42.65
NRL/SNC 2% 1.20 -50.42 | 2.45 43.72 ENRL25/SNC 2% 1.35 -28.80 | 2.19 41.81
NRL/SNC 4% 1.81 -49.10 | 2.06 41.67 ENRL25/SNC 4% 2.01 -30.14 | 2.23 40.03
NRL/SNC 6% 2.37 -49.86 | 2.41 40.32 ENRL25/SNC 6% 2.34 -29.16 | 2.05 39.77
NRL/SNC 8% 3.25 -49.78 | 2.08 38.86 ENRL25/SNC 8% 3.40 -29.75 | 1.82 37.51
DPNRL/SNC 0% 1.08 -50.93 | 2.56 46.18 ENRL50/SNC 0% 1.65 -13.20 | 2.42 41.58
DPNRL/SNC 2% 1.60 -51.93 | 2.40 44.37 ENRL50/SNC 2% 2.40 -8.31 2.21 39.96
DPNRL/SNC 4% 2.38 -52.21 | 2.13 42.09 ENRL50/SNC 4% 2.88 -8.82 2.23 37.27
DPNRL/SNC 6% 2.74 -49.85 | 1.93 40.05 ENRL50/SNC 6% 3.78 -9.55 1.94 36.83
DPNRL/SNC 8% 3.83 -49.68 | 1.89 37.91 ENRL50/SNC 8% 6.19 -8.11 1.69 34.11
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Figure 4.17: Plot of logarithm of storage modulus against temperature for SNC reinforced (a) NRL (b)
DPNRL (c) ENRL25 and (d) ENRL50 nanocomposites films
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Figure 4.18: Plot of tan a against temperature for SNC reinforced (a) NRL (b) DPNRL (c) ENRL25 and
(d) ENRL50 nanocomposites films
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4.3.5 Mechanical properties of SNC/rubber composites films

Nanomaterials are an excellent reinforcing filler for NR due to their high surface area to volume
ratio which allows stronger interaction with polymer matrix. High crystallinity imparts great stiffness
and strength made SNC a promising reinforcing material for rubber. Report suggested that SNC is a
suitable candidate to replace the conventional carbon black due to its capability for reinforcement in
terms of strength, stiffness and elasticity (Rajisha et al., 2015). Rubber/SNC composites both derived
from renewable sources have extra advantages such as non-toxic, easy availability, good
biocompatibility and ease of mechanical modification made them an interesting prospect over the
typical carbon black filled rubber. The tensile mechanical properties of waxy maize SNC reinforced
rubber composites films were evaluated at room temperature. Tensile tests revealed that all rubber
nanocomposites films exhibited the behaviour of a typical amorphous polymer displaying elastic non-
linear response at T > T,. The evolution of nominal stress for various rubber latexes films is plotted in
Figure 4.19 as a function of nominal strain. It was shown that the tensile strength and modulus of all
rubber nanocomposites films constantly increased with increasing SNC content. Moreover, the stress
increased regularly with strain until breaking of the rubber nanocomposites films. As expected, the
tensile strength and modulus increased while elongation at break decreased with increasing starch
content. This is because the incorporation of SNC into rubber matrix developed a stiffer rubber
nanocomposites films with more resistant to deformation which subsequently caused the material to
be more brittle and possessed decreased ability to deform before breaking. Similar findings had been
reported elsewhere with the incorporation of nanofiller into different kind of matrices (Gonzalez et

al., 2015; Chen et al., 2019; Mujtaba et al., 2019; Dai et al., 2021).

According to Figure 4.19, the mechanical properties of rubber nanocomposites films improved
remarkably with the addition of SNC into rubber matrices. Tensile strength corresponding to all rubber
nanocomposites films with 8% SNC content increased by at least 2-fold when compared with unfilled
rubber matrix as revealed in Table 4.8. This obvious increment in tensile strength of all rubber
nanocomposites films resembles the significant reinforcing effect of SNC. It indicated the formation
of intra and intermolecular interactions between SNC and rubber matrix forming a stronger rubber
nanocomposites films (Kristo and Biliaderis, 2007). The homogenous dispersion of SNC even at the
highest content of 8% shown in Figure 4.15 in Section 4.3.1 suggested the raise of possible rubber-
SNC interaction which enhanced the tensile strength of rubber nanocomposites films. A composite
material with well dispersed particles and appropriate interfacial bonding between filler and matrix
can facilitate stress transfer through shear mechanism from matrix to particles that effectively bear
the load thus enhancing the strength of the composite material (Wetzel, Haupert and Zhang, 2003;
Abdelmouleh et al., 2005; Brown and Ellyin, 2005). Additionally, it is believed that SNC forms rigid
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three-dimensional network resulting in strong interfacial adhesion such as hydrogen bonding between
fillers in the structure of the films. The improved tensile strength as observed from tensile test gives
clear evidence about the presence of three-dimensional network within the rubber nanocomposites
films. Moreover, addition of SNC increased the crosslink density of rubber nanocomposites films after
vulcanization process as observed from Table 4.5. This increment in crosslink density enhanced the
tensile strength of rubber nanocomposites films which agrees with the interpretation regarding the

formation of stronger rubber structure with higher crosslink density.

From Table 4.9, it was disclosed that all unfilled rubber films exhibited the lowest tensile strength
whereas all rubber nanocomposites films with 8% SNC content have the highest tensile strength
among their respective rubber latex types. Furthermore, tensile strength and modulus increased
linearly with SNC content ranging from 2-8%. This is in agreement with the outcome presented at
Table 4.8 where storage modulus of the rubber nanocomposites constantly increased with SNC
loading. Similar trend with varying SNC content has been reported elsewhere on NR nanocomposites
films (Angellier, Molina-Boisseau and Dufresne, 2005, 2006; Gao et al., 2014; Rajisha et al., 2014, 2015).
Within the context of 8% SNC content, DPNRL and ENRL25 showed the highest and lowest tensile
strength of 10.6 MPa and 9.0 MPa respectively. This finding is identical to the one discussed at Section
4.2.4 where NRLs have higher tensile strength than ENRLs based films. This is mainly due to the
reduced capability of ENR to exhibit SIC that directly contributed to tensile strength of the rubber films.
The upper and lower bound value for NRLs based nanocomposites films are 10.6MPa (DPNRL/SNC 8%)
and 4.2MPa (NRL/SNC 2%). On the other hand, ENRL50/SNC 2% and ENRL50/SNC 8% recorded tensile
strength of 4.5MPa and 9.3MPa are the lower and upper limit of ENRLs based nanocomposites films.
In terms of elastic properties, the diminution of elongation at break is not more than 200% for all
rubber nanocomposites films when comparing unfilled matrix and rubber nanocomposites films with
8% SNC content. Although the incorporation of SNC slightly reduced the elongation at break, all rubber
nanocomposites films still exhibited elongation at break of more than 700%. Ultimately, SNC proved
to be an excellent filler for NRLs and ENRLs based on its effect on improving the mechanical properties

while maintaining the elastic behaviour of rubber nanocomposites films.

The reinforcing effect of SNC is compared to the other classical fillers for NR such as fly ash, carbon
black and chitin nanocrystals. It was found out that 8% of SNC content presented comparable tensile
strength and improved elongation at break than 40% fly ash (Dasaesamoh, Osotchan and Subannajui,
2019). This scenario might be ascribed to the higher crystallinity, better compatibility and nano-
dimension of SNC that enhanced the surface chemistry between filler and NR. Furthermore, SNC is
clearly an excellent substitute to the conventional carbon black because the incorporation of 8% SNC

has similar reinforcing effect in terms of tensile strength to 26.6% carbon black (Arroyo, Lépez-
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Manchado and Herrero, 2003). Besides, SNC seems to preserve the elastic behaviour of NR

nanocomposites film even at 8% content contrarily to carbon black. Comparing with bio-based chitin

nanocrystals, SNC possessed better ultimate properties which included both tensile strength and

elongation at break (Liu et al., 2018). This is due to the rod-like geometry of chitin nanocrystals that

proved to have lower percolation threshold in NR nanocomposites.

Table 4.9: Stress-strain relationship of SNC reinforced rubber composites films

Samples Tensile Elongation at Samples Tensile Elongation at
Strength break (%) Strength break (%)
(MPa) (MPa)
NRL/SNC 0% 3.3+£0.2 894.0+41.1 ENRL25/SNC 0% 34103 935.9+29.6
NRL/SNC 2% 4.2+0.1 822.4+£21.0 ENRL25/SNC 2% 4.8+0.1 9244+ 155
NRL/SNC 4% 55+£0.2 838.9+16.7 ENRL25/SNC 4% 6.2+0.3 907.0£48.2
NRL/SNC 6% 8.1+0.3 77791224 ENRL25/SNC 6% 79103 918.2+13.4
NRL/SNC 8% 10.1+0.3 752.4 + 38.3 ENRL25/SNC 8% 9.0+0.1 827.2+24.2
DPNRL/SNC 0% 49+0.5 983.8+25.3 ENRL50/SNC 0% 3.2+205 960.0 £ 20.2
DPNRL/SNC 2% 55103 949.1 £ 20.3 ENRL50/SNC 2% 45+0.3 892.6 £ 13.2
DPNRL/SNC 4% 6.7+£0.1 914.0+15.9 ENRL50/SNC 4% 6.0+0.2 907.0£23.8
DPNRL/SNC 6% 82+0.4 883.1+13.7 ENRL50/SNC 6% 74103 888.6 £12.0
DPNRL/SNC 8% 10.6£0.3 783.9 £ 28.5 ENRL50/SNC 8% 9.3+0.3 871.5+31.4
Remarks: Data were presented as average value * standard deviation
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ENRL25 (d) ENRL50 composites films
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4.3.6 Thermal stability of SNC/rubber composites films

Thermal stability of rubber vulcanizates is important to ensure the performance and reliability of
the material over a wide range of applications and environmental conditions. Therefore, TGA was
performed from 50 — 600 °C under nitrogen atmosphere for the rubber nanocomposites films to
examine their thermal decomposition characteristics. Figure 4.20 depicts the TGA thermograms while
Figure 4.21 shows the DTG of the rubber nanocomposites films. The beginning of the major
degradation is signaled by the onset temperature (Ton). Temperature at which 50% decomposition (Tso)
occurs indicates the thermal stability index of rubber vulcanizates (KosSikova et al., 2007). Ton and Tso
are calculated by extrapolation from raw data of TGA. The maximum rate change of mass is reflected
through the major peak in DTG curve and characterized by peak degradation temperature (T,). These

characteristics temperatures of the rubber nanocomposites films are summarized as in Table 4.10.

From Figure 4.20, it was shown that there is only one major turn in every of the TGA thermograms
suggesting one significant decomposition step in all of the rubber nanocomposites films. However,
Figure 4.21 displayed one shallow peak before the major decomposition peak hinting that the actual
degradation process of rubber nanocomposites films consists of two weight loss maxima. Similar
observations had been reported on modified starch filled NR composites (Wu et al., 2018). These two
peaks correspond to the degradation of SNC at lower temperature and rubber matrix at higher
temperature. As unveiled by Figure 4.20, there is no mass loss before 200 °C stipulating the absence
of water moisture in the rubber nanocomposites films. This implied that all moisture content in the
rubber nanocomposites films was evaporated during the vulcanization process. The first slight weight
loss step that took place at temperatures between 250 — 300 °C is related to the degradation of SNC.
This reaffirmed the findings presented at Section 4.1.3 regarding the degradation temperature of SNC.
The presence of SNCin the rubber nanocomposites films is validated through this event. Furthermore,
this interpretation is favoured by the DTG plots showing rubber nanocomposites films incorporated
with 8% SNC content have the most significant dip in peak at degradation temperature of SNC. On the
other hand, the major mass loss of approximately 80% reflected through TGA thermograms and
second weight loss step in DTG plots are related to the degradation of rubber matrices as RL is the
main composition in the rubber mixture. These scenarios happened at temperature between 300 —
450 °C ascribed the decomposition of rubber molecular chains which is primarily initiated by thermal
scissions of C=C and C-C bonds accompanying with a transfer of hydrogen at the site of scission in NR

and ENR (Valodkar and Thakore, 2010; Wang et al., 2010).

Table 4.10 shows the Ton, Tso, and T of all rubber nanocomposites films involved in TGA. It was

noted that the incorporation of SNC in NRLs and ENRLs does not significantly improve nor deteriorate
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the thermal stability of all rubber nanocomposites films. This is because the difference in Tso of neat
rubber and every SNC filled rubber film does not exceed 8 °C while rubber degrades over a wide
temperature ranging between 300 — 450 °C. The reasons behind might be due to (i) the low loading of
SNC (maximum content is 8%) that may not possess noticeable impact on thermal stability of rubber
films, (ii) the relatively lower degradation temperature of SNC (250 — 300 °C) than of rubber matrix
(300—-450 °C). Moreover, the addition of SNC had no considerable influence on To, and T, of all rubber
nanocomposites. This is aligned with the discovery from other literatures about thermal stability of
nanofiller filled polymer composites (Zamri et al., 2017; Maciejewska and Sowiriska, 2021). Ton of NRLs
based films is in the range of 300 — 334 °C whereas ENRL based films exhibited T, between 322 —
357 °C. Subsequently, Tsop and T, of ENRLs based films are higher than their NRLs counterpart
suggesting the improved thermal stability of ENRLs. Such outcome is reported on carbon nanotubes
filled ENR30 nanocomposites (Chuayjuljit, Mungmeechai and Boonmahitthisud, 2017). This is due to
the introduction of epoxide groups that reduced the numbers of unsaturated C=C bonds allowing ENR

to be less susceptible to heat degradation at elevated temperature.

Table 4.10: Characteristics degradation temperatures of rubber nanocomposites films

Samples Ton (°C) Tso T, (°C) Samples Ton (°C) Tso T (°C)
(°C) (°9)
NRL/SNC 0% 322.1 |383.1| 377.3 | ENRL25/SNC0% | 333.3 |387.4 | 384.1
NRL/SNC 2% 327.2 |381.4 | 376.5 | ENRL25/SNC 2% 350.3 | 395.3 | 383.9
NRL/SNC 4% 3286 |381.2| 377.9 | ENRL25/SNC4% | 335.4 |393.9| 384.7
NRL/SNC 6% 333.4 | 381.7 | 378.7 | ENRL25/SNC 6% 339.7 | 3879 | 384.2
NRL/SNC 8% 323.7 |378.7| 374.1 | ENRL25/SNC8% | 356.9 |389.5| 3849
DPNRL/SNC 0% 310.6 |376.4 | 373.5 | ENRL50/SNC 0% 342.6 |398.1| 401.2
DPNRL/SNC 2% 309.5 |372.9| 373.9 | ENRL50/SNC2% | 329.7 | 400.2 | 401.5
DPNRL/SNC 4% 305.8 |380.5| 378.7 | ENRL50/SNC 4% 348.1 | 402.6 | 395.7
DPNRL/SNC 6% 300.1 |376.6| 378.9 | ENRL50/SNC6% | 321.8 | 402.4 | 390.2
DPNRL/SNC 8% 305.4 |376.8| 380.3 | ENRL50/SNC 8% 322.3 | 403.8 | 407.5
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4.4 Summary of Chapter 4

Chapter 4 generally deals with objective 1 of the research which involves results for
characterization of SNC, evaluation of physical and mechanical characteristics of sulphur-cured rubber
films and SNC reinforced rubber composite films. Section 4.1 suggests that SNC is well dispersed in
aqueous solution and has dimension in nano-scale. Moreover, SNC has higher crystallinity, higher Tr,
better thermal stability while possessing similar degradation temperature to native starch. Section 4.2
presents the findings of physical and mechanical characteristics of sulphur-cured rubber films. The
crosslink density and tensile strength increased with sulphur loading for all kinds of RL films but
compensated with decreased elongation at break due to a stiffer rubber structure. Nonetheless, all
rubber films can still be deformed to more than 700%. Toluene penetrability decreased with increasing
sulphur loadings while ENRLs based films have better toluene resistance than their NRLs counterpart.
The epoxide groups caused a decrease in chain mobility which contributed to an increase in T; of ENRLs
based films. Section 4.3 discussed the physical and mechanical characteristics of SNC reinforced
rubber composite films. SNC is well dispersed in the rubber matrices within the range of 2-8%. The
crosslink density increased with SNC content due to increased physical entanglements and additional
chemical crosslinks. The incorporation of SNC increased the water uptake but decreased the toluene
uptake of all rubber nanocomposite films. Moreover, the addition of SNC enhanced the mechanical
properties and maintained the materials’ deformability. SNC reinforced rubber composite films have
comparable T, to unfilled matrix and lower area under tan & curve suggesting the rubber
nanocomposite films have more capability to store energy. For thermal properties, there are two
weight loss steps discovered corresponding to degradation of SNC at lower temperature rubber

degradation at higher temperature.
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Chapter 5

5.0 Shape Memory Behaviour and Energy Storage Capacity of Smart
Rubbers
5.1 Development of Smart Rubbers

5.1.1 Shape memory behaviour of sulphur-cured rubber films

Smart materials, also known as responsive materials, refer to materials that have the ability to
sense and respond to changes in their environment in a controlled manner. These materials exhibit
unique behaviour that can be triggered by external stimuli such as temperature. Rubber has
tremendous potential to be classified as smart material due to their exceptional molecular
arrangement and physical properties. Reversible crosslinked network that enables rubber to deform
when stress is applied and return to their original shape upon stress removal is a crucial characteristic
for SME. Moreover, findings from Section 4.2 such as (i) being able to stay at the rubbery state for
wide range of temperature and (ii) excellent mechanical properties which includes the capability to
store extremely large strain of at least 700% aided in the potential for rubber to be exhibit shape
memory behaviour. However, preliminary shape memory tests indicated that ENRLs based films failed
to develop any SME due to their inability to fix the temporary shape when stress is removed. This
might be due to interference of epoxy groups which hindered its ability to align and form ordered
crystalline structure when elongated (Wang et al., 2016). Thus, the ability of ENRLs based films to
strain-crystallize especially at high elongation is diminished leading to the exclusion of them in further

shape memory testing.

In the case of NRL and DPNRL films, the rubber matrix is an amorphous polymer at room
temperature that forms crystals upon strain and returns to its original shape immediately when
releasing the stretching force while vanishing crystals in the process. Moreover, T; of NR at
significantly below room temperature determined from Section 4.2.3 hinders the prerequisite
properties for it to display SME. However, crosslinking of NR at the borderline between thermoplastic
and elastomer allows the formation of stable SIC at room temperature where it is able to fix the
temporary network at high state of elongation and fully recovers to the initial shape at temperature
around 37 °C. It has been widely accepted that formation of pseudo networking of NR chain from non-
rubber components assisted in SIC (Kaang et al., 2006; Liu et al., 2015). Moreover, due to the
heterogeneity of crosslinked network points, short chain structure of the crosslinked region
preferentially generates crystals that grow continuously in the process of tensile deformation (Tosaka
et al., 2004). All these elements make NR the first SMP that is able to be programmed without any

initial heat treatment.
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The shape memory behaviour of these SMRs presented at this section relates to only axial
deformation and accounts for one-way SME. Table 5.1 presented the shape memory behaviour of
NRLs based films which included the results of St and S,. As shown, the crosslink density has a strong
impact on SME of the rubber films. Higher crosslink density reflected a lower percentage of St in the
sulphur-cured rubber films. This is because high crosslinking develops a tightly interconnected
network that resists the applied stretching force and tends to pull the rubber films back to its original
shape imparting strong elastic properties to the material. In fact, it was disclosed that the crystallinity
index decreased almost linearly with crosslink density reducing the crystallizable sequence due to the
disturbance from increasing chemical crosslinks (Femina et al., 2023). Therefore, highly crosslinked
NRL 2.0 and DPNRL 2.0 restored their original shape instantly after stretching force is released, thus
no St is recorded. Owing to the similar reason, rubber films with 0.3 and 0.4phr sulphur possessed
lower S¢ than 0.2phr. On the other hand, uncrosslinked rubbers referring to NRL 0.0 and DPNRL 0.0
possessed certain degree of SME as revealed in Table 5.1. The presence of end-linked network
originates from functional groups exist at both ends of the rubber chains forms linkage with natural
impurities facilitates the occurrence of SIC (Toki et al., 2009, 2013). The absence of crosslinks in NRL
0.0 and DPNRL 0.0 impeded full recovery of the material as part of the strain had been converted to
permanent plastic deformation. As shown in Figure 5.1, the best overall SME is achieved with NRL 0.2
and DPNRL 0.2 both displaying 76.7% St and 100% S;. This proposed that 0.2phr is the ideal sulphur
content for crosslinking between thermoplastic and elastomer to induce SIC which kept a huge part
of the material constrained in the stretched state with no plastic flow upon initiation of shape recovery
(Tan et al., 2024a). The entropy changes upon stretching promotes SIC and formation of crystals with
low surface energy. This low surface energy crystallites usually feature a high Tm transcending room
temperature which contributed to existence of SIC for development of SMR (Cavicchi, 2015). In
general, the shape memory results indicated that lightly-crosslinked rubber and naturally occurring

SIC are the essential qualities required to develop SMR.

Table 5.1: St and S; of sulphur-cured rubber films

Samples St (%) Sr (%)
NRL 0.0 47535 89.6+3.0
NRL 0.2 76.7+2.4 100.0+£ 0.0
NRL 0.3 575+1.2 100.0+£ 0.0
NRL 0.4 45.0+4.7 100.0+£ 0.0
NRL 2.0 0.0+0.0 -
DPNRL 0.0 40.0+x24 85.8+3.5
DPNRLO.2 75.8+1.2 100.0+£ 0.0
DPNRLO.3 64.2+3.5 100.0+£ 0.0
DPNRLO.4 37.5+5.9 100.0+£ 0.0
DPNRL 2.0 0.0+0.0 -
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Figure 5.1: SME of sulphur-cured rubber films (a) St of NRL (b) S¢ of DPNRL (c) S of NRL and (d) S of
DPNRL films

5.1.2 Shape memory behaviour of SNC/rubber composites films

From Section 5.1.1, it was realized that lightly cross-linked NRL 0.2 and DPNRL 0.2 demonstrated
the best overall SME among the other sulphur-cured rubber films. Therefore, all rubber
nanocomposites films with varying SNC contents were cured with 0.2phr sulphur. Discussion from
Section 4.3 showed that incorporation of SNC in various RL films (i) improved its resistance towards
solvents penetration (ii) possessed better elasticity with higher energy storage capability
(iii)remarkably enhanced the mechanical properties through filler-matrix interaction and formation
three-dimensional filler network and (iv) exhibited comparable thermal stability with high degradation
temperature. Several studies had indicated that the incorporation of nanoparticles impart positive
impact in SIC of NR (Nie et al., 2011; Hernandez et al., 2013). Thus, it is worth evaluating the

effectiveness of SNC in shape memory behaviour of rubber nanocomposites films. Similarly to Section
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5.1.1, ENRLs based nanocomposites films showed no SME due to their inability to possess any shape
fixation during the programming stage. The shape memory parameters of the NRL and DPNRL
nanocomposites films were derived from one full shape memory cycle for each specimen. Moreover,
all shape memory behaviour of the rubber nanocomposite films was derived from axial deformation
relating to only one-way SME. An interesting phenomenon was observed visually during the
programing stage of the shape memory cycle shown in Figure 5.2. The colour of the rubber
nanocomposite films changed from yellowish to opaque white at deformation strain of 600%
resembling the appearance of large domains comparable to emergence of vast nematic domain in
liquid crystals or stress induced whitening in semi crystalline polymer (Kojima, 1981; Wei et al., 2019).
This coincided with strain hardening of the rubber nanocomposite films as evident by the slope
increase with deformation in stress-strain curve revealed in Figure 4.19. Moreover, the appearance of
opaque white region indicated the formation of crystallites reflecting the presence of SIC that is an
essential quality for the rubber nanocomposite films to exhibit shape memory behaviour (Meng, Jiang
and Anthamatten, 2016). Moreover, the rubber nanocomposite film exhibited some “wrinkling” in the
deformed shape. This is due to the entropy increase during heating causing the rubber molecules to
become more disordered and tangled which resulted in some creasing of the rubber nanocomposite
film (Geethamma and Sampath, 2019). All investigated smart rubbers possessed this phenomenon
and the effect on St is deemed to be negligible as the creasing of the rubber nanocomposite films is
considered minor. Figure 5.3 shows the development of St and S, for NRL and DPNRL nanocomposites
films programmed at room temperature while Table 5.2 lists the data of the shape memory

parameters.

From Figure 5.3(a) and (b), it was realized that the incorporation of SNC enhanced S¢ of the rubber
nanocomposites films. This is mainly due to the dramatic improvement of SIC in SNC reinforced rubber
composites films arising from the increased crystallinity of the material. Moreover, two well-defined
crystallization mechanism was observed for rubber nanocomposites films during deformation
contrarily to a single crystallization step for unfilled rubber films (Carretero-Gonzalez et al., 2008a;
Carretero-Gonzalez et al., 2008b; Weng et al., 2010). The first step was related to the orientation of
nanofillers during deformation while the second step was attributed to the conventional SIC of rubber
matrix. Therefore, SNC can act as effective nucleation sites for the formation of crystallites in rubber
due to their strong orientation at the direction of stretching. This favours the alignment of rubber
chain along the deformation direction facilitating the growth of crystals which induced a more orderly
arranged macroscopic structure thus resulted in enhanced SIC that improved the S¢ of rubber
nanocomposites films. Such observation was also reported on carbon nanodots and layered silicate

filled NR nanocomposites (Hernandez et al., 2013; Liu et al., 2019). Moreover, it is believed that
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crosslink density plays a part in the improved SIC of rubber nanocomposites films. As revealed at
Section 4.3.2 in Table 4.6, crosslink density increased with the content of SNC. Higher crosslink density
might indeed aided in the SIC at large deformation due to faster reaching of the limit chain extensibility
(Candau et al., 2023). This statement is proved by the lower elongation at break of SNC reinforced
rubber composites films shown at Section 4.3.5 in Table 4.9. In fact, all rubber nanocomposites films
are lightly-crosslinked by sulphur where the increased in crosslink density is due to the interfacial
interaction between filler and matrix. Therefore, these crosslinks promotes chain alighnment upon
deformation as they prevent loss of orientation by chain relaxation (Le Gac et al., 2014). Furthermore,
the dispersion level of SNC in rubber matrix also contributed to the SIC of the rubber nanocomposites
films (Qu et al., 2009). From Figure 4.15 at Section 4.3.1, SNC was uniformly dispersed throughout the
rubber matrix. The homogeneous distribution of SNC encouraged higher level of filler-matrix
interaction triggers the orientation of rubber chains as a result from the highly aligned SNC in the
stretching direction. Therefore, the higher number of highly orientated stretched polymer chains

supports the nucleation mechanism for more strain-induced crystals.

Owing to all the factors above, increasing content of SNC enhanced SIC that eventually improved
St of the rubber nanocomposites films. From Table 5.2, all SNC filled rubber nanocomposites films
manifested higher St than unfilled rubber films within the investigated content of SNC. The upper limit
of St was recorded to be 93.3% achieved by NRL/SNC 8% and DPNRL/SNC 8%. As a result, the
incorporation of 8% SNC to NRL and DPNRL improved the S¢ by 35% and 23% respectively. Meanwhile,
from Figure 5.3(c) and (d) no detrimental outcome was observed on S, of the rubber nanocomposites
films. Unfilled and filled rubber films exhibited 100% S: over one full shape memory cycle resembling
no plastic deformation was in presence during the process. Therefore, the incorporation of SNC
maintains excellent elasticity of the rubber nanocomposites films associated to homogenous
nanofiller dispersion and good filler-rubber interaction. These traits prevented the occurrence of
slippage between SNC and rubber chains during stretching, thus preserving the elastic properties of
rubber nanocomposites films. Since all rubber nanocomposites films exhibited improved S¢, Estorea Of
the smart rubbers was then identified to quantify the real stored elongation before triggering the
recovery of the specimen. This parameter is seldom acknowledged in the previous literature where it
is also known as recoverable strain (Voit et al., 2010). Figure 5.4(a) and (b) show the Esoreq 0f SNC
reinforced NRL and DPNRL composites films under one complete shape memory cycle. It was noted
that Estored OF all smart rubbers is above 400% irrespective of SNC content. The incorporation of SNC to
NRL and DPNRL increased the Egored Of the rubber nanocomposites films where NRL/SNC 8% and
DPNRL/SNC 8% achieved 550% and 560% stored elongation. Indeed, S¢ of the rubber nanocomposites

films contributed directly to the Eorea thus the capability of storing strain increased with SNC content.
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Estored Values is higher (850%) in other literature as the rubber films is programmed to a higher strain

of 920% while similar trend about the relationship between St and Estoreq Was reported (Heuwers et al.,

2013). Moreover, full S, is achieved for all rubber nanocomposites films indicating all Estoreq is able to

recover to their permanent shape resembling the recoverable strain is equivalent to Etoreq. Therefore,

the ability to store several 100% strain makes these SMR a suitable candidate for energy storage

application. A comprehensive discussion about the energy storage capability of the smart rubbers will

be presented at Section 5.2.

Table 5.2: S, Sr and Estorea 0of SNC/rubber composites films

Samples St (%) Sr (%) Estored (%)
NRL/SNC 0% 69.2+3.5 100.0+£0.0 415.0+21.2
NRL/SNC 2% 76.7+2.4 100.0£ 0.0 460.0+14.1
NRL/SNC 4% 825+1.2 100.0+£0.0 495.0+7.1
NRL/SNC 6% 88.3+4.7 100.0+£0.0 530.0+0.0
NRL/SNC 8% 933124 100.0+£0.0 550.0+7.1

DPNRL/SNC 0% 75.8+3.5 100.0+£0.0 455.0+21.1
DPNRL/SNC 2% 825+1.2 100.0£0.0 495.0+7.1
DPNRL/SNC 4% 85.0+0.0 100.0£0.0 510.0+ 0.0
DPNRL/SNC 6% 89.2+1.2 100.0£0.0 535.0+7.1
DPNRL/SNC 8% 933+24 100.0£0.0 560.0 + 14.1
(a) (b)
—r—
.

Figure 5.2: Appearance of NRL/SNC composite film (a) before and (b) after shape programming
during a shape memory cycle
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5.2 Evaluation of energy storage capability of smart rubbers

5.2.1 Energy storage capacity of SNC reinforced rubber composite films

From the discussion of Section 5.1.2, it was realized that higher SNC content reflects improved
shape memory behaviour. Therefore, the capability of storing strain indicated that there will be energy
stored within the rubber nanocomposite films during fixing of the shape. Investigation regarding
energy storage capacity of the rubber nanocomposite films was done by calculating the bounded area
under unloading curve based on the value of Esored previously determined from shape memory tests.
Figure 5.5 shows an exemplary of a loading-unloading curve where area under the loading curve
reflected by the red lines indicates Eappied Whereas the area under the unloading curve shown by the
green lines corresponds to Estwored during a shape memory cycle. It is affirmed that some part of Eappiied
is stored within the rubber nanocomposite films due to the fact that SMPs not only store strain but
also stress that translated to a certain amount of energy (Heuwers et al., 2013). Furthermore, Figure
5.6 shows the relationship between each energy involved during a loading-unloading cycle. It was
originally assumed that all Eappiies Was stored entirely by the rubber nanocomposite films. As shown in
Figure 5.6, shape fixing of the rubber nanocomposite films has a positive role towards energy storage
suggesting the ability of a material to remain at a temporary mechanical deformation is crucial
towards the storing of elastic elongation work energy which will then be released as thermal
dissipation during the recovery of original shape. On the other hand, the non-fixation part due to
retraction of the rubbery material and rubber hysteresis which is a result of energy loss due to friction
occurring inside the rubber films have a negative impact towards energy storage capability within the

rubber nanocomposite films.

Figure 5.7 (a) and (b) show the first cycle of loading-unloading curves for SNC reinforced NRL and
DPNRL composite films. It was realized that the loading-unloading curves for both NRL/SNC and
DPNRL/SNC exhibited a similar pattern where tensile strength and modulus of the rubber
nanocomposite films increased with SNC loadings within the elongation range of 0-600%. This is
aligned to the result presented in Section 4.3.5. Moreover, the areas under loading and unloading
curves suggested that Eappiied and Estored Of the rubber nanocomposite films increased with SNC content.
This indicated that the incorporation of SNC benefited the energy storage capability of the rubber
nanocomposite films. As expected, NRL and DPNRL nanocomposite films showed almost identical
amount of Eapplies and Estoreq With respect to the same loading of SNC. This is because the tensile stress
applied and the obtained Estoreq at similar content of SNC reflected in Section 4.4.2 are comparable.
Subsequently, Figure 5.8 shows the loading-unloading curves of DPNRL/SNC 8% for three cycles. Other
investigated rubber nanocomposite films exhibited similar plot pattern and trend as DPNRL/SNC 8%.

It was first discovered that the required stress to achieve the same strain decreased from the first to

120



the third cycle. This phenomena is associated to the stress softening of rubber network which known
as the Mullins effect (Diani, Fayolle and Gilormini, 2009). Moreover, there is a significant hysteresis
loop enclosed by the first loading-unloading cycle proposing that the energy loss due to the friction
for the first cycle is high. Besides, the area enclosed by the hysteresis loop decreased drastically from
the first to the second cycle and more gradually from the second to the third cycle. This observation
is similar to the findings of previous literature (Carleo et al., 2020; Yang et al., 2022). In this rubber
nanocomposite film, energy dissipation of each cycle drops as the number of cycles increased with the
most significant energy dissipation happened at the first cycle. In another word, substantial stress
softening occurs in the first cycle of loading and progressive softening happens gradually in the
following cycles. It is because repeated stretching caused the untangling of rubber molecular chains,
the breakdown of interaction between filler and rubber, and the disruption of three-dimensional

network among fillers which consequently resulted in decrease of Mullins effect (Fu et al., 2019).

SNC reinforced rubber composite films do not only store strain which has been discussed in
Section 4.4.2. In fact, they have the ability to store stress which corresponds to the storage of a certain
amount of energy. Figure 5.9 (a) and (b) show the Egiored 0f NRL/SNC and DPNRL/SNC with 0%, 4% and
8% SNC content for cycle 1 and cycle 3. It was shown that the incorporation of SNC increased the Estored
for both NRL and DPNRL based rubber nanocomposite films within the number of cycles performed.
This is due to the higher stress applied to achieve the required strain and not to mention the higher
Etored resulting from enhanced St determined from shape memory test presented in Section 4.4.2.
Moreover, for both NRL/SNC and DPNRL/SNC rubber nanocomposites films, the Esiwrea Slightly
decreased with the number of cycles. This is mainly because of the lower stress applied to the rubber
nanocomposite films upon elongation to the required strain as shown in Figure 5.8. The upper limit
for Estored Was achieved by DPNRL/SNC 8% recording 20.91 MJ/m?3 at the first cycle while the lower limit
for Estored Was valued at 6.36 MJ/m? by NRL/SNC 0% at the third cycle. Figure 5.10 (a) and (b) show the
Eetficiency Of SNC reinforced NRL and DPNRL composite films with 0%, 4% and 8% loading for the first
and third cycles. Similar to the findings of Estored, Eefriciency increased with the content of SNC for both
the first and third cycles. This is mainly attributed to the higher Estoreq for rubber nanocomposite films
with higher loading of SNC. Besides, Eeficiency increased from cycle 1 to cycle 3 for both NRL/SNC and
DPNRL/SNC rubber nanocomposite films irrespective of the loading of SNC. This increment is the result
of decreased Mullins effect where lesser energy is required to compensate for energy loss due to
rubber hysteresis when the number of cycles increased. Thus, the highest Eeficiency is achieved by
DPNRL/SNC 8% at cycle 3 recording 79.95% whereas the lowest Eefficiency is calculated at 29.65%
attained by NRL/SNC 0% at cycle 1.
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Table 5.3 and 5.4 tabulated the calculated values of energy parameters which included Eappiied,
Estored, Eretract, hysteresis and Eessiciency fOr the investigated rubber nanocomposite films for cycle 1 and
cycle 3 respectively. It was manifested from Table 5.3 and Table 5.4 that Eappies increased with SNC
loading for both NRL/SNC and DPNRL/SNC rubber nanocomposite films. The increment of Eappiied is due
to the higher tensile stress required to elongate the stiffer rubber nanocomposite films with higher
SNC content to the required length. Hence, Esored Which stores part of the energy provided follows the
same relationship as Eapplies Where the reasons have been discussed above. The maximal value of Estored
by DPNRL/SNC 8% is similar to another previously reported SMP (Cooper et al., 2021). The rubber
nanocomposite film’s high extensibility coupled with its high recoverable energy gives this material
large Estorea Of 20.91 MJ/m?3 that is approximately six times greater than previous recorded highest
energy density presented by an SMP (Zhang and Li, 2013). Additionally, the low density of rubber
nanocomposite films (1.1g/cm?3) results in a significant specific energy density of 19.01 J/g which is
roughly 487 times greater than energy density of skeletal muscle, measured at 0.039 J/g (Madden et
al., 2004). On the other hand, Eretract decreased with the loading of SNC for both types of rubber
nanocomposite films. This is related to the lower S¢that resulted in lower Esored that caused the rubber
nanocomposite films to incline towards spontaneous retraction to the original shape. Furthermore,
the values of rubber hysteresis are comparable between each rubber nanocomposite film with varying
SNC content for both NRL/SNC and DPNRL/SNC. This indicated that the incorporation of SNC has little
to no effect towards stress softening of the material. However, as mentioned above, the number of
cycles has a great impact towards rubber hysteresis. Therefore, presented in Table 5.3 and Table 5.4,
the calculated values of cycle 1 and cycle 3 have some differences between them as the energy loss
due to hysteresis is significantly lesser in cycle 3. Generally, the energies considered for the rubber
nanocomposite films obey the energy conservation law where energy is neither created nor destroyed
but transformed from one form to another. After all, NRL/SNC and DPNRL/SNC rubber nanocomposite

films exhibited the same trend and comparable values for all the energy parameters investigated.
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Table 5.3: Calculated energy parameters of the first cycle for the investigated rubber nanocomposite

films
Specimens Enapplied Estored Eretract Hysteresis Eefficiency (%)
(MJ/m?) (MJ/m?) (MJ/m?) (MJ/m?)

NRL/SNC 0% 22.74 6.74 7.55 8.45 29.65

NRL/SNC 4% 28.44 14.01 6.04 8.38 49.27

NRL/SNC 8% 33.46 20.59 3.82 9.05 61.52
DPNRL/SNC 0% 24.16 9.23 6.78 8.14 38.21
DPNRL/SNC 4% 29.09 13.13 5.12 10.85 45.12
DPNRL/SNC 8% 34.32 20.91 3.08 10.33 60.92

Table 5.4: Calculated energy parameters of the third cycle for the investigated rubber
nanocomposite films

Specimens Enpplied Estored Eretract Hysteresis Eefficiency (%)
(MJ/m?3) (MJ/m?3) (MJ/m?3) (MJ/m3)

NRL/SNC 0% 16.30 6.36 7.45 2.49 39.04

NRL/SNC 4% 21.27 13.51 5.89 1.87 63.52

NRL/SNC 8% 24.97 19.74 3.70 1.54 79.04
DPNRL/SNC 0% 18.09 8.98 6.57 2.54 49.63
DPNRL/SNC 4% 20.81 12.96 4.70 3.15 62.27
DPNRL/SNC 8% 25.46 20.35 2.44 2.66 79.95

5.2.2 Demonstration of energy stored within the rubber nanocomposite films by manual
experiment

As discussed in Section 5.2.1, the investigated rubber nanocomposite films are capable of storing
certain amount of energy during a shape memory cycle. This happens when the applied stress is
removed, the rubber nanocomposite film retains a large amount of fixed strain thereby storing elastic
deformation energy. The Esworeq Will then be released upon the recovery process of its original shape.
The extent of recoverable elastic energy is constrained by the amount of reversible work performed
by the rubber nanocomposite film. The whole energy storing process mirrors the shape memory cycle
which involves temperature change. The principle of the thermomechanical energy storage system is
shown in Figure 5.11. The sample is stretched at ambient temperature before undergoing cooling
process. Instead of immediately returning to its original shape, it stays at the elongated shape after
cooling at low temperature thus storing elastic deformation energy. After heating at an elevated
temperature, the sample can locally release mechanical energy during entropy driven recoiling where
the sample retracts, therefore a load can be lifted. At this stage, the elastic energy stored within the
smart rubber during the shape fixing step is released as mechanical energy where work is done by

lifting a load in the vertical direction.
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To this extent, an idea had been developed to showcase the utilization of Estreq Within the rubber
nanocomposite films by lifting a load with the conversion of Eswres to mechanical energy. Here, the
demonstration of rubber nanocomposite film as a potential high strength, high extensibility and soft
one-way actuator had been conducted. Figure 5.12(a) and (b) show a prestrained rubber
nanocomposite film that possessed a weight of approximately 1g had the capability of lifting loads
weighing 40g. The loads were raised by 4.5cm upon initiation of its S; at ambient temperature. This
demonstrated the that the rubber nanocomposite film lifted 40 times of its own weight with a specific
work output of 0.02 J/g. Compared to other shape memory based actuator (Krajovic and Anthamatten,
2021), this rubber nanocomposite film achieved both a larger actuation displacement and work output.
Itis crucial to highlight that the rubber nanocomposite film functioning as a one-way actuator requires
reprogramming after each cycle thus restricting its potential applications when compared to other
reversible actuators that do not necessitate reprogramming throughout the cycling process. This
demonstration suggested that rubber nanocomposite film exhibited energy storage potential with

high stretchability as well as excellent S,.
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Figure 5.11: Principle of the thermomechanical energy storage system of the rubber nanocomposite
film

126



Figure 5.12: (a,b) a prestrained rubber nanocomposite film lifting a load of 40g by 4.5cm

5.3 Summary of Chapter 5

Chapter 5 addresses objective 2 and objective 3 of the research: investigating the SME of smart
rubbers including sulphur-cured rubber films and SNC reinforced rubber composite films and
evaluating the energy storage potential of the smart rubbers through experimental analysis and
manual demonstration. Chapter 5.1 highlights that ENRLs based films do not exhibit any SME while
NRLs based films with 0.2 phr sulphur loadings has the best SME achieving 76.7% Sf and 100% S:. SME
of the smart rubbers increased with SNC loadings where NRL/SNC 8% and DPNRL/SNC 8% both
achieving 93.3% St and 100% S: showing the effectiveness of SNC in enhancing the shape memory
behavior of the rubber nanocomposite films. This is mainly due to the increase in crystallinity of the
material that favours the alignment of rubber chains which facilitates the growth of strain-induced
crystals. Moreover, Estoreq Of the smart rubbers achieved more than 500% indicating the potential for
energy storage application. Chapter 5.2 shows the energy storage potential of the smart rubbers.
Estored Of the rubber nanocomposite films increased with the amount of SNC where the upper limit
achieved is 20.91 MJ/m3 accounting for DPNRL/SNC 8% while NRL/SNC composite films have
comparable values. The rubber hysteresis decreased with the number of loading-unloading cycles due
to reduced Mullins effect. The highest Eefficiency achieved among the smart rubbers is 79.95%.
Furthermore, manual demonstration validates that there are energy stored within the rubber
nanocomposite films where the smart rubber is capable of lifting a weight of 40g in the vertical

direction.
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Chapter 6

6.0 Conclusion and Future Works
6.1 Conclusion

The objectives layout in Chapter 1 had been met through detailed analysis and original experimental

works. The outcomes of this research were listed as below:

1. Synthesis and characterization of SNC as well as evaluating the physical and mechanical

characteristics of sulphur-cured rubber films and SNC reinforced rubber composite films:

1.1 Synthesis and characterization of SNC

The synthesizing method of SNC by acid hydrolysis is effective. It is because SNC was observed
to be well dispersed in aqueous solution with dimension in nanoscale. SNC was found to
possess A-type crystalline structure with higher relative crystallinity than native starch. This
was reaffirmed by the higher and sharper 20 diffraction peaks of SNC in the diffractogram.
Due to the increase in crystallinity of SNC, an obvious shift to the right was noticed from DSC
thermogram suggesting SNC has higher melting temperature than native starch. Moreover,
thermal degradation of SNC occurs at 300 °C which is similar to native starch but with higher
remaining solid residue indicating that SNC is more thermally stable when compared to its

native counterpart.

1.2 Physical and mechanical characteristics of sulphur-cured rubber films

The crosslink density and tensile strength of sulphur-cured rubber films increased with sulphur
loading. However, this is accompanied with a reduction in elongation at break because of the
development of stiffer rubber structure. Furthermore, toluene penetrability was found to
decrease with higher sulphur loading due to the reduction in free volumes between rubber
chain resulted from the increase in crosslink density. ENRLs based rubber films have lower
swelling percentage in toluene than its NRLs counterpart. The presence of epoxide groups that
contain oxirane rings reduced the affinity towards non-polar solvents thus improving its
resistance against toluene. It was also noted that epoxide groups caused a reduced in chain
mobility which contributed to the increased in T, of ENRLs based rubber films. The increasing
amount of epoxide groups is directly related to the conformational flexibility of the rubber

chain. Therefore, ENRL50 have the highest T, among the investigated RL films.
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1.3 Physical and mechanical characteristics of SNC reinforced rubber composite films

Morphological study showed that SNC is well dispersed in rubber nanocomposites films even
at the highest content of 8%. Homogeneity in dispersion of nanofiller is crucial in enhancing
the mechanical properties of the nanocomposites. Crosslink density of the rubber
nanocomposites films was found to increase with higher SNC content. The well dispersed SNC
tends to develop more physical entanglements and chemical crosslinks with the rubber chain.
The increased in crosslink density is inclined towards the formation of a stiffer rubber
structure that reduced the chain mobility which governs T, of a material. Interestingly, this
case is not reflected in SNC reinforced rubber nanocomposites reflected from DMA. In another
way, the interaction between SNC and rubber matrix enhanced the mechanical properties but
does not have significant influence on chain mobility of the rubber nanocomposites films. The
incorporation of SNC in rubber matrix increased the water uptake but decreased it
susceptibility to toluene swelling. This is because the high hydrophilicity of hydroxyl groups
presented in SNC allowing them to bind easily with water molecules. On the other hand, the
formation of three-dimensional network of SNC that acts as physical barrier hinders the
permeability of toluene into the composites network. Similarly to the sulphur-cured rubber
films, ENRLs based rubber nanocomposites films have better toluene resistance than NRLs. In
terms of reinforcing capability, SNC was found to improve the mechanical properties of rubber
nanocomposites films while maintained the materials’ deformability. Moreover, SNC proved
to be a good substitute to the conventional carbon black as it imparted similar reinforcing
strength with a lower content. T; of the of the rubber nanocomposites is comparable to the
unfilled matrix suggesting that SNC has little to no effect on occurrence of glass-rubber
transition of the material. However, the |, peaks of rubber nanocomposites films were
observed to be lower than neat rubber suggesting the material acts more elastic and have
more potential to store energy rather dissipating it. There are two weight loss steps
corresponding to the degradation of SNC at lower temperature and rubber matrix at higher

temperature for the rubber nanocomposites films.

To induce SME in sulphur-cured rubber films and investigate the effectiveness SNC on SME of

the rubber nanocomposite films:

All shape memory behaviour of the SMR was performed through axial deformation accounting
for only one-way SME. From the result of shape memory testing, ENRLs-based rubber films do

not demonstrate any SME due to their inability to fix the temporary shape while NRLs-based
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rubber films with 0.2phr sulphur exhibited the best overall SME achieving a St of 76.7% and S,
of 100.0%. SME of the rubber films is mainly induced by SIC with crosslinking between the
borderline of thermoplastic and elastomer. Therefore, sulphur dosage of 0.2phr was applied
to all SNC reinforced rubber nanocomposites films to further evaluate the shape memory
behaviour. It was found that the SME of rubber nanocomposites films improved with SNC
content. This is mainly due to the increased crystallinity of the material that favours the
alignment of rubber chain along the deformation direction facilitating the growth of crystals
which induced a more orderly arranged macroscopic structure thus resulted in enhanced SIC.
The finest achievable SME of rubber nanocomposites films within the investigated range are
NRL/SNC 8% and DPNRL/SNC 8% where both achieved Ss of 93.3% and S, of 100.0%. Moreover,
it was revealed that the Esoreq Of the aforementioned rubber nanocomposite films is 550% and
560% respectively suggesting the capability of storing large strain which translated to the

potential for energy storage application.

To evaluate the energy storage potential of smart rubber through experimental analysis and

manual experiment.

It was realized that higher SNC content reflects improved shape memory behaviour of the
rubber nanocomposite films. The energy storage potential through experimental analysis of
the rubber nanocomposite films were evaluated by cyclic loading-unloading tests. It was
shown that the incorporation of SNC increased the Esworeq for both NRL and DPNRL based
rubber nanocomposite films within the number of cycles performed. The upper limit for Estored
was achieved by DPNRL/SNC 8% recording 20.91 MJ/m?3 at the first cycle while the lower limit
for Eswored Was valued at 6.36 MJ/m? by NRL/SNC 0% at the third cycle. Additionally, the low
density of rubber nanocomposite films (1.1g/cm3) results in a significant specific energy
density of 19.01 J/g which is approximately 487 times greater than energy density of skeletal
muscle, measured at 0.039 J/g. Similar to the findings of Estored, Eefficiency increased with the
content of SNC for both the first and third cycles. The highest Ecficiency is achieved by
DPNRL/SNC 8% at cycle 3 recording 79.95% whereas the lowest Eeficiency is calculated at 29.65%
attained by NRL/SNC 0% at cycle 1. The demonstration of rubber nanocomposite film as a
potential high strength, high extensibility and soft one-way actuator had been conducted by
manual experiment. The rubber nanocomposite film weighing about 1g has the capability to
lift a load of 40g by 4.5cm. This demonstrated the that the rubber nanocomposite film lifted
40 times of its own weight with a specific work output of 0.02 J/g. This demonstration

suggested that rubber nanocomposite film exhibited energy storage potential with high
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stretchability as well as excellent S,. This aligns well with the growing needs of various

industries for flexible high-performance and efficient energy storage solutions.
6.2 Contributions of the work

e The physical and mechanical characteristics such as barrier properties, mechanical
properties and mechanical behaviour of sulphur-cured SPNRL are known

e The physical and mechanical characteristics including barrier properties, mechanical
properties, mechanical behaviour and thermal properties of SNC reinforced NRL, DPNRL,
ENRL25 and ENRL50 are uncovered

e SME in sulphur-cured rubber films is successfully induced and the optimum sulphur dosage
is found

e SME in SNC reinforced rubber composite films is successfully enhanced with improved
mechanical properties

e Discovered and quantified the energy storage potential of rubber nanocomposite films

e Validation of the energy storage potential through practical experiment is successful

e Design of self-made elongation device and manual demonstration is purely original
6.3 Future works

Based on the findings of the experimental results, more work can be done on inducing SME in
ENRL as ENRL do not possess any SME in the current work. This may be achieved by incorporating
other material who have moderate phase transition temperature as SME of any polymer is mainly
governs by T or T, of the composite. This will aid in extending the undiscovered potential of novel
SPNR latex in many applications. Moreover, further improvement can be work on establishing SME in
NRL and DPNRL with higher sulphur or SNC content without affecting the flexibility of the rubber films.
The suggestion will certainly develop stronger rubber films with higher tensile strength that can
improve Esworeda Within the material. This research generally achieved one-way SME with excellent S¢
and S; in rubber films, investigation towards the development of multiple-way SME in rubber film
remains an interesting area to be explored. It can greatly increase the market usage of rubber in the
future as this material has its gifted advantages such as excellent elasticity, durability, low-cost while

being always abundant and sustainable.

The shape memory test and manual demonstration were conducted using self-made elongation
device. In order to obtain a more accurate set of stress-strain data, a reliable automated testing
equipment that have the capability of elongating material to large strain with rapid cooling and

heating features is highly recommended. Furthermore, enhancement on the Ecsficiency Of the rubber
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films can be realized by reducing the energy loss due to hysteresis. Modifications such as changes to
the rubber vulcanizing method, filler type and improvement on filler-rubber interactions can be done
to overcome this matter. The threshold load that can be lifted by the current rubber nanocomposite
film to achieve the maximum work output without compromising the SME obtained can also be
evaluated in future research. The energy storage capability of this rubber nanocomposite films
presents an exciting future prospect to be integrated in smart systems, 3D or 4D printing, lithium

batteries, supercapacitors and as a part in energy transformation technology.
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