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Abstract

Natural fibres are a highly topical class of reinforcement materials
as alternatives for synthetic fibres to manufacture composites for a
broad range of applications. Silks, as one group of biopolymers, are
structural proteins and offer new prospects due to their compatibil-
ity, superior mechanical properties and good processibility. All-silk
composites (ASCs) were fabricated via a partial dissolution method,
utilising Bombyx mori silk fibres as raw material, ionic liquid 1-
ethyl-3-methylimidazolium acetate [C2mim|[OAc] as the solvent, and
methanol as the coagulant. The aim of this thesis is to understand
the dissolution dynamics of silk fibres in [C2mim|[OAc], through in-
vestigating the dependence of time, temperature, fibre arrangement,
and addition of reducing agent on the dissolution behaviour. Single,
array and woven ASCs were separately fabricated and studied. Cross-
sectional images on single ASCs obtained from optical microscopy
and Scanning Electron Microscope (SEM) revealed that the raw silk
thread contains hundreds individual multifilaments, and so the disso-
lution starts on the surface of each individual filament, forming a close-
packed thread core and gradually creating a coagulated layer of matrix
surrounding its core. Radial integration of the intensity distribution
curves collected from Wide-angle X-ray azimuthal scans enabled the
quantitative measurement of the average crystalline orientation (Fs)
within the partially dissolved ASCs. P, values were further found to
be directly related to the fraction of preferred oriented crystalline and
the randomly oriented crystalline, following this, a simple linear mix-
ing rule was employed for the first time, to calculate the coagulated

volume fraction of matrix (V;,) from the P, values. Measured P, and



V., data derived from three fibre arrangements, consistently displayed
equivalences between time and temperature, which were confirmed
through the successful employment of a shifting method in log space,
leading to the construction of their master curves at a chosen refer-
ence temperature. The required shift factors were plotted versus the
inverse temperatures, linear relationships were found, implying the
dissolution showed Arrhenius-like behaviour, and enabled the calcu-
lation of the dissolution activation energy (E,). Tensile properties of
the ASCs were measured, and all three parameters (tensile strength,
Young’s modulus, and elongation at break) were also found to obey
time-temperature superposition (TTS) principle, allowing the employ-
ment of the same shifting method, and again, the determination of
E,.

The measured average E, for dissolving silk fibres with different ar-
rangements were compared, it was intriguing to see that the required
E, for dissolving single silk threads (128 £ 6 kJ/mol) and array silk
threads (123 + 10 kJ/mol) were approximately the same, however, a
noticeable lower E, was seen for the woven silk fabric (92 & 2 kJ/mol).
Meanwhile, the dissolution speeds were found to follow the order (from
high to low): single > array > woven silk. Furthermore, the addition
of a reducing agent (RA), sodium sulfite, as part of the solvent to
prepare single ASCs, was found to have no effect on the dissolution
rate, conversely the resulting silk fibroin film was seen to have im-
proved tensile properties. Likewise, the woven ASCs prepared from
the mixture of IL and RA were found to have enhanced peel strength,

suggesting a better interfacial bonding between fibre and matrix.
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Chapter 1

Introduction

1.1 Motivation and Aims

1.1.1 Sustainable Development Requirement on Fibre Re-

inforced Composites

Composite materials have a wide range of applications in industries including
aerospace, automotive, manufacturing and many more on a grand scale world-
wide [10]. In global industry, a large demand on composite materials lie in carbon
fibre reinforced polymer matrix composites (CFRPs) and glass fibre-reinforced
polymeric composites (GFRPs) [11, 12]. Among these, CFRPs have been re-
ported to have an annual demand increased from 40 kilo tonnes (kt) in 2010 to
over 160 kt in 2020, with an estimate to surpass 190 kt by 2050 [13-16]. The
higher demand of CFRP directly contribute to one of the major environmental
challenges associated with waste generation, i.e. 30 - 40 % of waste carbon fibres
are generated during the production of CFRP and the waste from CFRP end-of-
life products [15, 17, 18]. Recently, the National Composite Centre has reported
that UK produces 110,000 tonnes of composites per year and more than 95 % of
the raw materials and resins are derived from oil [19]. The difficulty in the sepa-
ration of the elements during the recycling process and the degraded performance
after recycling, leads to only 15 % of the composites being reused and recycled at

the end of their life [19]. Though progress on technologies aiming to recycle waste
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composite material has begun, including the utilisation of pyrolysis and solvol-
ysis techniques to separate the fibres and resin for reuse. However, it has been
pointed out that the recycling process is still energy costly and has a significant
impact on the environment [20, 21]. Moreover, there are concerns about potential
environmental pollution regarding man-made fibre composite materials, as it has
been reported that the constituent components used in resin based composites are

found to have environmental pollution potential during the degradation process
[22].

Human activities significantly contribute to the increase in the emission of
carbon dioxide and other greenhouse gases, resulting in climate change and global
warming [23-26]. The depletion of fossil energy resources, primarily oil, has
become a rising global challenge [27]. In September 2015, all member states from
the United Nation proposed 17 sustainable development goals (SDGs) and 169
targets with the great ambition to guide the global sustainable development and
achieve the full implementation of this agenda by 2030 [28]. The increase in
awareness of the sustainable development has stimulated the idea of replacing
non-renewable petroleum based materials in the production of fibre reinforced

composites [29].

1.1.2 Potentials on All-Natural Fibre Composites

Natural fibres are gradually making their way to become the alternative for syn-
thetic fibres for the use as the composite reinforcement, to incorporate with poly-
mer matrices in the production of composites materials, due to their low cost,
lightness of weight, reduced energy consumption and biodegradability [30, 31]. In
the automotive industry, it has been reported that various panels, trim parts and
brake shoes produced using natural fibres have reduced the weight by over 10 %
and reduced the overall cost by 5 % [32, 33]. However, the surface incompatibil-
ity between natural fibres and most of the polymer matrices can result in poor
interfacial adhesion between fibre and matrix phase, and thus negatively impact

the physical and mechanical performance of the resulting composites [30, 34, 35].
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Though it can be compensated by applying different chemical treatments to mod-
ify the natural fibres, however, the amount of organic solvents introduced during

the process may become environmentally unsustainable [36].

To overcome the incompatibility between natural fibres and polymer matrices,
another potential route is to prepare self-reinforced polymer composites (SRPMs),
also regarded as all-polymer composites, where both the reinforcement and matrix
are the same polymer [37]. The advantages of SRPMs also extend to their pure
chemical functionality, and potentially easier recyclable process because of the
homogeneity compared to composites made from different constituents [37]. In
1975, Capiati and Porter [38] first developed all polyethylene (all-PE) composites
by partially melting the crystals within the fibres and provide a gradual change
in the morphology between fibre and matrix, leading to a competitive interfacial
shear strength comparing to glass fibre reinforced with polyester and epoxy resins.
Following the success of all-PE composites, research on single-polymer composites
began around the world, leading to the development of all-polypropylene (all-PP)
composites [39-42].

Following the concept of self-reinforced composites and sustainable design of
composite materials, all-natural fibre composite was first introduced by Nishino
et. al [43], leading to the fabrication of all-cellulose composites (ACCs). Sub-
sequently, extensive studies have been carried out utilising various sources of
cellulose to fabricate ACCs, including ramie [44], cotton [45-47], hemp [48, 49],
flax [50], microcrystalline cellulose [51-54] and regenerated cellulose fibres such
as Lyocell and Bocell [3, 55-57]. The high interests on ACCs is mainly due to
the good interfacial bonding and high strength of cellulosic materials [58].

Although there has been substantial quantities of research dedicated to plant-
based all-polymer composites, comparatively few studies are seen for another
group of natural fibres, animal-based fibres (chicken feather, silk, wool, etc.). It
is acknowledged that biomaterials having evolved for millions of years, their prop-

erties often exceed man-made materials and have a wide range of applications in
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medical fields and beyond [59, 60]. For example, the specific hierarchical architec-
ture of protein within silk fibres facilitates their superior mechanical properties,
such as a comparable specific strength to steel and nearly as elastic as rubber
[61-63]. The favourable biocompatibility and outstanding mechanical properties
of silk fibroin also made them popular for bioengineering applications including
tissue engineering, drug delivery, and biodegradable medical devices [64-69]. It
appears remarkable that, given the outstanding physical and mechanical prop-
erties of silk proteins, more research investment is yet to be made with regards
to the employment of silk fibres to produce all-silk composites (ASCs). As such,
this is currently an evolving field with significant potential for future technological
applications. This thesis therefore focuses on utilising Bombyz mori (B. mori)
silk fibres and partial dissolution method to fabricate ASCs, and investigates
the dissolution behaviour of different arrangements of silk fibres in the chosen
solvent. In order to effectively implement applications in the context of ASCs,
the fundamental dissolution dynamics during the fabrication process including
the influences of time and temperature on the dissolution; the microstructure,
average crystalline orientation and mechanical behaviour of the resulting ASCs
will be investigated. The findings in this thesis hopefully open up insights into

silk-based composite materials.

1.2 Thesis Structure

Following the introduction above, the next chapter of this thesis, Chapter 2, will
give a more detailed review on the current challenges and limitations of some
commonly-available fibre-reinforced composites and how natural fibre reinforced
composites (NFRC) can overcome these issues. It will continue to introduce the
dissolution methods to produce ASCs before further explaining the context of
B. mori silk fibres, interaction between different ionic liquids with silk fibres,
coagulation process and the underlying theory behind the dissolution as a means

to design the experiments and analysis the findings.

In Chapter 3, the experimental techniques utilised to carry out the charac-

terisation on the fabricated all silk composites will be described. Chapter 4 will
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provide the fabrication methods for preparing single ASCs and the silk fibroin
(SF) films with a detailed investigation into the dissolution behaviour of single B.
mori silk threads and the resulting single ASCs. Chapter 5 will then explore how
the addition of reducing agent sodium sulfite as part of solvent influences the dis-
solution of single silk threads. The effects will be investigated through analysing
the changes in the dissolution rate, activation energy and the mechanical prop-
erties of the resultant single ASCs and SF films. Chapters 6 and 7 will continue
to analyse the dissolution behaviour on two other different arrangements of silk
fibres, with Chapter 6 exploring the array silk threads and Chapter 7 explicating
the woven silk fabrics. The dissolution rates and activation energies derived from
three arrangements of silk fibres will be compared and included in Chapter 7,
along with the effects of the introduced reducing agent on the tensile properties
and interfacial adhesion on the fabricated woven ASCs. Finally, Chapter 8 will
draw together the main findings of this thesis and provide the potential future

work. The thesis structure is summarised in Figure 1.1, as shown below.

Chapter 1
Introduction

|

Chapter 2

Literature Review

Chapter 3
Methods & Materials

Chapter 4 Chapter 5 Chapter 6 Chapter 7
Single Silk Fibres in IL Single Silk Fibres in Array Silk Fibres in IL Woven Silk Fabrics
) IL/RA inIL

Chapter 8
Summary & Future
Work

Figure 1.1: Schematic representation of thesis structure.



Chapter 2

Literature Review

2.1 Composites

Composites are a combination of components, usually at least two constituents
with distinctly different physical or chemical properties, named reinforcement
phase and matrix phase [1]. Many materials are recognised as composite mate-
rials. For example, cob mud bricks are made of mud clay and straw, wood is
composed of fibrous cellulose with a matrix of lignin, concrete consists of loose
stones with a matrix of cement and modern composites use fibres and particles
embedded with ceramic, metal or polymer binders [70]. There are four primary
types of composites, polymer matrix composites (PMCs), metal matrix compos-
ites (MMCs), ceramic matrix composites (CMCs) and carbon matrix composites
(CAMCGs), whilst PMCs are the most extensively used type of composites [71].
Figure 2.1 shows the configurations for composites with most common reinforce-
ment forms, including long fibres (continuous fibres), short fibres (discontinuous

fibres), monofilaments and particles [1].

To design a composite for a specific type of application, it is vital to consider
the properties displayed by the potential reinforcement /matrix materials [1]. The
primary characteristics to drive the use of composites are weight reduction for
their relative stiffness, strength and toughness. Liu et al. [72] reported that
tensile strength of carbon fibre reinforced composites are much higher than steel

while having a significantly lower density. Generally, properties of composites can
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Laminate of plies =
Reinforced with long fibres

Short fibres

LEWg=

Monofilaments Particulate

Figure 2.1: Different types of reinforcement forms. Reproduced from ref [1],
Cambridge University Press, (€)2012.

be tailored through choosing the different reinforcement and matrix phase and

embedding various extra functionality, leading them to a myriad of applications.

2.1.1 Fibre-Reinforced Composites (FRCs)

Fibre-reinforced composites are composed of fibres of high stiffness and strength
embedded in or bonded to a matrix. Both fibres and matrix maintain their
characteristics, and provide a combination of properties that cannot be reached
as an individual [73]. In principle, fibres carry the load, while the surrounding
matrix acts as a load transfer medium and keeps the fibres in the desired lo-
cation and orientation and protects them from environmental damages. Glass,
carbon and aramid (Kevlar and Twaron) fibres are widely used as reinforcement
to produce PMCs, MMCs and CAMCs, and found to provide durable and reliable
components in automotive, aerospace and armour applications [71]. Das [74] has
estimated that the use of GFRP as structural components could result in a 20-35
% reduction in vehicle weight, and more impressively, the use of CFRP could
yield a 40-65 % reduction in weight.



2.1 Composites

The most common matrices to produce FRCs are polymeric to produce PMCs,
because of their low density and can be processed at low temperatures [75]. Ma-
trix within PMCs also recognised as resin, and further classified as thermoset,
thermoplastic and elastomeric composites. Thermoset materials undergo a cur-
ing process where the polymer chains are crosslinked, leading to a rigid product
and cannot be reshaped afterwards. Thermoplastics can be repeatedly softened
and reshaped by the application of heat, and thus more recyclable compared to
thermosets. Examples for thermosetting polymer matrices are epoxy, polyester,
vinyl ester, polyurethane, bismaleimides and other thermoset polyimides. On the
other hand, polyethylene (PE), polypropylene (PP), polyphenylene sulfide, poly-
sulfone, polyvinyl chloride, polystyrene PLA and other thermoplastic polyimides
are commonly used as thermoplastic polymer matrices. The most well-known
elastomeric material is rubber, thus the elastomeric composites also named as
rubber composites [71, 75, 76].

However, as covered in section 1.1.1, the sustainability concepts and new
environmental regulations are driving natural fibres to become the replacement
for synthetic fibres for the production of eco-friendly FRCs [28, 29, 77].

2.1.2 Natural Fibre-Reinforced Composites (NFRCs)

Based on its origin, fibres are categorised into plant, animal or mineral to produce
NFRCs. The primary structural component of plant fibres is cellulose, whereas
animal fibres are generally composed of protein. Mineral-based fibres are found
from asbestos group of minerals, and were widely used as composites in building
materials in the past before the adverse properties associated with health issues
were recognised [75, 78]. As covered in section 1.1.2, due in a large part to
the low cost, lightweightness and potentially biodegradability, the application of
natural fibre reinforced polymer composites is rapidly rising in the automotive

and aerospace sectors [30, 31, 79-81].

In the automobile market, Draxlmaier Group and Faurecia supply interior

parts of automobiles using NFRCs, including headliners, side and back walls,
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seat backs, and rear deck trays to GM, Audi and Volvo [82]. Typical examples
of NFRCs for the application in automobiles are flax/PP, hemp/PE, kenaf/PP,
bamboo/PBS, and utilisation of other natural fibres such as sisal, jute, wood,
cotton, coconut, in combination with various polymer matrices [83-85]. Whilst
in the aerospace market, Airbus and Boeing have tried to reinforce natural fibres

to prepare light weight composites to improve the fuel efficiency [80, 86].

However, glass fibres are predominant as reinforcement fibres in the market
for the composite industry, because of some concerns regarding the use of natural
fibres [30]. Firstly, there is large variation in the physical properties of natural
fibres, depending on the harvesting season/region, maturity of the plant and
where the fibres are harvested from, etc [87]. In addition, moisture absorption
is also one of the challenges exhibited by natural fibres, absorbing moisture from
the surrounding environment may cause dimensional changes or create adverse
internal stress [73]. As covered in section 1.1.2, one of the other major drawbacks
of natural fibres is the low compatibility with polymeric matrices, which may
cause non-uniform dispersion of fibres. Other drawbacks such as limited thermal
stability, low resistance to rotting and microbe may affect the overall mechanical
performance of NFRCs [88]. Moreover, PP and PE are the two most commonly
adopted thermoplastic matrices for NFCs. The difficulty in recycling thermosets
matrices is one of the concerns, thus leading to the development of self-reinforced

polymer composites.

2.1.3 All-Polymer Composites

All-polymer composites represent one emerging family of composite materials,
also recognised as self-reinforced polymer composites (SRPMs), with the same
polymer serving as both the reinforcement and matrix phases [37, 89, 90]. The
history for the development and driving force on all-polymer composites have

been briefly introduced in section 1.1.2.

The majority of SRPMs are formed from semicrystalline polymers, commonly

contain highly aligned reinforcement fibres, with matrix from the same polymer
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but different crystalline structure. The design of SRPMs (reinforcement/matrix)
generally follows the combinations - semicrystalline/amorphous and semicrys-
talline/semicrystalline [90]. Similar to the FRCs, all-polymer composites can
be classified into synthetic fibre-based and natural fibre-based. The most re-
ported all-polymer composites are found to produce from synthetic fibres such
as polyolefin-based (PE, PP), polyester-based (PLA, PET, PMMA), polyamide-
based (Nylon) and natural fibres such as protein, cellulose and starch-based [37].
The techniques involved to design and fabricate all-polymer composites include
thermal processing (overheating) [91], hot compaction [39, 41, 92, 93], cool draw-
ing [94], partial dissolution [51], etc [95-97].

The first all-polymer composite was first produced 30 years ago. Hence, the
study of all-polymer composites is still a new and developing field, the funda-
mental problems and processing techniques are far from mature, and only few
products are commercially available, such as Pure®, Armordo®and Curv®that
are based on all-polypropylene composites. On the other hand, all-polymer com-
posites are particularly important in biomaterials applications, since any additives
composed of different chemicals could affect biocompatibility and biodegradabil-
ity [37, 98]. As mentioned, extensive studies have focused on cellulose-based
composites. There are two main dissolution methods to prepare all-natural fibre

composites and will be introduced in following section.

2.2 Dissolution Methods

Following the success of all polymer composites like all polyethylene (PE) [99]
and all polypropylene (PP) [40] composites, all cellulose composites have been
firstly proposed as a self-reinforced natural fibre composite through two methods:
a conventional impregnation method [43, 55, 100] and a surface selective disso-
lution method [3]. Closely followed by the instruction on preparing all-cellulose
composites, all silk composites has been investigated preparing through the im-

pregnation method.
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2.2.1 Impregnation Method (Two-step method)

Similar to all cellulose composites prepared by Gindl et al. [100], Yuan et al.
[2] has investigated an approach to produce all silk composites, where silk fibres
are impregnated into a silk fibroin matrix. Basically, the degummed silk fibres
were dissolved in LiBr aqueous solution, followed by the process of dialyzation
and centrifugation, to form a 15 wt. % silk fibroin solution. Therefore, a solution
with dissolved silk fibroin was served as regenerated silk fibroin (RSF) solution.
On the other hand, the both end fixed silk fibres were aligned parallel to each
other and treated with LiBr aqueous solution. After repeatedly rinsing with
deionised water, the fibres were impregnated into a matrix, which functioned as

reinforcement, as illustrated in Figure 2.2 [2].

—
-

~ P -~ | My '
zemon,- LiBr ] : lmpregnamlln% : T‘:_’;j fé] . lnlrrpllur ] —_

J[_/t RS Solution ")) iy L L Funnmm

Bombyx mori silk silk fiber/fibroin composite

Figure 2.2: A two-step method to prepare all silk composites, using silk fibres as
reinforcement and silk fibroin solution as the matrix. Reproduced from ref [2],
Elsevier Ltd, (©)2010.

All silk composites manufactured through such a two-step method possessed
relatively good interfacial strength and high mechanical and thermal properties,
which indicates the effectively molecular diffusion across the interface between

the fibre and the matrix occurred.

2.2.2 Parital Dissolution Method (One-step method)

Soykeabkaew et al. [3] have invented a relatively similar approach to prepare all
cellulose composites. In this method, both the fibres and the matrix are cellulose,
and the surface layer of cellulose fibre is partially dissolved to form the matrix
phase. Meanwhile, the remaining inner cellulose fibre cell cores maintain their

original highly oriented crystallite structure, which served as the reinforcement
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phase in the composite. Generally, the dissolved cellulose fibres are regarded as
the matrix phase, which provide a condition for all the cellulose fibres to ”weld”

together in certain areas and form a perfect interface, as shown in Figure 2.3 [3].

5 - 6 -

Cellulose Surface Selective All-Cellulose
Fibres Dissolution composites

Figure 2.3: Partially dissolved surface of cellulose fibres to prepare all cellulose
composites. Reproduced from ref [3], Elsevier Ltd, (€)2009.

2.3 Silk

Animal fibres such as silk, wool, chicken feathers, horse hair, etc. are the sec-
ond most important source of natural fibres and can act as the reinforcement
phase in NFRCs [101]. Natural silk fibres spun from silkworms and spiders have
attracted a large amount of interest because of their remarkable biological, struc-
tural and mechanical properties [102]. Due to the difference in the amino acid
composition, silk fibres produced from silkworms and spiders have different struc-
tural properties, and it is acknowledged that some spider silks are stronger than
silkworm silks [62]. However, due to the cannibalistic nature of spiders, it is ex-
tremely challenging to make a high yield of industrial production of spider silks
[102-104]. On the other hand, silkworm silks have been developed through do-
mestication and artificial selection of the moths for more than 4000 years, with
enormous amount of applications in textile and biomedical fields [105-109]. For

these reasons, silkworm silk is considered as the natural fibre source in this thesis.
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2.3.1 Bombyx mor: Silk Hierarchical and Crystalline Struc-

tures

The mulberry silkworm, also named B. mori, exhibits high strength and high
elongation properties, owing to the high level of protein production and strong
regulatory control. A single B. mori silk thread, approximately 10-25 pm in
diameter, contains two fibrous core proteins named fibroin, and a protective, glue
like coating named sericin that surrounds the fibroin threads to hold them to-
gether, as illustrated in Figure 2.4 [4]. Fibroin is a hydrophobic protein and
contains filaments that are assembled from microfibrils of ca. 10 nm width [110].
Whilst sericin is generally a water soluble, amorphous protein polymer and thus
it is relatively straightforward to remove by a chemical process known as degum-

ming. The degummed silk provides a high lustre and silk feeling [111].

Sericin

Fibroin

Figure 2.4: Cross-section image of silk thread. Reproduced from ref [4], Taylor
& Francis, (©)2012.

On the molecular level, the silk fibroin (SF) cores consist of two protein chains,
a light (L-chain) and a heavy chain (H-chain) with molecular weight of approx-
imately 26 kDa, 350 kDa, respectively [112-115]. The L-chain and H-chain are

13
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covalently linked through a disulfide bond at the C-terminus, between two cys-
teines (Cys-c20 of H-fibroin and Cys-172 of L-fibroin), forming a H-L complex
and holding the fibroin together [69, 116, 117], see Figure 2.5. Another 25 kDa
polypeptide (P25) is also reported by researchers, and suggest that B. mori silk
fibroin composes of H-chain, L-chain, and P25, at a molar ratio of 6:6:1 [118].
P25 is a glycoprotein, which is associated with H-L. complex through hydrophobic

interactions [119].

Sericin

Fbroinfbil

N-terminus Fibroin

/" silk 1l

Hydrogen _fi.--- i
Bonding -, -2 --/:/‘ B-sheet
/' nanocrystals

Light Chain
C-terminus

[l — Hydrophilic

i Heavy Chain
B - Hydrophobic

Figure 2.5: Schematic representation of the B. mori silk structure. Reproduced
from ref [5], National Center for Biotechnology Information (NCBI), (©)2018 Wi-
ley Periodicals, Inc.

In the H-chain, the molecules themselves have a segment copolymer-like ar-
rangement, which consists of 12 hydrophobic crystalline blocks and separated
from each other by 11 short hydrophilic amorphous regions. Within the 12 hy-
drophobic blocks, glycine (G)-X repeats are the predominate sequences that take
up 94 % of the sequence, where X represents alaine (A) at 65 %, serine (S) at 23
% and tyrosine (Y) at 9 % [120]. These highly repetitive GAGAGS amino acid
sequences form the stable antiparallel S-sheet crystallites [121-123]. In contrast,
the amino acid sequence of L-chain is non-repetitive and more hydrophilic and
relatively elastic, which provides the high extensibility of silk fibres [103, 120].
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The crystalline structure of B. mori silk fibres implies that the [S-sheets are
highly structured, with all the glycines packed on one face of the [-sheet, and all
the alanines as side-chains on the other face, forming a upside-down alignment.
Consequently, [-sheets compose of short vertical spacings (~3.6 A) for glycine-

glycine packing, and longer spacings (~5 A) for alanine-alanine packing [116].

It is known that silk fibroin contains three conformations, random coil, a-
helix (silk I) and antiparallel S-pleated sheet (silk II), as illustrated in Figure
2.5 [5, 124]. In fact, some researchers found there is actually a small amount
of unstable silk III obtained in the fibroin secondary structure that exists in the

air/water interphase [125, 126].

The water soluble silk I structure is unstable to mechanical or shear stress,
thus it easily converts to antiparallel S-sheet (silk II structure) when exposed to
methanol or potassium chloride [127]. The work by Ishida et al. [124] investigated
the solvent induced conformational transition of B. mori silk fibroin by using
solid state 1*C NMR. It is worth mentioning that the conformational transition
of regenerated silk fibroin, from the random coil or silk I to silk IT form is able to be
achieved after treating with certain polar solvents such as alcohols and acetone.
And the extent of change is related to the ease of the hydration/dehydration
process by these solvents. Theoretically, the disruption of the hydration layer of
fibroin due to methanol or ethanol facilitates the aggregation of fibroin molecules,
enabling it to rearrange into more regular and stable structures through hydrogen
bonding. Therefore, by altering the types of organic solvents, the conformational
character of silk fibroin is able to be controlled through silk II content [124], which
will be discussed in details in section 2.5. Silk IT corresponds to the antiparallel
[-sheet crystal structure obtained once silk has been spun. In the laboratory,
this polymorph results from the exposure of silk I to mechanical/physical and
chemical treatments, such as stirring, heating, exposure to methanol or water
annealing procedures. The formation of the S-sheet structure is possible due to

the rearrangement of the repetitive regions that form the H-chain of SF, and the
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intra and intermolecular interactions by hydrogen bonding, van Der Waals forces

and hydrophobic interactions [103].

Silk IT is the most stable state due to strong hydrogen bonding between adja-
cent peptide blocks, resulting in increased mechanical properties including rigid-
ity and tensile strength [112, 128, 129]. Therefore, the highly crystalline sec-
ondary structure of silk establishes a strong potential for crystal formation and
this largely accounts for the remarkable mechanical characteristics. While the
amorphous molecular chains consist of S-turn, helix and random coil structures
that bridge different [S-sheet nanocrystals and exhibit elasticity through large
deformations [130].

2.3.2 Bombyx mor: Silk Fibre Composites

As mentioned earlier, the favourable biocompatibility, biodegradation and ex-
cellent mechanical performance of B. mor: silk fibres made them popular for
uses in biomedical applications [64-69]. Recently, studies on B. mori silk fi-
bres/polymeric matrices composites have been found in engineering field, beyond
their traditional uses in textile and biomedical applications. Several groups of re-
searchers have individually studied the crashworthiness characteristics [131-133],
the effect of an external trigger configuration on the crashworthiness [134, 135]

and the impact performance [136, 137] of silk/epoxy composites.

Additionally, a few studies have reported that regenerated silk matrix com-
posite materials reinforced by silk fibres have higher tensile strength and are
more predictable in failure than any other plant fibres and even glass fibre tex-
tiles [2, 138—141]. As mentioned in section 2.2.1, Yuan et al.[2] have employed the
two-step method for producing all silk composite, degummed silk fibres were com-
pletely immersed in silk fibroin solution. They compared the mechanical proper-
ties of regenerated SF matrix with silk/fibroin composite with various silk fibre
mass ratio. More recently, Marine et al. [142] optimised the two-step prepara-

tion by varying the organisation (straight fibre method, relaxed fibre method and
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dipping method) of single fibre in the matrix system to produce all-polymer com-
posites. They used either partially degummed silk fibres or completely degummed
silk fibres to prepare multifibre reinforced composite. The mechanical properties
of regenerated silk composite prepared through these two different methods are
shown in Table 2.1, where composite-X means composite with X percentage of

silk fibres in the composites.

Breaking Breaking Tensile mod- References
stress(MPa) elonga- ulus(GPa)
tion(%)

RSF matrix 60+8 2.1+0.2 3.7£0.4 2]
Composite-10 83£7 1141 3.14+0.2 2]
Composite-20 14247 24+2 3.0+0.2 2]
Composite-25 151+£5 27+1 2.840.1 2]

Mono composite(Straight) 18+11 0.8+0.4 3.0+1.8 [142]
Mono composite(Relaxed) 1044 0.6+£0.3 2.14+0.3 [142]
Mono composite(Dipping) 384+36 1642 12.9+1.1 [142]

Multi composite (Bmd) — 74+37 T+4 3.3£0.9 [142]
Multi composite (Bmpd) 89466 1347 3.0£1.3 [142]

Table 2.1: Comparison of the overall mechanical properties of silk fibre/fibroin
composites with RSF matrix.

Table 2.1 shows that the brittle RSF matrix was toughened by silk fibre in
the parallel direction, especially the breaking stress of composite-25 was twice as
strong as that of the pure RSF matrix. Therefore, it indicated that the overall
mechanical properties of RSF matrix were gradually enhanced with the incorpo-
ration of silk fibres, and the mechanical properties of composite was improved by
increasing amount of silk fibres obtained in the reinforcement. In addition, com-
pared to the straight and relaxed method, the dipping method shows relatively
better mechanical properties, which indicates that the dipping method results in
the encapsulation of fibre into fibroin matrix to provide a good interfacial strength
within the regenerated composite. Besides, the multi-reinforced composite with

the partially degummed fibres had slightly higher breaking strength than those
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with completely degummed fibres, but the elongation of the former composite

was nearly twice the elongation of the latter composite.

Consequently, from the reported observations on the mechanical properties of
silk-based composites, it is suggested that there are various parameters that can
affect the composite mechanical properties, i.e. diameter/length/orientation of
fibre, bonding between fibre-matrix, and fibre volume fraction, etc [2, 85, 142].
Other studies on the mechanical performance on natural fibre reinforced com-
posites have found to have similar suggestions. Laranjeira et al. [143] studied
jute/polyester composites and suggested that with higher fibre content and when
tensile test conducted along the fibre axis direction, composites were found to
have greater tensile and impact behaviour. Additionally, the crack in the matrix
and fibre interfacial bonding shows a deleterious effect on the overall composite
mechanical properties. Hence, to obtain a high-performance silk-based composite,
it requires the knowledge of the dependence of these variables on the mechanical

behaviour of the composite.

2.4 Ionic Liquids as Solvents for Silk

To dissolve the degummed silk fibres, breaking the large amount of intra- and
inter-molecular hydrogen bonds between amino acids along the entire polypeptide
chain is required and disruption of stacks of §-sheets are particularly important.
The hydrogen bonding and the hydrophobic nature of these crystalline regions
make it difficult to dissolve in some common organic solvents [144]. Besides, many
organic solvents can cause depolymerisation of SF and thus alter the molecular
weight [145, 146].

Tonic liquid (IL), also known as ‘molten salt’, with anions and cations, repre-
sents a unique class of solvents that possess remarkable versatility and tunability
[147]. The extremely low melting points, low or zero vapour pressure, high ther-
mal stability and easily altered structure, makes ionic liquid popular solvents to
dissolve some high crystallinity natural materials, i.e. lignocellulosic materials

[148] and protein based natural materials [147].
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Imidazolium based ionic liquid was firstly investigated to be used as a ‘green
solvent’ to dissolve cellulose by Swatloski et al. in 2002 [149], with different
solubility of cellulose in a wide range of salts, ranging from 5 to 25 wt.%. The
research has shown that ILs can be used as non-derivatizing solvents for cellulose.
Compared to volatile organic solvent, ionic liquid in a way, can be easily separated
from the desired products and is potentially recyclable. Expectedly, the research
on dissolution of silk by using ILs was then studied by Phillips et al. [150] in
2004. Their studies suggested that both the cation and anion play a role on the
dissolution of SF in ILs, with the anion has a larger effect as anions are stronger
hydrogen bond acceptors than cations. The anions associated with the hydrogen
atoms of the OH groups, whereas the cations associated with the oxygen atoms
[149]. The more the cation and anion are able to participate in hydrogen bonding,
the greater the solubility of the SF. Since Phillips, there is a growing interest on
utilising ionic liquids to dissolve SF [151-158], researchers have found that there
are three main types of ionic liquids that can break hydrogen bonds between
[-sheets structures of SF, including 3-methyl imidazolium-based ionic liquids,
protic ionic liquids and choline salts [154-156], with 3-methyl imidazolium-based
ionic liquids being the most extensively studied ILs to dissolve SF [157]. It has
been suggested that the solvent capacity of SF in 1-alkyl-3-methylimidazolium ILs
correlates to the length of the alkyl substituent when the ILs compose of the same
halogens. It is considered that the shorter the length of the alkyl substituent, the
stronger the hydrophilicity of the ionic liquid, therefore the silk solubility is able
to be controlled by the selection of ionic liquids [150]. The mechanism for the
dissolution of silk fibres using one of the ionic liquid, 1-ethyl-3-methylimidazolium
acetate ([C2mim][OAc]), is shown in Figure 2.6.

A summary of the solubility data for silk fibroin in ionic liquids are shown
in Table 2.2, and it implies that the presence of the chloride ion plays the most
important role in the dissolution of silk fibroin and the solubility of silk increases
in the order Dmbim™*Cl™ > Bmim™Cl™ > Emim™Cl~ [147].
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Figure 2.6: Reaction scheme for the dissolution of silk fibres using the ionic liquid
1-ethyl-3-methylimidazolium acetate ([C2mim|[OAc]).

anion
cation Cl~ Br~ I~ BF4-  AlICl4~
Bmim™ 132% 07% 02% 00% «c
Dmbim™ 83% ¢ c c c
Emim™ 23.3% ¢ C 0.0% 0.0 %

Table 2.2: Solubility by weight for silk fibroin in ionic liquids (c: System not
tested). Reproduced from ref [147], Frontiers, (C)2007.

Phillips et al. [150] have further examined the solubility of the silk fibroin in
Bmim™Cl~ with wide angle X-ray scattering (WAXS) by examining the crystal
structure. The WAXS result shows that a broad amorphous peak appeared in silk
solution but no S-sheet structure, which indicates that Bmim™Cl~ is capable to
disrupt the hydrogen bonds in the crystalline domains. In addition, the absence
of peaks associated with Bmim*Cl~ crystallinity suggests that there are strong

interactions between the Bmim™Cl~ and silk fibroin.

Stanton et al. [6] reported that the selection of ionic liquids has a great impact
on the structure, morphology and properties on silk cellulose blended films. A
10 wt.% silk and cellulose blended solution (silk:cellulose, 1:9) was prepared by
individually dissolving the blended materials in various imidazolium based ionic
liquids, followed by immersing in water for the regeneration of the blended films.
The FT-IR result shows the peaks for Amide I and Amide II from the regenerated

films for each ILs are shifted to a higher wavenumber when compared to the pure
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silk sample. It implies that the disruption on the inter- and intra- hydrogen bonds
by the ionic liquid occurs in the system, which result in the change of overall shape
of the p-sheets. The crystal fraction of [-sheet was calculated in the Amide I
regions of the ionic liquid, indicating the crystallinity of the silk material as a
function of the ionic liquid, the results are shown in Table 2.3 [6]. Theoretically,
the more the ionic liquids interact with the polymers, the greater the interruption
of the hydrogen bonding network, the more changes occurs in the S-sheets. It was
observed that the films with the chloride anion were the lowest in crystallinity
and EMIMAc was slightly more crystalline. Meanwhile, the BmimBr and Bmim-
MeSOj3 are composed of the highest amount of crystallinity which indicates that

the larger anions had an increase in percent crystallinity of -sheets in silk.

[onic Liquid  B-sheet crystal fraction

AmimCl 31.0%
EmimCl 37.1%
EMIMACc 39.2%
BmimCl 37.5%
BmimBr 58.6%
Bmim-MeSO; 58.9%

Table 2.3: Calculated [§-sheet crystal fraction within the silk-cellulose film, coag-
ulated from various types of ionic liquids. Reproduced from ref [6], Elsevier Ltd,
(©)2018.

It can also be suggested that the topographical and morphological properties
of regenerated silk cellulose blended films varies from the different ionic liquids
through the evidence from the scanning electron microscopy (SEM) results [6].
Figure 2.7 [6] demonstrates the morphology of 10 % silk-cellulose films coagulated
from different ILs, as listed in Table 2.3. It suggests that the blended film coagu-
lated from the ILs that compose of the same anion (C17) exhibit a more uniform
morphology, whereas obvious differences in morphology for the films coagulated
from similar cations (EmimAc, EmimCl) can be observed. It also implies that
the films coagulated from ILs that contain bromine or the methane sulfonate

groups, display fibrous-like morphology. The ILs with the chloride anion group
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appears to be more uniform unlike those of the bromine or the methane sulfonate
groups, which appears more fibrous-like. They also suggest that the reason for
the observed porous surface of the film coagulated from EmimAc, could be the
removal of acetate anion group during the coagulation process when immersing

the solution in water.

AMIMCI emvel A BMIMCI

oza2efe. 00110 PCstd.. 10KV

&4 BMIMBr

Figure 2.7: SEM images of the morphology of the 10 % silk-cellulose films co-
agulated from six different ionic liquids. Reproduced from ref [6], Elsevier Ltd,
(©)2018.

2.5 Coagulation

It is acknowledged that to form the desired product in a favourable structural form
after dissolution, the key process is to remove solvent from the polymer solution.
It is relatively straightforward if the solvent is volatile, this can be achieved
simply by evaporation of the solvent. Whereas for non-volatile solvents, the
removal of solvent from the polymer solution is then accomplished by diffusional
interchange with a anti-solvent bath. This process is recognised as ‘coagulation’,
where the fibres lose their solubility and precipitate from the solution, followed

by solidification and reform into the desired product [159].

The unique structure of silk makes it versatile in processing, which can be

22



2.5 Coagulation

further coagulated from the silk fibroin solution and exhibit a range of structural
forms, such as sponges, films, hydrogels and nanoscale electrospun non-woven
mats [6, 127, 147, 150, 160, 161]. The generation of various structural forms not
only depends on the choice of ionic liquids but also on the coagulation solvent
bath.

It is worth mentioning that the coagulation of natural fibres is usually ac-
companied with a conformational transition, such as the crystalline structure of
cellulose changes from a cellulose I to either a cellulose II, amorphous or inter-
mediate structure [162]; the structure of silk fibroin changes from a random coil
to well oriented [-sheet structure [163]. The coagulation process of SF not only
affects the secondary structure of SF but also its molecular weight and physico-

chemical and morphological properties [164, 165].

As previously mentioned in section 2.3.1, the conformational character of RSF
film is highly dependent on the rinse treatment [166]. Phillips et al. [150] found
that acetonitrile yields a convoluted film with little crystallinity, methanol yields
a transparent film with a high degree of crystallinity, which agrees with methanol
treatment of silk inducing the [-sheet structure. In contrast, the RSF treated
with water result in the dissolution of the silk film. However, Mantz R.A. et
al.[147] further investigated that neutral water dissolves the silk fibroin whereas
acidic water yields a fibrous matte structure when used as regeneration bath.
They also found that the complete removal of the ionic liquid depends on the

rinse time in the regenerating solvent.

On the other hand, Chen et al. [167] were interested in the formation of (-
turn structure, they reported that the kinetics of S-turn formation varies not only
in the RSF or solution, but also depends on the concentration of ethanol used to
induce the conformation transition. The presence of sufficient water provides good
chain mobility to allow alcohol to be effective at removing the water shell around
the hydrophobic fibroin. In theory, the formation of S-turn only requires the
slight adjustment of four amino residues within a loose hairpin loop, while much

larger adjustments are required to form extensive S-sheets. Therefore, the greater
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concentration of ethanol, the lower water content present, the more possibility for
forming the [-turn rather than [-sheet structure. It can be concluded that the
difference in free water content and the rate of hydrophobic dehydration decides

the chain motility which results in different conformation content in regenerated
silk fibroin.

In addition, Zhou et al. [168] showed that the conformation transition rate is
crucial to the behaviour of the silk and consequently to the mechanical properties
of the RSF fibres. If the transition rate is too slow, either the cross-section of
the fibres is irregular, or the fibre cannot be formed at all. On the other hand,
when methanol is the coagulation bath, if the rate of coagulation is too fast, the
resulting fibre is very brittle. Therefore, the moderate coagulation rate during
conformation transition, allows the protein chains free to move and adjust their
position relative to each other enabling the silk fibroin chains to refold easily to
form [-sheet and S-turn. Ling et al. [169] reported similar observations, they
used time-resolved FTIR to investigate the kinetics of the conformation transition
in silk fibroin solution, and suggested that the moderate coagulation rate allows
a greater efficiency for the alignment of molecular segments, which leads to the

resulting coagulated silk fibres with a larger breaking strain.

Interestingly, Goujon et al. [156] reported that protic ionic liquids (pILs) can
be used as the coagulant for silk fibroin. They suggest that the unique hydrogen
bonds in pILs make them limited in dissolving silk fibres, whereas it is ideal to use
as coagulant. The choice of pILs has a great impact on the structure and mor-
phology of the resulting coagulated silk foams. In particular, they demonstrated
that silk foam coagulated from the plL - triethylammonium mesylate (TeaMs)
contains 45 % of a-helix structure, which in return increases the tensile strength

of the resulting silk fibres.
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2.6 Dissolution Kinetic Factors and Activation

Energy

As introduced in section 2.3.1, the strong hydrogen bonding between the repeti-
tive polypeptides, van Der Waals forces and hydrophobic interactions create the
stable molecular structure of silk fibroin. For the effective dissolution of SF, it
is therefore crucial to consider the interactions between the chosen solvent and
the stable structure of SF. As covered in section 2.4, since 2004, the implemen-
tation of different types of ILs as solvent for preparing silk-based materials has
shown large interest across academia research and industrial applications. From
literature, it is evident that various factors affect the solubility of SF when using
ILs as the solvent, such as the selection of IL (as previously described in sec-
tion 2.4) [150, 170-172], physical properties of IL (its melting point) [151, 173],
dissolution time, temperature [174, 175] and the implementation of ultrasound
treatment [176-179], etc. However, limited studies are so far found focusing on

the dissolution kinetics and mechanisms.

Zhang et al. [180] explored the changes on the silk fibre structure when
adding the chosen solvent (CaCl,-Formic acid), they claimed that dissolution of
silk fibroin starts with the fibre swelling, followed by the solvent precipitate and
infiltration into the fibre, and finally it disintegrates macrofibres into microfibres,
then eventually nanofibrils. Freddi et al. [181] proposed that the dissolution of SF
is thermodynamically favoured, increasing the dissolution temperature promotes
the swelling of silk fibres, and in return, accelerates the solvent diffusion towards
the target reactive sites. They also suggested that the solvent penetration and
diffusion rates are the limiting factors for lowering the overall kinetics for the
dissolution process. The mechanism of dissolution can therefore be suggested as -
the solvent molecules diffuse and penetrate into silk fibres to break intermolecular

hydrogen bonds, whilst forming new hydrogen bonds with the SF chains.
For a thermodynamic process, from the initial state to the final state, if the

change in the free energy is negative then the process will happen spontaneously,

conversely a positive value of the free energy change the process will require energy
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to occur [182]. If the process occurs under the condition of isobaric (constant
pressure) and isothermal (constant temperature), the spontaneity can therefore
be measured through the change in the Gibbs free energy, as defined in Equation
2.1:

AG = AH — TAS (2.1)

where AH is change in enthalpy, AS is change in entropy. The change in
enthalpy can be further defined as:

AH = AE + PAV (2.2)

where AE is the change of internal energy, P is the pressure, V is the volume,

and PAYV is the related work been done by the system at a constant pressure.

Considering the breakage of bonds within the reactant molecules, energy in
the form of heat must be provided to the reactants, to allow them being ‘acti-
vated’. The ‘activated’ reactants often need to pass through a transition state
before generating the products. It is known that the amount of energy needed
to raise the reactants to this transition state is defined as the activation energy,
E,. Once the reactants have given sufficient amount of energy to climb over
this peak, the energy is then released and new bonds are formed, yielding the
products. As introduced, if the reaction is isobaric, the energy difference between
reactants (initial state) and products (final state) is now referred as the enthalpy
of reaction (AHg). If AHpg is positive (negative), the reaction is then regarded

as endothermic (exothermic), as shown in Figure 2.8 [183].

Most chemical reactions have an energetic barrier, also variously referred as
potential barrier, an activation barrier, or an activation energy (as introduced).
It is known that a transition between two atomic or molecular states can be
separated by an energy barrier. Even in exothermic reactions (Figure 2.8b), when
the products are thermodynamically favoured over reactants, there can still be
a significant energy barrier to overcome in order to initiate the reaction. The

occurrence of a chemical reaction usually associates with the collision theory, the
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Transition state iti
(a) (b) Transition state
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Figure 2.8: Schematic draw of a reaction energy pathway for (a) exothermic
reaction, (b) endothermic reaction; the difference in energy between reactants
and transistion state is defined as the activation energy, F,.

reaction happens when the reactants collide with enough energy to penetrate the
molecular van der Waals forces. Temperature plays a key role on the reaction
rate, and temperature dependence chemical reactions are often quantitatively
described through collision theory model. According to the collision theory, the
rate of the reaction largely depends on the number of energetic collisions between
reactants, however, usually the reactants may need to collide in a particular
orientation and energy may need to be present in a specific form, which lead
to the consideration of three factors that decide the occurrence of a successful
reactive collision, encounter rate/collision rate, energy requirement and steric
requirement. After taking all these three terms into account, the reaction rate is

expressed in Equation 2.3:

1
kT2 E
rate = Poc (SWZ ) exp <—R—%) nang (2.3)

where P is steric factor, o¢ is the collision cross section, Pos describes the reac-

tion cross section, kg is the Boltzmann’s constant, T is the absolute temperature,

(ST

i is the mass of the molecule, (%) describes the Maxwell-Boltzmann distri-

bution of velocities, F, is activation energy, R is gas constant, n4 and ng are the
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concentrations of the two reactants. Subsequently, the temperature-dependent
parameter correlating the rate to the concentrations is defined as the rate con-
stant, and typically given by the symbol k or k(T), as expressed in Equation

2.4. Tt is important noting that the rate constant is only a constant at a fixed

k(T) = Poc (8’:5) : exp (— IZJT) (2.4)

Furthermore, for the uncatalysed reaction, the rate constant follows the propor-

temperature.

tionality

b T) o e (=) 25)

The simple collision theory (Equation 2.4) is next able to rationalise the form
of the Arrhenius equation, from which the temperature dependence of the rate

constant can be further defined, as given in Equation 2.6,

K(T) = Aexp (— g;) (2.6)

where A is the pre-exponential factor. It is experimentally recognised that the
effect of temperature on the reaction rate, in many chemical reactions, follows
the Arrhenius equation (Equation 2.6). If this equation is expressed in log form,
then:

Eq
RT

Ink=InA- (2.7)

Both the pre-exponential factor and activation energy can thus be calculated from
the plot of In k against 1/T. A straight line is consequently obtained from the
Arrhenius plot, with an intercept of In A and a slope of -F, /R. It is worth noting
that for a small range of temperatures, Arrhenius equation works well for most

practical conditions, because the temperature dependence of pre-exponential is

28



2.6 Dissolution Kinetic Factors and Activation Energy

relatively weak and negligible compared to the temperature dependence of acti-

vation energy on temperature [184].

It has shown that the rate of reaction depends on the reactant concentrations
(Equation 2.3) and temperature (Equation 2.6), however there are still many
other factors that affect the rate of reaction, such as the type of solvent, solvent

viscosity and polarity, etc.

In polymer dissolution, there are two transport processes, solvent diffusion
and chain disentanglement. When the uncrosslinked /amorphous polymer is in
contact with a thermodynamically compatible solvent, the solvent will diffuse
into the polymer, and lead to its plasticisation. Consequently, a gel-like swollen
layer is formed surrounding the polymer, generating a interface between polymer
and solvent [185]. An initial study by Ueberreiter and Asmussen [7, 186], explored
the dispersion of carbon black particles in the polymer, and they demonstrated
the formation of a swollen surface layer at the beginning of the dissolution process.
They summarised the stage of polymer dissolution and the formation of this layer
that exists in between pure polymer and pure solvent, as shown in Figure 2.9.
They claimed that the dissolution mechanism follows: the solvent molecules first
penetrate and fill the free volume within the glassy state polymer (the start of
diffusion), next a solid swollen layer is built (polymer still in glassy state), then
a gel layer is formed (polymer swollen in a rubber-like state), and a liquid layer

is formed (all solid surrounded in a streaming liquid).

Pure Polymer Infiltration Layer Solid Swollen Layer Gel Layer Liquid Layer Pure Solvent

oo °°°

5 o0
[5) ° ° S %oooo
o Q ooo

Figure 2.9: Schematic draw of polymer diffusion. Reproduced from ref [7], John
Wiley € Sons, (€)1962.
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Additionally, the disentanglement of polymer chains also plays a key role in
the polymer dissolution [187]. There are several factors that affect the chain disen-
tanglement, i.e. polymer molecular weight [186], polymer structure/composition
[188-191], the type of solvents [175, 192-195] and external parameters (agitation,

stirring, temperature, radiation, etc) [7, 175, 196].

From recent research on the dissolution of silk fibroin in ionic liquids, Su-
sanin et al. [175] reported that the type of ILs, dissolution time and temperature
significantly change the molar mass of the resulting silk fibroin and alter the cor-
responding dissolution rate. They also suggested the use of BMIMACc at 60 °C for
< 120 min or at 90 °C for < 30 min are the optimal conditions for dissolution of
SF, in order to generate intact H-chain of SF. The discussed various parameters
directly govern the dissolution rate. In short, it is demonstrated that the under-
lying principles of the dissolution kinetics have a large degree of complexity, the

interplay of various parameters need to be considered.

2.7 Reducing Agents

A reducing agent, also known as reductant, loses electrons and is oxidised during
a chemical reaction. A reducing agent is recognised as the electron donor, and in

one of its lower possible oxidation states.

Most protein-based natural fibres, such as wool and silk, contain cysteine
amino acid groups, which are capable of forming disulfide bonds between thiol
groups. It is well-known that wool fibre contains highly cross-linked disulfide
bonds, which makes it difficult to be hydrolysed by chemicals [197]. There are
two common ways to achieve the hydrolysis of wool fibres: (i) applying strong
acid or alkali to degrade proteins [198]; and (ii) using oxidising or reducing agents
to assist the breakage of disulfide bonds [199-201]. Thiol-disulfide exchange re-
actions can significantly change the structure of the proteins and therefore lead
to the versatility of applications [202, 203]. It is established that thiols can be
oxidised to disulfides, whilst disulfides can be reduced to thiols [204].
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Studies have shown the key for conducting the dissolution of wool fibres is to
break disulfide bonds, in order to destroy the spatial arrangements inside wool
macromolecules [205]. Thiols such as 2-mercaptoethanol (-ME), dithiothreitol
(DTT) and dithioerythritol (DTE), have demonstrated their capability for the
efficient reduction of disulfide bonds in proteins [206-208]. There are other types
of reducing agents that have been reported capable of extracting keratin from
feathers, wool and hair, such as sodium sulfide (NayS) [209, 210], sodium disulfite
(NagS,05) [211, 212], sodium sulfite (NaySO3) [213-216] and sodium bisulfite
(NaHSO3) [217, 218], etc.

As covered in section 2.3.1, silk fibroin consists of two major polypeptides,
H-chain and L-chain that are linked through a disulfide bond between two cys-
teine residues. Lucas et al. [219] first established the occurrence of cysteine
residues within silk fibroin. Since Lucas, protein chemists started research on
cysteine-containing peptides from silk fibroin. Robson et al. [220] by 1970 and
Earland et al. [221] by 1973, have individually identified the formation of intra-
chain disulfide bonds in two different sequences that containing cysteine residues.
Interestingly, the disulfide bond linkage between H-chain and L-chain, was only
first identified by Shimura et al. [222] in 1982. They found the separation of
two chains only happen after the addition of 2-mercaptoethanol (S-ME), which
is commonly recognised as the reducing agent for the cleavage of disulfide bonds
[207]. Furthermore, in 1989, Yamaguchi et al. [223] identified that L-chain con-
tains three Cys residues, of which two of them form the intramolecular disulfide
linkage, leaving the third one at a relatively hydrophilic region to form disulfide
linkage with the H-chain. Through genomic sequencing and peptide analysis, in
1999, Tanaka et al. [8] further established that there are three Cys residues at
the C-terminal site of H-chain. In combination of the study by Yamaguchi et al.,
Tanaka et al. [8] proposed the positions for the intra- and intermolecular disulfide

bonds within the H-L complex of silk fibroin, as shown in Figure 2.10.

Similarly, a few studies have shown the breakage of disulfide linkage within
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Figure 2.10: Inter- and intramolecular disulfide bonds in the light (L-) and heavy
(H-) chains of B. mori silk fibroin. Reproduced from ref [8], Elsevier Ltd, (€)1999.

the silk proteins can be achieved through adding reducing agents. Through SDS-
PAGE electrophoresis, Grip et al. [224] have demonstrated that the addition
of reduced glutathione/Tris-HC] (GSH) can promote the reduction of disulfide
bond between C-terminal domain in spider silk. More recently, Jiang et al. [225]
reported that the breakage of disulfide bond between H-chain and L-chain of silk
fibroin has been achieved by dialysis separation technique with the addition of
reducing agent, DTT. They found the breakage of disulfide bond can reduce the
degree of entanglement of the molecular segment, and as a result, the viscosity
of silk fibroin solution is decreased. The ability of breaking disulfide bond in the
H-L complex through the addition of reducing agent, promotes the formation of
the high-molecular-weight silk fibroin polypeptide, thus creates the potential for

its wide applications in biomedical and green chemistry field.
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2.8 Summary

This Chapter has introduced the background of various types of composites,
including their typical composition, features and applications. The history, de-
velopment and benefits of all-polymer composites have been introduced, and the
potentially ‘green’ dissolution method to prepare all-silk composites has been

demonstrated.

Some key features and properties of B. mori silk fibres have been introduced,
including its composition, microstructural properties, hierarchical and crystalline
structures. Recent studies relating to the properties of all-silk composites (only
found fabricated using two-step dissolution method), have been covered. Ionic
liquid, as the potential ‘green’ solvent, its properties and recent studies on silk
fibroin/IL have been introduced. Moreover, the meaning of coagulation, the con-
formational change in silk fibroin during coagulation and the effects of various
coagulation conditions on the properties of the resulting RSF have been cov-
ered. Finally, mechanism and kinetics of polymer dissolution, factors affecting
dissolution rate, the correlation between collision theory and Arrhenius equation,
benefits of adding reducing agent have been briefly introduced. These will provide
a fundamental understanding of the background physics surrounding all-silk com-
posites and its dissolution dynamics, giving an aid in designing the experiments

and studying the findings.
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Chapter 3

Experimental Methods and

Materials

3.1 Introduction

This chapter aims to give a brief introduction of the different characterisation

techniques conducted throughout the project.

3.2 Materials

Degummed B. mori silk threads were purchased online from Airedale Yarns and
used as the source of silk fibres. They were stored in a cool dry place before
use. One silk thread consists of a few hundred individual silk filaments, each
with a density of 1.361 g cm™3 at 25 °C [226]. To prepare woven silk composites,
a plain weave process was then applied to weave the silk thread to silk fabric.
Experiments carried on single silk threads will be discussed in Chapters 4 and 5,
while the studies on the array silk threads will be explored in Chapter 6, woven
silk fabrics in Chapter 7. The ionic liquid 1-ethyl-3-methylimidazolium acetate
[C2mim|[OAc| was chosen as the solvent, because it has been widely studied by

other members of our group [191, 227-230]. It was purchased from Sigma-Aldrich,
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3.3 Structure and Morphology Characterisation

with a purification of 97 %. Methanol was used as the coagulant as it has been
reported to yield a high degree of crystallinity in the dissolved and coagulated
silk phase [231].

3.3 Structure and Morphology Characterisation

The unprocessed raw silk threads/fabrics and all silk composites were encapsu-
lated in an epoxy resin block in order to allow the surface and cross-sectional
morphology to be imaged using an optical microscope. The epoxy resin was
prepared by mixing the resin and the hardener (EpoxiCure 2, BUEHLER) in a
weight ratio of 5:1. To obtain cross-sectional images, silk threads and fabrics
were embedded in epoxy resin and allowed to harden at room temperature for
3 days. The silk threads and fabrics were then solidified perpendicular to the
resin surface, then ground and polished down the resin to a thickness between
20 to 30 mm, to reveal a clear polished surface for high resolution images to be
taken. The machine used to grind and polish the samples is Struers Rotopol 11.
A representation schematic image of the embedded single silk threads is shown in
Figure 3.1a, while an example of the resultant resin with single ASCs and woven

silk fabrics embedded inside are shown in Figure 3.1b and c, respectively.

(a) (b) (c)
/Single silk threads -
l l ‘1‘ . . / Epoxy resin
5o

Figure 3.1: (a) Schematic representation of single silk threads embedded in epoxy
resin block; (b) single ASCs, and (c) raw woven silk fabrics embedded in epoxy
resin block, ready for taking the cross-sectional microscope images.
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3.4 Wide-Angle X-Ray Diffraction (WAXD)

3.3.1 Optical Microscopy

Low magnification microscope cross-sectional images of raw silk threads/fabrics
and all silk composites were acquired in reflection or transmission, using an opti-
cal microscope (BH2-UMA, Olympus Corporation, Japan) equipped with a CCD
(charge-coupled device) camera. For better comparison, images for individual
composites were captured under magnification 100x, 200x, and 500x. The mor-
phological parameters derived from the optical microscope images were observed

and measured using the image processing software Image J.

3.3.2 Scanning Electron Microscope (SEM)

The surface of the epoxy resin blocks were glued onto conductive tape and sputter
coated with Quorum Technologies SC 7620. Then the coated epoxy resins were
transferred into the Zeiss EVO MA15 Scanning Electron Microscope for obser-
vation at an accelerating voltage of 10 £V. Similar to using optical microscope,
the images taken from SEM were analysed and measured using Image J software.

The observed images will be showed and discussed in the section 4.3.1 below.

3.4 Wide-Angle X-Ray Diffraction (WAXD)

Wide-Angle X-ray Diffraction is the most well-known family of techniques to in-
vestigate the crystalline structure of polymers. WAXD is high sensitivity to small
changes, therefore it can be utilised to identify structural similarities and charac-
terise molecular structural alignments [232]. More often, WAXD is employed on

thick or powered samples because of its penetration depth and thus its ability to
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3.4 Wide-Angle X-Ray Diffraction (WAXD)

reveal internal structural properties of the materials [233]. In-depth understand-
ing of the fibre molecular structural properties is often crucial to development of

a successful composite material.

In this project, the apparatus used is a ‘DRONEK 4-AXES, Huber Diffrac-
tionstechnik GmbH Co. KG, Germany’. It is used to study the 26 diffraction
curves, crystal orientation and 2D diffraction patterns of resultant samples. The
X-ray beam was operated in transmission mode and irradiated perpendicular to
the fibre axis of the composites. An empty metal frame was scanned and air
scatter was subtracted off from the 20 and azimuthal («) experimental data,

respectively.

3.4.1 XRD 2D Diffraction Pattern

Ultra-speed X-ray Occlusal films were purchased from Carestream in a size of 5.7 x
7.6 cm, and stored in a safe environment away from heat, chemicals and radiation
prior to the usage. In order to capture the image produced by the interaction
of X-ray and samples of silk fibres, the apparatus was set up as indicated in
Figure 3.2. The silk threads/fabrics were glued on a metal tube where the X-ray
beam emitted from, and fully covered the X-ray beam emission hole of which the
diameter of approximately 200 pm. X-ray sensitive film was clipped on a holder
with a sample to the film distance of 52 mm and left for exposure of X-ray for
2.5 hours.

Subsequently, in order to examine the diffraction patterns on the film, the
procedure of developing the X-ray film was carried out in a dark room with
safe lights operated. Two tanks of solution are required, developer solution (RG
Universal RTU X-Ray Developer, Champion) and fixer solution (GBX Fixer,
Carestream). According to the manufacture manual, pure developer solution is
needed while the fixer solution was diluted with water at a ratio of 4:1 (water

fixer solution). There are few steps involved to develop the film. Firstly,
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3.4 Wide-Angle X-Ray Diffraction (WAXD)

Figure 3.2: Apparatus set up for collecting XRD 2D diffraction patterns in a
X-ray sensitive film.

disassemble the film package in the dark, then fully immersing the X-ray film
in the developer solution for 5 mins. After 5 mins, lift the lower corner of film
straight up out of the developer solution for several seconds to make sure most
of the solution drains off the film. Next, transferred the film into the prepared
fixer solution and submerse for another 5 mins. Great care was taken during
handling the film in order to avoid finger print marks or scratches. Upon the
fixation process was complete, lift the film up and allow the excess solution to
drain off. Followed by washing the film thoroughly under a running water tap for
several seconds then submerse into a water tank, and agitate the film vigorously.
After 10 mins, the film was hung in a drying rack in a dust-free area at room

temperature. Once the film is completely dried, it is then ready for examination.
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3.4 Wide-Angle X-Ray Diffraction (WAXD)

3.4.2 WAXD 20 Scan

WAXD 20 (equatorial) scan was utilised to collect diffraction curves for all silk

composites (ASCs) and coagulated silk film (CSF) samples and characterise their

degree of crystallinity and crystal structure. The experiments were performed

at room temperature, using Cu Ka radiation (A = 1.54 A) at the voltage and
current of 40 £V and 30 mA, respectively. WAXD data was collected from 26 =

5 - 40° at a 26 step of 0.2°, and 40 seconds counting time for each step (scanning

rate at 0.3 °/min). Figure 3.3 a and b demonstrate schematically the paths of 260

and « scans, respectively.

(a)

idian

M

Equator (

5° )4

(b)

Mekidian
O

Equator (

Figure 3.3: A schematic diagram to show the WAXD (a) 26 and (b) « scans, red

dotted lines indicate the respective paths.

3.4.3 WAXD azimuthal («) Scan

As discussed above, WAXD can be used to characterise the molecular orientation

and detect any molecular alignment changes. Polymers, due to their long chain
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3.4 Wide-Angle X-Ray Diffraction (WAXD)

structure, are highly susceptible to orientation [234]. Theoretically, compared to
processed fibres, the raw fibre has the highest orientation factor value because
all the molecules are preferentially oriented without being disrupted by the dis-
solution process. In other words, the changes of fibre molecular orientation are
proportionally equal to the amount of matrix being generated. An azimuthal
(meridional) scan was applied to detect the fibre secondary structure molecular
alignment, by measuring the diffraction intensity along the o angle on a fixed 26

angle, as shown in Figure 3.3b.

Consequently, an angle was chosen where the maximum crystalline intensity
from the 260 scan was found (20.6° for raw silk fibre) and 26 was then kept fixed.
The intensity distribution was then collected by rotating the samples between
azimuthal angles, from - 90° to 90° (0° = vertical), at a scanning rate of 2 °/min,

as shown in Figure 3.4

Figure 3.4: Apparatus set up for conducting WAXD azimuthal («) scans, with
the sample being held in a metal frame at a fixed 26 angle (20.6°), whilst rotating
along « angles between -90° to 90°.
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3.4 Wide-Angle X-Ray Diffraction (WAXD)

Accordingly, the average orientation can be determined from the intensity
distribution of the corresponding diffraction on the Debye ring by using the 2"¢
Legendre Polynomial function, as given in Equation 3.1. The P, value is most
often used to describe the orientation degree of objects of interest (a crystallo-

graphic plane) relative to a chosen direction (a fibre axis) [235][236].
1 2
P, = 5(3 < cos”a > —1) (3.1)

where ( cos? a ) is the average cosine squared value of the azimuthal angle

in a two dimensional azimuthal scan. It can be determined from the distribution

of intensity of the meridional reflections, and calculated using Equation 3.2.

f_ﬂﬂ//é I() cos? ada
/2
f_7r//2 I(a)da

(3.2)

(cos? o) =

where T («) is the scattered intensity at « along the diffraction profile. The
measured I («) value was taken from the obtained WAXD scatter curve, and
directly put into a built Excel spreadsheet, to calculate ( cos® a ) and P, by using
the Equations 3.1, 3.2 shown above, respectively. The integrals in Equation 3.2

were carried out for a fixed value of 26.

The diffraction curves obtained from WAXD azimuthal scans were input into
OriginPro 2019 program, in order to calculate the value of full width at half height
(FWHH), which will be discussed in section 4.3.2. The errors associated with the
specimen conditions, including specimen displacement and thickness variations,
were considered the main systematic errors. Metal frame with ASC sample was
placed carefully in the same position for each measurement to reduce systematic
errors. The random errors caused by the fluctuations in the X-ray photons and
environmental conditions were reduced by repeated measurements. The obtained
P, and FWHH values were averaged over at least 3 measurements. Standard error
of the mean was calculated using o/y/n (o is standard deviation, n is number
of measurements) to make error bars, which is consistent when providing error

bars for other measured parameters. Additionally, ‘n = x’ will be presented in
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3.5 Mechanical Properties Tests

the caption for each corresponding figure and table, where x represents the exact

number of measurements.

3.5 Mechanical Properties Tests

The mechanical properties of single, array and woven all silk composites and the
CSF (the matrix phase) were examined through using the Instron 5565 universal
test machine equipped with a 10 kN calibrated load cell at room temperature.
Tensile tests were carried out for single, array and woven ASCs whilst three-
point bending tests were applied to CSF samples. Subsequently, ultimate tensile
strength, elongation at break and Young’s modulus for each sample was deter-
mined. All the load-extension data were converted into stress-strain curves, and
the results obtained from mechanical tests were averaged over at least 3 measure-
ments. To reduce systematic errors, the same micrometer was used to measure
the thickness/width/cross-sectional area of the specimen, and the same equip-
ment setup was applied to obtain the mechanical properties from the correspond-
ing types of testing. The testing was carried under controlled lab environment
(humidity, temperature, etc.) to reduce associated random errors. And ‘n = x’
will be presented in the captions for the corresponding figures and tables, where

x represents for the number of measurements.

3.5.1 Tensile Tests

Apparatus set up to carry out tensile tests is indicated in Figure 3.5. Prior to
tensile testing, the cross-sectional area of each single ASC sample was measured
from the density, the weight and the length of the sample. For each of the woven
ASC sample, a micrometer was used for measuring the thickness, whilst the width
was kept at 5 mm in order to measure the cross-sectional area. To minimise the
slippage between the sample and the grips, two small pieces of silicon carbide
papers were used to grip the two ends of the sample. The gauge length was set to

20 mm, and the cross-head speed in the direction parallel to the fibre array was
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2 mum/min. The tensile Young’s Modulus E. (in the initial linear strain range of

0.0050-0.0100) was measured from the stress-strain curves.

Figure 3.5: A piece of woven silk fabrics was gripped at two ends with small
pieces of grinding paper, ready to conduct tensile testings.
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The tensile stress at break (o) was measured by using Equation 3.3, which is

defined as ultimate tensile strength in this project.

o=— (3.3)

where

F : force (N), A:area (m?)

A = w-t, when specimen is strip shaped woven composite
w : width (5 mm), t: thickness

A= %, when specimen is single composite

m : mass, p: density, l: length

The Young’s modulus of each sample was calculated by using Equation 3.4.

F/A
=~ ALL (3.4)

where

E : Young’s Modulus, (Pa)
F/A : Stress, (Pa)

L : Original length, (m)
AL : Change in length, (m)
AL/L : Elongation at break

3.5.2 Three-Point Bending Tests

Three-point bending flexural tests were performed on the CSF (as it was too
brittle to be gripped for a tensile test) using the same machine equipped in a
compression mode with a 10 kN calibrated load cell. The apparatus set up is

illustrated in Figure 3.6. The test was performed with a cross-head speed at 2
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3.5 Mechanical Properties Tests

mm/min and a bending span of 20 mm. The thickness and width of the sample

were measured using micrometer prior to the testing.

Figure 3.6: Apparatus set up for carrying out three-point bending tests in this
project.

The flexural modulus at the maximum stress was determined from the stress-
strain curves, and was calculated at the outer surface of the test specimen at
mid-span. The flexural stress and the flexural strain can be calculated by using
Equations 3.5 and 3.6, subsequently. The flexural modulus of the sample can be

calculated using Equation 3.7.

3PL

where
o : stress at the outer surface at mid-span, (MPa)
P : applied force, (N)
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3.5 Mechanical Properties Tests

L : support span, (mm)
b : width of matrix, (mm)

h : thickness of matrix (mm)

€f = 6%}1 (3.6)
where
€7 : maximum strain at the outer surface, (mm/mm)
D : mid-span deflection, (mm)
L : support span, (mm)
h : thickness of matrix (mm)

3
(= 211911;3 (3.7)

where

E; : Young’s modulus of sample, (MPa)
L : support span, (mm)

b : width of matrix, (mm)

h : thickness of matrix (mm)

m : slope of the force deflection curve

3.5.3 Peel Tests

To determine the peel strength between fibre and matrix phase within the two

layers woven all silk composites fabricated in Chapter 7, peel tests were performed.

The two layers woven ASCs were cut into strip shape, at a size of 50 mm x 20
mm (length x width).

To start the test, the foil was firstly removed. Again, to minimise the slippage,
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3.5 Mechanical Properties Tests

two small silicon carbide papers were used to grip the edges of the specimen,
with one layer sticks up and the other sticks down, and the bonded area sticks
out horizontally, as shown in Figure 3.7. The test was conducted at a crosshead

speed of 40 mm/min.

Figure 3.7: Apparatus set up for carrying out peel tests for determine peel
strength of two layers woven all silk composites in this project.

The peel strength is the measure of the average force acting on the width of the
bonding surface, when the specimen is peeled at a constant velocity. The applied
load was recorded for each specimen. The peel strength is then determined using
the average load divided by the width of the specimen, as expressed in Equation
3.8, with the unit of N/mm [237].

F
Peelst th = — 3.8
eelstreng W (3.8)
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Chapter 4

The Properties of Single All-Silk
Composites Fabricated in the
Ionic Liquid
1-Ethyl-3-Methylimidazolium
Acetate

4.1 Introduction

Among animal fibres, silk fibres have attracted a large amount of interest, due to
a combination of biodegradability, biocompatibility and remarkable mechanical
properties [238][239][138][240]. The structure and properties of silk fibres, and
other researchers’ studies on the interaction between different ILs with silk fibres

have been introduced, recalling section 2.4.

This chapter aims to conduct a fundamental study of the dissolution dynam-
ics of single silk threads in the ionic liquid 1-ethyl-3-methylimidazolium acetate
([C2mim][OAc]). First, the detailed dissolution process for fabricating single all
silk composites (ASCs), and the fabrication process of making coagulated silk
film will be presented. Next, the microstructure of raw and partially dissolved

single all silk composites, the orientation of nanocrystallites, the volume frac-
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tion of matrix within single ASCs, as well as their mechanical properties will be
presented and analysed. The time-temperature superposition relationship of the
dissolution, the corresponding activation energies, and the applicable of the rule
of mixtures (ROM) theory for the effectiveness of the modulus and strength will

be assessed, and notable findings will be discussed.

4.2 Materials and Methods

4.2.1 Materials

Materials were initially introduced in section 3.2, and the sample properties were
tested using the standardised protocols as outlined in sections 3.3, 3.4, 3.5. The
specifics of each experiment will be introduced as they are encountered in the

chapter.

4.2.2 Fabrication of Single All Silk Composites (ASCs)

Single silk threads were placed in the longitudinal direction and then fixed at
both ends in an 8 cm x 8 cm poly(tetrafluoroethylene) (Teflon) frame. A Teflon
dish was filled with excess [C2mim]|[OAc| and placed in a vacuum oven (Shellab
17L Digital Vacuum Oven SQ-15VAC-16, Sheldon Manufacturing, Inc., USA)
for 1 h, to carry out a pre-heating process before the dissolution experiments
began. Then, the frame with the single silk threads was completely immersed
into the preheated IL bath in the vacuum oven, for the designed lengths of time,
at temperatures of 30, 35, 40 or 50 °C (see Figure 4.1a) under vacuum to minimize

the water content.

When each procedure was finished, the partially dissolved single silk threads
were removed from the IL bath and then soaked in a methanol (MeOH) bath for
coagulation, as shown in Figure 4.1b, and the used [C2mim][OAc| was collected

to be recycled. The coagulated ASCs were then washed in methanol for two days
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changing the medium twice. Finally, a one hour drying process in the vacuum

oven at 100 °C was applied (Figure 4.1c).

Vacuum oven—,N\aricus time, Move partially < 100°C: 1 h

; temperature dissolved silk .
Teflon dlSh\ threads to Dry |2\;/ea:uum

[C2mim][OAc] bath \\‘ coagulation bath
Teflon frame/w m

Single silk threads Methanol
bath

(a) (b) ()

Figure 4.1: A schematic diagram to show the single ASCs fabrication process,
starting from (a) dissolution, then (b) coagulation, (c¢) then finally drying in
vacuum oven.

4.2.3 Preparation of Silk Fibroin (SF) Solution and a Co-
agulated Silk Film (CSF)

The degummed B. mori silk thread was first dried in a vacuum oven set at a
temperature of 65 °C for 24 hours, after which silk thread was then chopped in
short pieces and dissolved in [C2mim|[OAc] solution with a magnetic stirrer, for
24 hours at 100 °C, at a speed of 80 rpm, as shown on Figure 4.2a. An amber
coloured 10 % (w/v) SF solution was then obtained, which was then cast into a 5
cm x 5 cm polystyrene petri dish placed on a upside down beaker, and put into a
larger scale beaker filled with methanol. The beaker was sealed and placed on a
hotplate, allowing the methanol to slowly evaporate overnight inside the beaker,
at 60 °C, and give controlled coagulation (Figure 4.2b). The cast film was then
washed with methanol statically for 2 days, changing the medium twice, and then

finally dried in a vacuum oven at 100 °C for one hour.

The resulting film showed a light amber colour with a thickness of 40 pm, and
was termed the coagulated silk film (CSF), as showed in Figure 4.3. This film is
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/Sealed beaker

Methanol .
[C2mim][OAc] bath Evaporating SF solution Methanol
Short silk thread paih
ort silk tnreads Casting film Washing film
Magnetic stirrer —) —)

Hotplate (@) (b) ()

Figure 4.2: A schematic diagram to show the film casting procedure, (a) dissolve
short silk threads in [C2mim|[OAc] solution, (b) controlled coagulation of the film
using evaporated methanol, (¢) washing the film in a methanol bath.

considered representative of the matrix phase of the all silk composites including
single ASCs as presented in this Chapter and woven ASCs presented in Chapter
7.

(@) | (b)

Figure 4.3: Coagulated silk film (a) submerged in the methanol bath, (b) after
drying under vacuum oven.
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4.3 Results and Discussion

4.3.1 Microstructure of Single ASCs

Cross-sectional optical images of the single ASCs structures processed for differ-
ent lengths of time, at 30 °C are presented in Figure 4.4. It can be seen that
a single unprocessed silk thread contains several hundred filaments, and forms a
loose microstructure with significant inner space. It is likely that the unprocessed
silk threads can swell in the epoxy resin as they are not bound together with any
coagulated silk matrix. As the dissolution progresses, there was a trend that the
overall cross-sectional size of the final silk composite was gradually decreased (as
the proportion of matrix phase increased). Interestingly, the gaps between each
individual filament were decreased (Figure 4.4a-d), and eventually a tightly com-
pacted lenticular shape of a silk composite thread emerged after 2 h (Figure 4.4e).
Figure 4.4 e-h indicates that the amount of the inner core filaments continuously
reduced with time. The dissolved fibres turning into matrix appear in the outer
layer of thread core and surrounding at each of filaments to form a close packing
silk composite. This transition in morphology is also shown in the series of sam-
ples made at 40 °C, seen in Figure 4.5. While the interfacial bonding of ASCs
processed under 60 °C for 1 h is shown in Figure 4.6. Noticeably, the dissolved
silk fibres were coagulated and formed as matrix filled up the gap between each

single silk filaments.
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(a) 30°C-0.5hr o (c) 30°C-1.5hr (d) 30°C-2hr

Figure 4.4: Microscopy cross-sectional images of single partially dissolved silk
threads, processed under 30 °C, for different lengths of time, and observed at
200x magnification.

Figure 4.5: Cross-sectional images of single ASCs processed at (a) 40 °C-0.5 h,
(b) 40 °C-1 h, (c) 40 °C-2 h, (d) 40 °C-3 h, observed at 200x magnification.

It can be proposed that in the early dissolution stage (up to 2 h at 30 °C) the
IL infiltrates in between each filament. In these early dissolution times, the outer
layer of each individual filament is dissolved and forms a silk matrix. Eventually,
once all of the inner space is filled and a close-packed structure is formed, it
becomes more difficult for the IL to penetrate through. As seen in Figure 4.7, the
size of silk filaments appears smaller in the outer layer of the thread core compared
with that in inner core filaments; a clear halo of silk matrix is observed. It can
therefore be proposed that as dissolution proceeds, the IL dissolves the exposed
outer layers of the fibres, forming a well-adhered silk thread core and an outer

halo of silk matrix.
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Figure 4.6: The scanning electron micrographs of single partially dissolved silk
thread, processed under 60 °C for one hour, observed at 1000x, 2000x, 4000x
magnification, from left to right.

50°C-1hr

Figure 4.7: Optical microscope image of a single silk thread processed under 50
°C for 1 h, observed under 200x magnification.
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4.3.2 Characterisation of the Crystalline Orientation for
the Single ASCs and Coagulated Silk Film

Figures 4.8 a and b illustrate the 2D WAXD diffraction patterns of the raw silk
thread and CSF. It can be observed that the raw silk thread was characterised by
a series of strong diffraction spots, whereas the CSF showed a series of rings. This
phenomenon reveals that the dissolution and coagulation process transforms the
aligned crystal structure of the raw silk fibres into a randomly oriented crystal

structure of the matrix.
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Figure 4.8: WAXD 2D diffraction patterns of (a) raw silk thread, (b) completely
dissolved and coagulated silk film (SF film).
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Figure 4.9a shows a typical WAXD 26 diffraction profiles of a raw silk thread,
a partially dissolved thread (50 °C for 1 hour) and the coagulated silk film from
[C2mim|[OAc] solution with 5 wt.% silk fibres. As revealed in Figure 4.8, the dis-
solution process applied on the raw silk thread changed the resultant crystalline
structure, particularly for the CSF (the matrix phase). However, the 20 scans
showed that the position of the three most obvious crystalline diffraction peaks
(9.8°, 20.6° and 29°) were all present for the samples at the different dissolution
stages. Most importantly, the diffraction curve of the raw silk thread was very
similar to the partially dissolved thread curve, with only a small reduction in the
intensity of the highest diffraction peak. For this reason it was concluded that the
change in the crystalline structure could not be used to follow and measure the
dissolution fraction in these silk thread composites, as it was previously used suc-
cessfully for single cotton composites [228]. In contrast to this, WAXD azimuthal
scans for the same three samples, illustrated a much more dramatic change in
the intensity distribution (see Figure 4.9b). This is related to a large difference
between the highly aligned crystalline orientation of the raw silk threads and the
randomly oriented crystals in the coagulated silk film (matrix phase). The three
collected azimuthal scans were normalised to give the same total area under the

curves.

As mentioned above in section 3.4.3, a WAXD azimuthal scan was carried out
by fixing 26 at the angle with the highest crystalline diffraction peak (20.6°), and
then scanning through azimuthal angles from -90° to 90°. At this 260 position,
there was only one crystalline peak in the diffraction curve located at 8 = 0°.
Our proposal is that the average orientation of each silk thread composite is a
sum of the preferred crystalline orientation in the unprocessed silk thread and
the randomly oriented coagulated silk film. For the silk thread composite, the
normalised peak height was seen to fall which was directly related to the percent-
age of crystalline regions being dissolved by the IL and being transformed into
a randomly oriented crystalline structure after coagulation, increasing the height
of this second component. Interestingly, as shown in Figure 4.10, the full width
half height (FWHH) of the central silk reflection at § = 0°, was found to remain
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Figure 4.9: Comparison of WAXD diffraction profiles of raw silk thread, partially
dissolved silk thread, and coagulated silk fibroin film, at (a) 26 scan, (b) azimuthal
scan.

constant as the dissolution progressed, suggesting strongly that, the undissolved

portion of each silk filament is unaffected by the dissolution process.
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Figure 4.10: Full width half height of WAXD azimuthal scan diffraction curves
at different times and temperatures, n = 3.
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4.3 Results and Discussion

Figure 4.9b indicates that the raw silk thread shows the highest peak intensity;,
whereas the CSF shows a constant intensity distribution throughout the whole
scanning angle, confirming random crystalline orientation. This can also be seen
in Figure 4.8. Compared to the raw silk thread, the normalised peak intensity
of the partially dissolved silk thread is lower while its baseline (from the CSF
component) is higher, caused by the dissolution process transforming the silk
fibres into a randomly oriented coagulated silk fraction whose intensity is therefore
independent of ov. Our proposal is that the fraction of dissolved silk can therefore
be determined by measuring the average orientation of each silk thread composite,
along with the values for the raw silk thread and the coagulated film, through
following a simple rule of mixtures, which will be explained in detail in section
4.3.3.

It is worth mentioning here the (020) crystallographic plane, whose normal is
close to the chain axis direction was examined [241][242]. Because of the scat-
tering vector was kept perpendicular to the thread face, here only the evaluation
of the average orientation was obtained. To study the orientation in the whole
volume of the silk thread, the out-of-plane rotation need to be taken into consid-

eration.

Accordingly, the average P, value of each partially dissolved silk thread com-
posite obtained from processing at various times and temperatures, could be
calculated from the distribution curve by numerical integration of the collected
data using Equations 3.1 and 3.2, and these results are shown in Figure 4.11.
Theoretically, the P, value should be equal to 0.25 for a random 2D distribution,
and equal to 1 for a perfect alignment. As the randomly oriented component
increased in the composite this would result in a fall in the average P, value. As
expected, composites processed under longer dissolution times or higher dissolu-
tion temperatures, were measured to have a lower P, value, as shown in Figure
4.11. For ASC processed in [C2mim]|[OAc] at various times and temperatures, a
broadly linear reduction of the average P, value was seen. For this reason, simi-
lar average P, values could be achieved at different reaction temperatures, with

a shorter dissolution time needed when the temperature was increased. It can be
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assumed that [C2mim][OAc| continuously and effectively dissolves the silk fibres
to gradually generate more coagulated silk fraction (randomly oriented crystal

structure) in the composite.
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Figure 4.11: Averaged P, values calculated from WAXD azimuthal scans for
single ASCs being dissolved in [C2mim|[OAc] at various times and temperatures,
n=3J.
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The average P values measured from the silk thread composites (Figure 4.11)
showed that the dissolution process occurred more rapidly at higher temperatures.
It is proposed that the relationship between dissolution time and temperature
could be combined into one curve (“master curve”) using the concept of time-
temperature superposition, which has been used extensively in polymer rheology
measurements [243-245]. A similar approach was recently proposed by this group
in the study of the dissolution of flax fibres in [C2mim][OAc] [227]. From this
previous work, the idea is to examine the data as a function of the logarithm of
the time (In time) and superimpose the various temperature curves in In time.
A simple multiplicative factor (ar) could thus relate the temperature and time

results, via Equations 4.1 and 4.2.

tR = tlaT (41)

Intg =Int; +Inay (4.2)

where T is the temperature, Ty is reference temperature, t1,tg is the time
before and after scaling respectively, and In ap is the shift factor in In time.
The master curve could thus be constructed by simultaneously shifting different
temperature curves horizontally along the logarithm of dissolution time axis, to
achieve the best possible overlap with a chosen reference temperature set. Figure
4.12 illustrates schematically the construction of the master curve, which involved
a number of steps to generate the best master curve by using the middle temper-
ature (40 °C -grey data points) as the reference Ty data set (in In time), allowing
the line to be extended to give further guidance. Then the other temperature
curves were shifted along the X axis (in In time) towards the reference set to
make them overlap, with the horizontal shift called the shift factor (In ar). Next,
a second polynomial was fitted to the obtained superimposed data sets, and then
the individual shift factors were varied to maximise the R? value, so as to provide

the best fit between this polynomial and the shifted points.

Figure 4.13 shows this final master curve for the variation of the average P;
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value with In time shifted to 40 °C.

It is more useful to plot the average P, value with respect to the linear disso-
lution time for the silk threads dissolving in [C2mim|[OAc], as shown in Figure
4.14. Tt can be expected that completely dissolving the silk thread could be
achieved by a 7 h dissolution time at 40 °C, as its P, value approached that of
the randomly oriented silk film, i.e. 0.25.
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Figure 4.12: A graph to show details of shift method, by using 40 °C as reference
temperature.
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Figure 4.13: Shifted P, value of single ASCs, generated as a master curve in In
space.
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Now the natural logarithm of the shift factors versus the inverse of tempera-
tures can be plotted, as shown in Figure 4.15. This plot is linear which indicates
that the dissolution process follows an Arrhenius like behaviour, i.e. Equations
4.3 and 4.4 [246].

E,
ar = Aexp <— R%) (4.3)

Eq
RT

Inar =InA —

(4.4)

where E, is the Arrhenius activation energy, R is the gas constant and T is
the temperature. The dissolution activation energy of the single silk threads in
[C2mim|[OAc| was therefore calculated at 138 & 13 kJ/mol.
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Figure 4.14: Master curve for P, value of single ASCs with respect to dissolution
time, at a reference temperature 40 °C.
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Figure 4.15: P, shift factors (Inay) as a function of inverse temperature, indicat-

ing Arrhenius behaviour.

65



4.3 Results and Discussion

4.3.3 Measurement of the Volume Fraction of the Coag-
ulated Silk Matrix (V},) in the Single ASCs

As the dissolution process breaks hydrogen bonds and disulfide bonds in the crys-
talline regions of the silk fibre, the preferentially oriented crystalline structure is
transformed into a randomly oriented coagulated fraction. This was seen from the
WAXD azimuthal scans, where the average P, value was seen to fall as the disso-
lution reaction progresses, suggesting the amount of ordered crystalline structure
being dissolved increases. The P, value of the two individual components, of
the composites, fibre and matrix, were measured to be 0.62 (P, raw fibre) from
the single unprocessed raw silk thread and 0.25 (P, matrix) from the coagulated
silk film. As illustrated in Figure 4.16, it is next proposed that the coagulated
matrix fraction (V,,) of each partially dissolved silk thread composite, can be
quantitatively determined from the measured average P, value, by assuming a
linear mixing rule as expressed in Equations 4.5 and 4.6. It is expected that
following V,,, T'TS analysis can lead to similar value of Ea as calculated from the

P, method, due to the mathematical relationship between these two parameters.

T 1=
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Volume fraction of matrix

Figure 4.16: A diagram demonstrates how to measure V,, values from the respec-
tive P, values through a linear mixing rule.
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Py = P{"°V; 4 Py, (4.5)

V} is the volume fraction of the fibre. Rearranging Equation 4.5 to make V,,,

P f ibre Pcomposzte

Vi =
fibre matric

(4.6)

Assuming V; +V,, = 1.

Therefore, the value of the dissolved and coagulated matrix fraction, V,, for
ASC obtained under various dissolution temperature as a function of dissolution
time can be calculated and this is shown in Figure 4.17. As expected, longer
dissolution times generated more of the randomly oriented matrix phase and
consequently lead to a reduction of the remaining silk fibre fraction and an as-
sociated large V,,,. These results agreed with the previous cross-sectional optical
microscope images (Figure 4.4), showing that the amount of the remaining silk
filaments reduced with the dissolution time, and the matrix amount correspond-

ingly increased.
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Figure 4.17: Single ASCs volume of matrix measured from difference in P, value,
n=3.
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As demonstrated above, the silk fibre dissolution process displays time tem-
perature superposition, so the V,, should likewise obey TTS. In Figure 4.18a, a
shifted master curve of the V,, values of the obtained ASCs was constructed by
using the same shifting method, as introduced above, again using 40 °C as the

reference temperature.

After all the data points from different temperatures were shifted, the com-
plete master curve in dissolution time was obtained, and is shown in Figure 4.18b.
This curve showed the change in the matrix fraction, V,,, of the silk composites
dissolving in [C2mim]|[OAc] with respect to dissolution time, at a reference tem-
perature 40 °C. In the first two hours, the [C2mim][OAc| dissolved up to 50 %
of fibre. However, in the second stage 2 to 4 hours only a further 20 % of silk
fibres were dissolved, which indicates that the dissolution rate has slowed down.
However, from the shifted master curve, the dissolution process still follows the

time-temperature superposition principle.
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Figure 4.18: Master curves of (a) Shifted V;,, value of ASC in In space, (b) V;,
value of single ASCs with respect to dissolution time, at a reference temperature
40 °C.

These shift factors, from the V,,, TTS shifting, can now be plotted as a function

of inverse temperature as before for the P, results. A straight line is again found to
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fit the data points, reflecting Arrhenius behaviour, as shown in Figure 4.19. From
these V, measurements, the dissolution of single silk threads in [C2mim|[OAc]
was calculated to have an activation energy of 139 4+ 15 kJ/mol. This is very
similar to the value obtained from the P, TTS analysis and is a confirmation
of the validity of our procedure, and indicates that P, and V,, parameters are

mathematically related to each other.
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Figure 4.19: V,, shift factors (In az) as a function of inverse temperature, indi-
cating Arrhenius behaviour.
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4.3.4 Mechanical Properties of Single ASCs

Figure 4.20 illustrates the stress-strain curve for a single ASC obtained at 30 °C
for 4 hours. It is acknowledged that the area underneath the stress-strain curve
represents the tensile toughness of the sample, which is defined as the energy
one sample can absorb before it breaks. Thus, it is interesting to measure the
tensile toughness of this representative sample, which gives a value of 21.9 J m ~3.
Other researchers have measured the tensile toughness of silk-epoxy composites
at room temperature (20 °C), and reported values of 8 J m 3 and 45 J m 3,
when incorporating 60 % volume fraction of B. mori and Antheraea pernyi silks,

respectively [247].

—Single ASC from IL at
350 - 30°C-4hr
] —Elastic region

0 2 4 6 8 10 12
Strain (%)

Figure 4.20: Stress-strain curve for single ASC obtained from IL system at 30 °C
for 4 hours.

Figure 4.21 shows the results of Young’s Modulus measurements carried out
on silk ASCs formed at a temperature of 30 °C for times up to 16 hours. It would

be expected, from a simple parallel rule of mixtures that the Young’s Modulus of
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each processed single ASCs would continuously decrease, due to the amount of
the reinforcing fibre reducing. However, as shown in Figure 4.21, the measured
modulus gradually increases at the early stages of the dissolution, reaching a

maximum at around 2 hours and then afterwards decreases.

As mentioned previously when discussing the optical micrographs of the raw
and partially dissolved threads in section 4.3.1, the specific thread structure re-
sulted in significant interior space in between each filament. At an early disso-
lution stage, it is suggested that the created matrix is not sufficient to fill up
all the gaps between filaments. The results of this would be that there is not
good stress transfer between all the filaments (insufficient matrix) resulting in a
lower measured modulus. Similar observations were reported by Soykeabkaew et.
al [55] in all cellulose composites. Furthermore, they observed that after 2 h of
immersion time, a sufficient amount of the outer layer of fibres was dissolved to
create a matrix phase to bond the remaining thread core. This could also explain
why the experimental Young’s Modulus value of a raw undissolved silk thread
was only 6.17 GPa, which was close to the value of those at early stages of the
dissolution (0.5, 1 h at 30 °C).
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Figure 4.21: Modulus values of single ASCs dissolved for different length of time,
at 30 °C, the dashed line is guide for the eye, and not a fit to the data, n = 3.
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Consequently, combined with previous silk thread microstructure results as
mentioned in section 4.3.1, the dissolution procedure of a single silk thread can
be proposed by the schematic diagram, shown in Figure 4.22. In the early stage,
[C2mim|[OAc]| can infiltrate in between each filament of raw silk thread (Figure
4.22a), transforming the dissolved fibres into the matrix to provide a close-packing
thread microstructure (Figure 4.22b), which is named the ‘preformed stage’. At
2 h (30 °C), all of the internal space is filled and the measured Young’s modulus
reaches a peak. Following this, more silk fibres are dissolved forming an outer ring
on the preformed thread core (Figure 4.22c). As more matrix is generated, the
thicker this ring becomes, eventually a completely dissolved film matrix would
be formed (Figure 4.22d). It is next proposed that to form a composite from
a single silk thread, then the optimum dissolved fraction (~20 %) would occur
at two hours at 30 °C. However, to make a composite with multiple threads,
more matrix phase would be required to combine all of the various threads into a
homogeneous composite (this is normally around 30-40 % for a typical composite

or in this case around 1 hour at 40 °C).

Preform stage Dissolution Dissolution Dissolution

: Silk fibre filament
: Filament surrounded by matrix
@ : Matrix
Figure 4.22: Schematic representation of a single silk thread dissolution proce-
dure; dissolution starts from (a) undissolved raw silk thread to (b) ASC with

close-packing microstructure, (¢) ASCs with different amounts of matrix, and (d)
completely dissolved film matrix.

The Young’s Modulus value of single ASCs obtained from various dissolution

temperatures are summarised in Figure 4.23, after removing the results before
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the preformed stage. It demonstrates a trend that the experimentally measured
Young’s Modulus continuously decreases and does so more rapidly at higher tem-

peratures.
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Figure 4.23: The Young’s Modulus for each processed single ASCs at various
dissolution times and temperatures, n = 3.

Now, it is possible to see if the variation of the modulus measurements also
obeys the time-temperature superposition principle. Figure 4.24a shows the re-
sults of using the same shifting procedure as described above, again using 40 °C
as the reference temperature. These results indicate that the modulus curves at
different temperatures were related to one another by certain shift factors (In ar).
Interestingly, in terms of composite production, the same modulus value could be
obtained by either increasing the dissolution temperature or increasing the dis-
solution time. After all of the individual data points were shifted, the complete
TTS curve of single ASCs Young’s Modulus values (in dissolution time) is shown

in Figure 4.24b, based on a 40 °C reference temperature.

These results mirror the shape of the matrix fraction master curve (Figure

4.18b) as this is the main controlling factor in determining the composite modulus.
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Figure 4.18b shows that the matrix fraction initially increases quickly with the
dissolution time, leading to the rapidly decreasing modulus shown in Figure 4.24b.
As the matrix dissolution rate slows (when all the interior spaces in the silk multi-

filaments are filled), then the fall in Young’s modulus also slows down as shown
in Figure 4.24b.
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Figure 4.24: Master curves of (a) Shifted Young’s Modulus value of ASC in
In space, (b) each processed single ASC as a function of dissolution time, at a

reference temperature 40 °C, the intercept of this curve gives single unprocessed
silk thread Young’s Modulus to be 12.74 GPa.

Figure 4.25 shows that relationship between the shifting factors and inverse
temperature is once again Arrhenius, being linear when the In shift factors are
plotted against 1/7". The dissolution activation energy from Figure 4.25 was
measured to be 116 + 12 kJ/mol. This is similar to the two values obtained from

the P, and V,, time-temperature shifting.
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Figure 4.25: Young’s Modulus shift factors (In ar) as a function of the respective
inverse temperatures, indicating Arrhenius behaviour.

Next, the ultimate tensile strength values of each obtained single ASC were
also determined from their corresponding stress-strain curves. Figure 4.26 shows
the strength values of single ASCs obtained from a range of times at 30 °C.
Interestingly, it is once again evident that the existence of the ‘preformed stage’
during early stage of dissolution. Similar to the observed phenomenon from
modulus values at 30 °C, recalling Figure 4.21, due to the loose structure of raw
silk thread core, there is not enough matrix being generated from early dissolution
hours to provide sufficient stress transfer between all the filaments, which results
in a relatively lower strength values. And once the gap between filaments is
filled by sufficient amount of matrix, here at 2 hours dissolution under 30 °C, a
close-packed thread core would be generated and create a strong bond between
fibre and matrix, consequently the resultant composite owes the greatest strength
value. Thereafter, the increased dissolution times result in a increased amount of
fibres being dissolved and transformed into matrix, thus a broadly reduction of

composite strength value is seen between 2 to 16 hours of dissolution time.
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Figure 4.26: Ultimate strength value of single ASCs dissolved for different length
of time, at 30 °C, the dashed line is guide for the eye, and not a fit to the data,
n=3.

Figure 4.27a shows the strength value of single ASCs obtained from a range
of times and temperatures, it should be noted that the data from ‘preformed
stage’ is removed because it relates to a different dissolution stage - before the
close-packed thread core structure is formed. It can be observed that ultimate
tensile strength values decrease approximately linearly with longer dissolution
time or higher dissolution temperature, which is consistent with the observed
changes of Young’s modulus values. Thus, same shifting method was applied
to shift strength values at various temperature sets towards a chosen reference
temperature set (again, 40 °C here), to achieve a best overlap with the greatest
R? value. The constructed master curve is given in Figure 4.27b. Then a com-
plete TTS curve of ultimate tensile strength for single ASCs at a 40 °C reference
temperature with respect to the linear dissolution time, is shown in Figure 4.27c.
It can be seen that the ultimate tensile strength decreases rapidly at early dis-
solution hours, and slow down afterwards. Noticeably, master curves of ultimate
tensile strength (Figure 4.27c¢) and Young’s modulus (Figure 4.24b) are almost

identical to each other, both showed a significant reduction of the values in the
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first 3 hours of dissolution at 40 °C. Figure 4.27d shows the shift factors obtained
from shifting each temperature set when plotted versus 1/7, which indicates a
linear relationship, from which an Arrhenius behaviour was once again found,
the activation energy was calculated from the gradient of the line, gave a value
of 139 + 19 kJ/mol. This value is similar to the F, determined in section 4.3.2
by following the orientation changes within each single ASC (138 £ 13 kJ/mol),
and close to the F, obtained earlier in this section through following the changes
of Young’s modulus values (116 £ 12 kJ/mol). This is an evidence that following
the ultimate tensile strength changes can also track the dissolution dynamics of
single silk threads in [C2mim]|[OAc].
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Figure 4.27: (a) Ultimate strength of single ASCs at various times and tempera-
tures, n = 3. (b) Master curve of ultimate strength in In space, after TTS shifting.
(c) Master curve of ultimate strength of single ASCs over linear dissolution time,
at a reference temperature of 40 °C. (d) Shifting factors versus 1/7', and found
to follow Arrhenius behaviour.
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Furthermore, the corresponding elongation at break values were also deter-
mined from the respective stress-strain curves, for single ASCs fabricated from
various times and temperatures, the results are shown in Figure 4.28a. It can
be seen that the strain values decrease with the increased time and temperature
and even more rapidly at higher temperatures which once again implies time-
temperature equivalence. Therefore, the introduced shifting method was again
applied, data from different temperature sets were firstly plotted in natural loga-
rithmic time, and next simultaneously shifted towards the chosen reference tem-
perature set (40 °C here). After shifting, the constructed master curve is given
in Figure 4.28b. The changes of strain over linear dissolution time is expressed as
a master curve in Figure 4.28c. Interestingly, as opposite to the changes of mod-
ulus and strength, the strain value initially decreases slowly with the dissolution
time (between 0-1 hour time at 40 °C), and drops more rapidly thereafter. It is
possible that at early dissolution hours, the created matrix plays as a bonding
role more crucially, and maintain a good stress transfer between fibre and ma-
trix. However, as the dissolution progresses, the proportion of the matrix rises
and directly results in a continuously decreased values of breaking strain for the
corresponding single ASC. Subsequently, Figure 4.28d shows the required shift
factors plotted against the respective inverse temperatures, and indicates a linear
relationship which further yields to a E, value of 118 + 10 kJ/mol. Interestingly,
this measured F, value is in agreement with the F, measured from the changes
of modulus values (116 £ 12 kJ/mol), which suggests that following the changes
of strain values is another way to determine the required dissolution activation

energy.

78



4.3 Results and Discussion

—_—
2

]
2

12 /12
2] R
_~c10 é Q "% @ =10 Q-E--p--_°
o 8 @ 3 8 Tt
a - 8 o ~
g 6 1 8 g 6 @
S A S 4] A
B 4 ©30°C % 4 ] osnited 30°C
g 5 m40°C 2 , ]maoc
o o o .
o ] A50°C m { A Shifted 50°C
0 — 0 T T
2 4 6 8 10 -1.5 -0.5 0.5
Dissolution time (h) Lntime + Ln a;
C
© (d) s
=0 1 &
% .‘Q,__f c \\
[}] 8 “"__ E 0 5 T \\
= @ ~ - -— Ay
0 Sel w 0 4 \.
® 6 S £ .
S R' 205 - .
5 ¢ & -1 ]
(=)} c N
5 2 =15
w
1 2 3 4 0.003 0.0031 0.0032  0.0033
Dissolution time (h) 1T (K1)

Figure 4.28: (a) Elongation at break values for single ASCs at various times and
temperatures, n = 3. (b) Master curve of elongation at break plotted in natural
logarithmic time, after T'TS shifting. (c) Master curve of elongation at break for
single ASCs over linear dissolution time, at a reference temperature of 40 °C. (d)
Shifting factors versus 1/7, and found to have an Arrhenius behaviour.
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Table 4.1 summarises the values of ultimate tensile strength with the corre-
sponding elongation at break values for the raw silk thread, coagulated silk fibroin
film, as well as each single ASC including the samples from the ‘preformed stage’.
It can be seen from this table that the single unprocessed raw silk thread owes
relatively high strength and strain value, which is in good agreement with re-
ported values (300-740 MPa) from other researchers [62, 127, 248-250]. However,
the fully dissolved and coagulated silk fibroin film displays a mediocre mechanical
behaviour compared to the raw silk thread, which also agrees with the reported
weak strength, strain, and brittleness for the regenerated silk film in dry state
(0.5-3 % breaking strain) [251-254]. As introduced in the literature review sec-
tion (2.5), the large content of -sheet is formed during the coagulation process
in methanol bath attributes to the less extensible characteristics of the film. This
once again reflects the changes in Figure 4.28¢, the continuous growth of brittle
matrix during the dissolution process directly contributes to the decreased break-
ing strain values for the single ASCs fabricated at longer dissolution times under
40 °C.
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Ultimate tensile strength (MPa) Elongation at break (%)

Raw single thread 471 £ 15 9.9 £ 0.7
30 °C - 0.5hr 365 £ 16 12 £ 0.3
30 °C - 1hr 393 £ 19 11 +£ 0.6
30 °C - 1.5hr 379 + 11 10 £ 0.4
30 °C - 1.83hr 407 £+ 10 11 £ 0.2
30 °C - 2hr 420 £ 3 9.5 +0.3
30 °C - 4hr 359 £+ 14 92+ 04
30 °C - 6hr 330 £ 7 9.7+ 0.3
30 °C - 8hr 257+ 7 8.3+ 0.2
30 °C - 16hr 199 + 7 6.2 £ 0.2
35 °C - 2hr 349 £ 7 6.7 £ 0.6
35 °C - 4hr 246 £ 18 6.5 £ 0.2
35 °C - 6hr 237 £ 19 8.0+ 0.3
35 °C - 8hr 239 + 44 74+ 0.6
40 °C - 0.5hr 331 + 14 9.3+ 0.8
40 °C - 1hr 243 £ 11 77 +04
40 °C - 2hr 200 £ 4 99+ 04
40 °C - 3hr 83 £ 7 5.6 £0.5
50 °C - 0.5hr 282 £ 19 9.6 +£ 1.0
50 °C - 1hr 91 £ 5 4.4 +0.3
50 °C - 2hr 24 2.5
CSF (Matrix) 10 £ 2 0.59 £+ 0.01

Table 4.1: The ultimate tensile strength and elongation at break values for sin-
gle ASCs fabricated from various times and temperatures under the ionic liquid
[C2mim|[OAc|, n = 3.

A comparison of the four measured dissolution activation energies for dissolv-
ing single silk threads in [C2mim|[OAc| can be found in Figure 4.29. It can be
seen that E, values derived from four different methods all present very similar
values, with an average value of 128 4 6 kJ/mol. This suggests a good validation

of our measurement methods.

81



4.3 Results and Discussion

220
% %-“ZOO E-P2 orientation = Modulus = Strength = Strain
c é 180 - 139+ 19
? 32 160 -
S :140 ] J 118 £ 10
QT 120 O T [
p ]
- = 100 -
©
2 g 80
S 2 60
o £ ]
@ = 40 1
aw 20
0

Different methods

Figure 4.29: A graph to summarise the dissolution activation energy measured
through four different methods as introduced in this chapter, horizontal dashed
line indicates the average value, which goes through all measurements within
their error bars.

4.3.5 Rule of Mixtures Theory Applied on the Mechanical

Parameters with the Corresponding V,,

The mechanical behaviour of the resulting composites, such as tensile proper-
ties, can be predicted utilising micromechanical models, including Halpin Tsai
and rule of mixture (ROM) models [255]. Modelling can reveal the structure-
property relationship within the composites, with little time and cost, comparing
to obtaining results from a range of experiments [256]. ROM models are more of-
ten utilised because it is relatively simple and yields acceptable prediction values
[257, 258].

After acquiring the Young’s Modulus values of each processed single ASCs,
it is of interest to see how these correlate with the matrix fraction V,, obtained
from the WAXD azimuthal scan, in particular to assess the applicability of the

well-known ROM in our fibre composites and to quantify the effect of reinforced
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fibre volume on the resulted mechanical behaviour.

Therefore, the Young’s Modulus master curve values of each ASCs (in Figure
4.24b) was plotted as a function of the corresponding V,, master curve values
from the azimuthal scan (in Figure 4.18b) and is shown in Figure 4.30. Based on
the parallel and series rules of mixture models [259], Voigt (parallel and upper
bound) [260, 261] and Reuss (series and lower bound) [262] predictions were used
to estimate the effective modulus in the composite. Plotting the ROM model
boundary curves requires the two limiting moduli values, i.e. the ordered silk
fibres from the raw single silk thread and the coagulated silk matrix from the
prepared film. Extrapolation of the modulus TTS curve (Figure 4.24b) gives the
preformed well-aligned silk thread modulus value as 12.7 £ 1.3 GPa (V}, = 0).
The three-point bending experiment measured on the coagulated silk film gave
a value of 1.6 £ 0.3 GPa (V;,, = 1). Refer to section 4.2.3 for details on film

fabrication, and section 3.5.2 for three-point bending test.
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Figure 4.30: Rule of mixture curve for single ASCs, Young’s Modulus plotted as
a function of corresponding V,,,, with Voigt and Reuss boundary lines to indicate
the rule of mixture theory.
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The Voigt model assumes that the strain of the fibre is equal to the strain of
matrix (parallel model), while the Reuss series proposes that the stress of fibre
was equal to the stress of matrix [263]. It could be observed that all the master
curves data points, as expected, lie between the two boundary curves. The results
are much closer to the Voigt rule of mixtures, up to a matrix fraction (V,,) of ~70
%, which is a normal location for most fibre reinforced composite materials. It is
important to noted that both ROM models were made based on the assumptions
that fibres and matrix act as perfectly linear elastic materials, homogeneous fibre
distribution within matrix, fibres perfectly aligned and spaced, perfect bonding
between fibre-matrix and matrix is void free [255, 264]. It is therefore expected
that discrepancies between experimental results and theory may occur due to
a number of reasons such as imperfections in the fibre-matrix interface, fibre

misalignment, and defects in both matrix and fibres [265-269].

In order to further understand the deviations between theory and experimen-
tally measured Young’s modulus values, the master curve of elongation at break
for single ASCs (e.) (Figure 4.28¢) is plotted with respect to the master curve of
Vi (Figure 4.18b). Figure 4.31 shows how the €. varies in accordance with the
Vin. It can be noticed that as the V,, rises, the €. is seen to decline. However,
initially, when V,,, is < 0.25, a slow reduction of strain values is seen, with the e,
values stay steadily > 9 %, and still close to the strain value of single raw silk
thread, 9.5 % (obtained through extrapolating backward to the point V,, is 0).
After this stage, a much quicker reduction rate is seen, with €, decreases from
9 % to 4.5 %, when V,, ranges from 0.25 to 0.6. It is evident that the €, varies
with the V,,, values, which suggests that the single silk composites are not strictly
following the iso-strain condition [263]. This may contribute to the reasons of
the existence of discrepancies between experimental and theory results, in Figure

4.30.
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Figure 4.31: Master curve of elongation at break of single ASCs plotted against
the master curve of V,,.

At the same time, it is worth mentioning that in our fabricated composites
system, the failure strain of the fibre (ef) is higher than the failure strain of
the matrix (e,,), see Table 4.1. Based on composites theory [9], as illustrated in
Figure 4.32, in the case of €; > ¢, (Figures 4.32 a and c), for the strain up to €,,
the composite stress is expressed by the simple rule of mixtures, as expressed in

Equation 4.7:

O composite — inbrevf + Jmatrixvm (47)

For the strain above ¢,,, matrix then starts to undergo microcracking, however,
it does not lead to composite failure. Instead, the composite will extend with
increase in the applied stress. As the matrix cracking continues, the additional
load is now transferred into the fibres. If the strain does not reach the €; during
this stage, the stress of the composite will rise due to the further extension,
subsequently the load is now carried completely by the fibres. Therefore, the

final failure of the composites will occur when the strain reaches €7, and at this
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point, the composite failure stress (Geomposite) 15 given by o4, Vy, oy, is fibre stress.

On the other hand, if the fibres break before the matrix has progressively
transferred all the load to them, then the strength of the composites can thus be

calculated using Equation 4.8:

O composite — Ufmuvf + Umuvm (48)

where oy, is the fibre stress at the onset of matrix cracking. The composite
failure stress is therefore depends on the volume fraction of fibre. The volume
fraction of fibre above which the fibres can sustain a fully transferred load is

obtained using Equation 4.9:

O'quf == O'fmqu -+ amuVm (49)

which leads to a determination of the onset volume fraction of fibre (f'), as

given in Equation 4.10:

f = O (4.10)

Ofu — 0 fmu + O
This theory is of particular importance when designing the composites with

preferable properties, because the properties change as a function of volume frac-

tion of fibre/matrix.
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Figure 4.32: Schematic plots of axial tensile failure for long-fibre composites. (a)
and (c) refer to a composite system where the fibre has a higher failure strain
than the matrix, and show the respectively stress-strain curves, as well as the
dependence of composite failure stress on V; (b) and (d) show the same plots for

the composite system where the matrix has the higher failure strain. Reproduced
(adapted) from ref [9], Cambridge University Press, (€)2012.

It is thus of final interest to evaluate the dependence of the composite failure
strength on the volume fraction of fibre. Consequently, the master curve of the
ultimate strength of single ASCs (Figure 4.27¢) is plotted as a function of the
master curve of fibre volume fraction, V; (1 - V;,,), as demonstrated in Figure
4.33. The ultimate strength of raw silk thread was obtained from extrapolating
the strength data sets at 30 °C (Figure 4.27a) backward to the point at which
the dissolution time is 0, gave a value of 471 + 15 MPa, and the strength of
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coagulated silk film was determined from the three-point bending experiment,
gave an average value of 10 & 2 MPa (recalling Table 4.1). As seen in Figure
4.33, for higher fibre volume fractions (0.3<V;<1), there is a gradual decrease in
the composite ultimate tensile strength from the raw silk thread strength value
(471 MPa) to ~ 100 MPa at V;=0.3. Additionally, at the range of 0<V;<0.3, a
further decline of the composite strength value with the decrease of fibre volume
fraction can be seen, and eventually when the V; reaches 0, the composite strength

is equal to the matrix strength (~ 10 MPa).

Such phenomenon agrees with the established theory of the dependence of
composite failure stress on Vy (Figure 4.32¢) [9], and indicates that there are two
possible failure regimes: for high fibre volume fraction, the load is carried by the
fibres just prior to the matrix cracking, thus the composite ultimate strength is
essentially the fibre strength (0composite = 04 V7); for low fibre volume fraction,
matrix failure results in composite failure, the composite reaches its ultimate
strength when the matrix fails at its cracking strength (as given in Equation 4.8).
It can be therefore concluded that the fibre strength is dominant in determining
the axial strength of the composite, and the composite strength increases with
fibre volume fraction. It has been reported that mechanical properties of com-
posites improve with certain increases in Vy [270][271]. There is strong evidence
that the proper selection of a sufficient amount of fibre volume fraction plays a

key role for strengthening the composites.
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Figure 4.33: Rule of mixture curve for single ASCs ultimate strength as a function
of the corresponding V.

4.4 Summary

This chapter has studied the dissolution dynamics of single silk threads in the
ionic liquid 1-ethyl-3-methylimidazolium acetate ([C2mim|[OAc]), as well as the
structure and properties of the resulting composites. Partial dissolution method
has been utilised to prepare single all silk composites. [C2mim][OAc| was cho-
sen as the solvent and methanol as the coagulant. The dissolution process was
carried out under various times and temperatures allowing a range of the par-
tially dissolved silk thread composites to be fabricated. A number of experimental
techniques were performed to conduct the analysis including: Optical microscope,
scanning electron microscope, wide-angle X-ray diffraction and mechanical test-

ing.
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By using the optical microscope, it was found that one single ASC is com-
posed of original undissolved silk filaments surrounded by a coagulated silk ma-
trix phase. The tensile Young’s Modulus of each silk composite filament was
measured, and it was found that under 30 °C, the modulus value initially in-
creased linearly to a peak 11.6 £ 0.4 GPa at time 2h, and then declined linearly
thereafter with time (recalling Figure 4.21). In accordance with the results from
optical microscope and Young’s Modulus testing, a ‘preformed stage’ was identi-
fied, in which the [C2mim|[OAc] can infiltrate in between each silk filament, and
transform the dissolved fibres into matrix to provide a tightly packed thread core

microstructure.

From a WAXD azimuthal scan, a substantial change was observed in the
intensity distribution curves of raw silk thread and the randomly oriented coag-
ulated silk matrix, as shown in Figure 4.9b. For the single ASCs, it was found
that the average value of P, is directly related to the fraction of the original silk
fibres and the fraction of the coagulated matrix (randomly oriented structure).
The average crystalline orientation of the obtained single ASC was therefore mea-
sured by analyzing the azimuthal scan diffraction curves and calculating the 2nd
legendre polynomial function (P, value). Importantly, the construction of the
master curve of the measured P, values vs time required only the application of
a horizontal shift upon reference data set, which results in a single smooth curve
across all temperature sets. The shift factors (In ar) were found to follow Arrhe-
nius behaviour with a calculated activation energy of 138 & 13 kJ/mol. Using a
simple rule of mixtures (Equations 4.5 and 4.6), the dissolved silk matrix volume
fraction (V},,) was determined from the calculated average P, values. It was found
that these results can also be shifted to a single master curve with a very similar

activation energy of 139 £ 15 kJ/mol.

The mechanical properties of single ASCs obtained from various times and
temperatures were also determined, including the ultimate tensile strength, elon-
gation at break and Young’s modulus. It was found that the same shifting method

can be applied to construct the master curves of Young’s modulus (Figure 4.24a),
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ultimate strength (Figure 4.27b), and elongation at break (Figure 4.28b). Inter-
estingly, all three master curves imply time-temperature equivalence, and the cor-
responding shift factors against the respect inverse temperatures all reveal linear
relationships, thus indicate Arrhenius-type behaviour. The corresponding activa-
tion energies were calculated, have values of 116 4+ 12 kJ/mol, 139 + 19 kJ/mol,
and 118 + 10 kJ/mol, from shifting Young’s modulus values, ultimate strength
values, and elongation at break values, respectively. The dissolution activation
energies measured from the four different methods were found to agree with each
other within the errors, giving an average value of 128 4+ 6 kJ/mol (recalling Fig-
ure 4.29). In addition, the plot of Young’s Modulus master curve results of each
silk composite filament vs the silk matrix volume fraction master curve results
was observed to lie between Voigt and Reuss boundary curves, although much
closer to the upper Voigt bound (Figure 4.30). Moreover, the master curve of
elongation at break was plotted with respect to the corresponding V,, master
curve (Figure 4.31), and found that the fabricated single ASCs not strictly follow
the iso-strain conditions, where €. # €5 # €,. Lastly, it was found that in
our fabricated single ASCs system, the fibre has higher failure strain than the
matrix, recalling Table 4.1. The dependence of V; on the corresponding ultimate
strength value was subsequently evaluated (Figure 4.33), and it revealed that the
measured tensile strength behaviour obeys the well-established axial tensile fail-
ure theory for the system where fibre has higher failure strain (Figures 4.32a and
c¢) [9]. It was further evident that the fibre strength is dominant in determining
the ultimate strength of the resulting composites, and suggested that the proper
selection of a sufficient amount of fibre volume fraction is crucial for strengthening

the composites.
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Chapter 5

Addition of Reducing Agent
Sodium Sulfite(NasSO3) to the IL

to Prepare Single ASCs

5.1 Introduction

In Chapter 4, the dissolution dynamics of single silk threads in pure IL was inves-
tigated, the structural, crystalline orientational and mechanical properties of the
resultant single ASCs along with the corresponding dissolution activation energies
were explored and determined. Recalling section 2.4, it has been acknowledged
that ILs as a type of solvent to dissolve silk fibroin owes to their ability to dis-
rupt and break the large amounts of intra- and inter-molecular hydrogen bonds
[144, 150]. However, as covered in section 2.3.1, B. mori silk fibroin contains H-
and L- chains which are covalently linked through a disulfide bond. Interestingly,
Yamaguchi, et al. and Tanaka et al. [8, 223] further investigated that there are
also intramolecular disulfide linkage in the cysteine residues, recalling section 2.7,
Figure 2.10.

As mentioned in section 2.7, the cleavage of disulfide bonds can occur through
reduction, with the addition of reducing agents (RA) [272-274], and the extent of
reaction can be controlled by temperature, pH and the addition of urea [272, 275].

Various types of reducing agents that are capable of extracting keratin from wool
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fibres have been introduced previously in section 2.7, one reducing agent has
drawn attention. In 1957, Swan, J.M [213] reported that using NaySOj; with
cupric ammonium hydroxide and urea can dissolve 75 % of wool overnight at
room temperature. More recently, Ji et al. [214] has reported that NasSO3 can
act as an accelerant mixing with ionic liquids to extract keratin from feather,
and suggested that it was necessary to add Na,SO3 to yield a higher content of
keratin from feather. Shavandi et al. [276] also reported that using NaySOj to
conduct the extraction yields a relatively high content of protein, and the reaction
is cheaper, less toxic and easier to control compared to other RA, i.e. S-ME. The
reported important role of NaySO3 as an accelerant when using ionic liquids to
extract keratin from feather inspired the question that this Chapter is aimed to
address: will the addition of a reducing agent, NaySOs, as part of the solvent

affect the dissolution activation energy and speed of single silk threads?

The chemical structure of the chosen reducing agent, sodium sulfite (NagSO3),
is shown in Figure 5.1. NaySOs is an odorless white, granular or powdered solid
and soluble in water. In the past, it was commonly used as bleaching agent in the
pulp and paper industry. Nowadays, it is primarily used as an antioxidant (e.g.,
in the photographic industry to keep developer solutions from oxidizing) and food
preservative to prevent dried fruit from discolouring. It is generally recognised as
safe when using as a chemical preservative, and no environmental standards or

regulations are found for sodium sulfite [277-279].

O

NaO’S‘ONa

Figure 5.1: The chemical structure of NaySO3 used as reducing agent in this
Chapter.

In this Chapter, Na,SO3 will be mixed with the ionic liquid [C2mim][OAc],

93



5.2 Materials and Methods

termed as ‘IL/RA system’, and will be used as the solvent to conduct the dissolu-
tion of single silk threads under various times and temperatures and thus fabricate
single ASCs. The IL/RA solvent will also be utilised to prepare silk fibroin solu-
tion and cast a silk film. The resultant single ASCs and silk film fabricated from
the IL/RA system will be characterised through WAXD and mechanical tests,
as described in the previous chapter. In combination with previous results when
using pure IL as the solvent (Chapter 4), the effects of RA on the dissolution will
be explored, including the dissolution activation energies, the dissolution rates

and the influences on the mechanical performance of the resultant single ASCs
and silk film.

5.2 Materials and Methods

5.2.1 Materials

Individual degummed single B. mori silk threads were initially introduced in
section 3.2, and are used as the fibre source again in this Chapter. Sodium
sulfite (NaySO3) was purchased from Sigma-Aldrich with a molecular weight of
126.04 g/mol and chosen as the reducing agent in this project. The orientation of
nanocrystallites within the partially dissolved single ASCs were then characterised
using the WAXD, the detailed operational conditions are identical to those as
outlined in section 3.4.3. The mechanical properties were determined using the

method as discussed in section 3.5.

5.2.2 Fabrication of Single ASCs using the IL/RA solvent

system

NaySO3 was mixed into [C2mim|[OAc] at a temperature of 50 °C using a hotplate
with a magnetic stirrer for 5 hours, yielding a 5 wt% NaySO3 in [C2mim][OAc].
The obtained IL with 5 wt% NaySO3 was then applied to partially dissolve the
single silk threads at various times and temperatures in the vacuum oven, follow-

ing the same dissolution procedure as introduced in section 4.2.2.
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5.2.3 Fabrication of SF Solution and CSF using the IL/RA

solvent system

In order to study how the addition of RA influences the coagulated silk film
properties, the degummed B. mori silk thread was chopped and dissolved in the
prepared solvent ([C2mim]|[OAc] mixed with 5 wt% NaySO3), on a hotplate for
24 hours at 85 °C, while being stirred by a magnetic bead at a speed of 80 rpm.
The prepared silk fibroin solution composed of 10 wt% silk fibroin, 5 wt% NaySO3
and 85 wt% [C2mim|[OAc|. Next, the prepared SF solution was transferred to
the petri dish and followed with the same film casting procedure as described

previously in section 4.2.3.

The fabricated film displays a light amber colour with the thickness measured
to be ~38 nm, and was considered as representative of the matrix phase for the
single ASCs prepared from IL/RA solvent. Following the protocols introduced in
section 3.4, the crystalline structure, orientation of the film was then characterised
using the WAXD 260 and azimuthal scans, respectively. The mechanical perfor-

mance was investigated using the three-point bending test (see section 3.5.2).

5.3 Results and Discussion

5.3.1 The Measurement of the Average Crystalline Ori-

entation and the Volume of Fraction

In Chapter 4 section 4.3.2, it has already been demonstrated that WAXD az-
imuthal scan can be used to track the average crystalline orientation within the
obtained single ASCs, and the changes can be quantified through measuring the
second legendre polynomial (P,) values. Here, the single ASCs fabricated from
the IL/RA system at various times and temperatures were characterised using
WAXD azimuthal scans. The numerical integration of the corresponding distri-

bution curves were once again conducted using the Equations 3.1, and 3.2, listed
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in Chapter 3.4.3, in order to determine the respective P, values. The resulting
P, values were plotted as a function of both time and temperature, as shown in
Figure 5.2a. Similar to what was observed previously for the changes of P, values
from the pure IL system (Figure 4.11), as the dissolution time and temperature
were increased, a corresponding broadly linear decrease was observed in the P,
values. Therefore, it may imply again that the dissolution of single silk threads in
the IL/RA system also obeys the time-temperature superposition principle. Con-
sequently, the same shifting method was again utilised, each temperature set was
expressed in natural logarithmic time (Figure 5.2b), and shifted simultaneously
to a chosen reference temperature set (40 °C), in order to construct a master
curve. The change of P, was then plotted in linear dissolution time (Figure 5.2c),
and the required shift factors were plotted against their respective dissolution
temperatures (Figure 5.2d), as with the previous results, a linear relation was
found indicating Arrhenius behaviour and leads to the calculation of the activa-
tion energy, giving a value of 121 £5 kJ/mol. The detailed instruction of the
shifting procedure can be found in Chapter 4, section 4.3.2.
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Figure 5.2: (a) P» values of single ASCs fabricated in IL/RA at various times and
temperatures, n = 3. (b) After applying same shifting method to P, values, a
best overlap master curve is obtained. (c) P, values over linear dissolution time.
(d) Shift factors obtained from shifting P, values versus 1/7', a linear relationship
was found.

As extensively analysed and discussed prior in section 4.3.3, the amount of
the dissolved and coagulated matrix fraction, V,,, displays a linear relationship
with the measured corresponding P, values, as given in Figure 4.16 and expressed
in Equations 4.5, 4.6. Therefore, the discovered relationship is now again utilised
in order to calculate the V,, within the obtained single silk composites fabricated
from the IL/RA system, and the results are given in Figure 5.3a. The increased
time or temperature promotes an increase in the volume fraction of matrix. Next,
following the same master curve construction procedure as described earlier for

the P, results, the obtained V,,, values from various temperature sets are displayed
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in one master curve (Figure 5.3b), which once again implies that the dissolution
obeys time-temperature superimposed. Subsequently, the change of V,,, over lin-
ear dissolution time is plotted in Figure 5.3c and it is interesting to observe that
the V;, values increase relatively fast at early dissolution time (0-1.5 hours) and
the rate slows down thereafter. This may again be the indicative of the ‘pre-
formed stage’, which was observed when single silk threads dissolved in pure IL
system, recalling section 4.3.4, Figures 4.21, 4.22, 4.26. Moreover, the shift fac-
tors versus the corresponding inverse temperatures is plotted in Figure 5.3d, once

again demonstrating a linear relationship and thus, an Arrhenius-like behaviour.
The dissolution activation energy was calculated from the gradient of the V,,

Arrhenius plot (Figure 5.3d) and found to have a value of 121 + 5 kJ/mol, which
is identical to the E, calculated by following the P, changes (Figure 5.2d).
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Figure 5.3: (a) Volume fraction of matrix values of single ASCs fabricated in
IL/RA, n = 3. (b) Shifting different temperature sets of V,,, values towards the
reference temperature set (40 °C here), generated as a master curve in In space.
(¢) V,n changes over a linear dissolution time. (d) Shift factors obtained from
constructing V,, master curve, plotted versus 1/7.
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5.3.2 Mechanical Properties

The mechanical properties of the single ASCs dissolved in IL/RA are determined
by tensile tests. The stress-strain curve for one representative single ASC (ob-
tained from 40 °C - 1 hour) prepared from IL/RA system is shown in Figure 5.4.
Figures 5.5a and 5.6a show how the modulus and strength vary as a function of
time for different temperatures, respectively. It is interesting to see that both
parameters display an initially increase to a maximum value at the early dissolu-
tion temperature (35 °C), and decrease with time thereafter. This trend is a clear
indication of the ‘preformed stage’, as observed when single silk threads dissolved
in pure IL system (recalling Figures 4.21, 4.22, 4.26), that the specific structure of
the raw silk multifilament thread results in large gaps between each silk filament
and there is a certain dissolution time needed to allow each filament dissolved
and coagulated to form a close-packed thread core and conduct a sufficient stress
transfer, detailed explanation can been found from the previous discussion, in
Chapter 4, section 4.3.4.

350

1-—Single ASC from IL/RA
300 1 at40°C-1hr

250: Elastic region

Stress (MPa)

0 - rrrrgrrrrrrrrr4r|rrroe1r T
0 2 4 6 8 10 12
Strain (%)

Figure 5.4: Stress-strain curve for single ASC obtained from IL/RA system at 40
°C for 1 hour.

Subsequently, applying the time-temperature superposition shifting method
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to the determined modulus and strength can provide an additional quantitative
measure of the dissolution activation energies, and thus to compare with the F,
values measured from P, and V,, measurements, as described above. Therefore,
the same shifting method is once again applied, to both the modulus and strength
values. The data corresponding to the ‘preformed stage’ was removed from the
data set in order to generate a master curve only for the continuous dissolution
after the matrix gel layer has formed. The complete master curves for modulus
and strength are given in Figures 5.5b and 5.6b, respectively, whilst Figures 5.5¢
and 5.6¢ indicate the changes of modulus and strength with respect to a linear
dissolution time. The Young’s modulus, similar to the strength values, decreases
with the increased dissolution time. The shift factors required to generate the
master curves of Young’s modulus and strength, are plotted as a function of their
respective dissolution temperatures, as shown in Figures 5.5d and 5.6d, respec-
tively. The clear linear relation can be found from the graphs, which suggests
that the dissolution follows the Arrhenius behaviour, and thus leads to the mea-

surement of dissolution activation energies.
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Figure 5.5: (a) Young’s modulus values for each obtained single ASC fabricated
in IL/RA, n = 2. (b) Shifted master curve of Young’s modulus values. (c) The
master curve of Young’s modulus for single ASCs fabricated in IL/RA under
a reference temperature at 40 °C. (d) The shift factors obtained from shifting
Young’s modulus master curve versus 1/7.
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Figure 5.6: (a) Ultimate strength values for each obtained single ASC fabricated
in IL/RA, n = 2. (b) Shifted master curve of ultimate strength values. (c) The
master curve of ultimate strength for single ASCs fabricated in IL/RA under
a reference temperature at 40 °C. (d) The shift factors obtained from shifting
ultimate strength master curve versus 1/7".

Additionally, the strain at failure values of single ASCs fabricated from IL/RA
were also calculated from the respective stress-strain curves, and presented in
Figure 5.7a, with respect to a range of dissolution times and temperatures. As
the dissolution appeared to follow time-temperature superposition principle, the
simultaneous effect of time and temperature on the breaking strain when using
reducing agent is expressed as a master curve and seen in Figure 5.7b, alongside
with the changes of breaking strain over linear dissolution time (Figure 5.7¢) and
the resulting Arrhenius plot (Figure 5.7d). Similar to the previously observed
changes of breaking strain for single ASCs fabricated from pure IL system (Figure

4.28c), the failure strain of fibre is much higher than that of matrix (as expressed
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in Table 4.1), which leads to the immediate reduction of the composite breaking
strain values from the start of the dissolution. The previous plot of breaking strain

value versus the respective V,,, demonstrated in Figure 4.31 further evidence this

observation.
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Figure 5.7: (a) Strain values for each obtained single ASC fabricated from IL/RA,
n = 2. (b) Shifted master curve of strain values. (c) The master curve of strain
for single ASC fabricated in IL/RA under a reference temperature at 40 °C. (d)
The shift factors obtained from shifting strain master curve versus 1/7T.
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The dissolution activation energies measured from the modulus, strength and
strain were found to be 114 + 11 kJ/mol, 116 £ 1 kJ/mol and 129 + 12 kJ/mol,
respectively. All of the calculated energies are within the errors of the F, values
determined previously from the P, and V,, methods, and lead to an average value
of 120 £ 3 kJ/mol. Figure 5.8 further highlights the consistency of the measured

activation energies from 4 different methods.
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Figure 5.8: A graph to summarise the dissolution activation energies of single
silk threads dissolved in IL/RA system, measured through four different meth-
ods, horizontal dashed line indicates the average value, which goes through all
measurements within their error bars.
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5.3.3 Effects of Reducing Agent on the Dissolution

Firstly, Table 5.1 shows the comparison of the calculated dissolution activation
energies between two solvent systems, determined from four different methods.
It is clear that adding RA to IL appears to require a slightly lower average F, for
the dissolution to occur. Nevertheless, the measured average E, for two solvent
systems are close to each other, though a marginally lower E, was found for
IL/RA system (120 £ 3 kJ/mol) comparing to pure IL system (128 & 6 kJ/mol).

Method E, for pure IL (kJ/mol) E, for IL/RA (kJ/mol)
Py 138 + 13 121+5
Young’s modulus 116 £ 12 114 £ 11
Ultimate strength 139 £19 116 £1
Breaking strain 118 £ 10 129 £ 12
Average 128 £6 120£3

Table 5.1: The dissolution activation energies for single silk threads dissolved in
the pure IL and IL/RA systems, measured through four different methods.
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As covered in section 5.1, the reducing agent is able to alter the secondary and
tertiary structures of proteins through introducing the intramolecular interactions
and intermolecular interactions between the polypeptides [280]. More specifically,
NaySOj3 as a reducing agent can inhibit free thiol groups and break down disulfide
bonds, as expressed in Equation 5.1 [281, 282]. It is well documented that in this
redox reaction, sulfite transforms the disulfide bridges into two sulfonate groups,

and the reaction is reversible in the presence of an oxidising agent [213, 283].

R—S—S—R+S05 = RS +RS—-S0; (5.1)

It is expected that with the addition of NaySOs3, there is a chance to pro-
mote the cleavage of the inter- and intramolecular disulfide bonds present in the
silk fibroin, as shown in Figure 2.10. Importantly, the literature has reported
that the covalent disulfide bridges have a highest bond strength of the various
interactions, with a bond strength of 230 kJ/mol, compared to the strength of
electrostatic interactions (21 kJ/mol) and hydrogen bonds (15 kJ/mol) [284, 285].
Consequently, the observed slightly lower F, from the IL./RA system with respect
to the pure IL system (Table 5.1), may be due to the presence of NaySOj3 takes
part in the breakage of inter- and intramolecular disulfide bonds, hence lowers

the total energy barrier to be overcome for the occurrence of dissolution reaction.

Next, the effects of the reducing agent on the dissolution rates of single silk
threads processed from pure IL and the IL/RA systems are compared. The idea
here is to plot the constructed master curves expressed in logarithmic time, for
pure IL and IL/RA systems together in one graph. The amounts of the master
curves from the IL/RA system required to be horizontally shifted, to make the
best overlap with the pure IL system master curve, yields a direct measure of the
relative dissolution rates. Subsequently, this analysis method was first utilised to
evaluate the effects on the P, and V,, values, the respective master curves from
pure IL and IL/RA systems (P-Figures 4.13 and 5.2b, V,,-Figures 4.18b and
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Figure 5.9: Master curves of pure IL and IL/RA systems, obtained from (a) the
measurement of P,, (b) the measurement of V,,,. Data sets from both systems are
shifted to a reference temperature of 40 °C. Polynomial fitting curves are guide

to eye.

5.3b) were individually presented in the same graph, as given in Figures 5.9 a

and b.
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Interestingly, with no shifting needed, the master curves of P, and V,, from
two systems display the same trend and being naturally overlapped, which implies

that there is no change on the dissolution rates when adding the reducing agent.

It has been suggested from the P, and V,, values that the dissolution rates
remain unchanged after adding RA, however it is still worth to investigate the
influences of RA on the mechanical performance. Accordingly, the master curves
of Young’s modulus, strength and strain at linear dissolution time derived from
pure IL system (Figures 4.24c, 4.27¢c, 4.28¢c) were individually plotted in the same
graph along with that from IL/RA system (Figures 5.5¢, 5.6¢, 5.7¢). The resulting
curves are shown in Figures 5.10 a,b,c. It is observed that all three parameters
from IL/RA system consistently display greater values than that from pure IL
system because of vertically shifting is needed to make pure IL master curve to
overlap with IL/RA master curve. Therefore, it is suggested that when adding
RA as part of the solvent, the resultant single ASCs demonstrate a improved

mechanical performance with respect to that from pure IL system.
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It is therefore worth to discover the possible reasons that might contribute
to the observed enhanced mechanical performance. As suggested by the well
documented rule of mixture theory [9], the overall composite stress is contributed
by the stress of two phases, 0 fipre and ez, as expressed in Equation 4.7.
Moreover, it is expected that for single ASCs fabricated from two solvent systems,
o ribre Values are identical because it represents the stress of raw silk thread (0 hour
of dissolution). However, due to the silk films were cast from two solvent systems
(recalling sections 4.2.3 and 5.2.3), it is possible that two films, and hence the
two composite matrix phases have different properties, including different o,, 447z
values, thus leading to the difference in the o omposite Values, as seen in Figure
5.10a.

Consequently, the properties of the two silk films (matrix phases) cast from
pure IL and IL/RA systems are compared, of which the WAXD 26 scan diffraction
curves are shown in Figure 5.11 and the mechanical properties are listed in Table
5.2. It is noted that the two diffraction curves in Figure 5.11 were normalised to
give the same total area under the curves. Almost identical spectra are observed,

which suggests that the crystalline structure of the films remain unchanged.

- Pure IL
N N, IL with RA
5 5
8 "
>
= .
e Ve
o o ‘
E i Al \:t
T T T T T ?‘ S
5 15 25 35
26(°)

Figure 5.11: WAXD 26 scan diffraction curves of silk fibroin films cast from pure
IL and IL/RA systems.
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Furthermore, the tensile stress-strain curves of silk fibroin films cast using two
different solvent systems are given in Figure 5.12, along with the corresponding
tensile properties presented in Table 5.2. It can be observed that the average
Young’s modulus values for two films remains unchanged, whilst greater strength
and elongation values are observed for the film cast from the IL/RA system.
Hence, as mentioned earlier (ROM theory [9]), it is expected that the increased in
both the breaking strength and breaking strain values of the films (matrix phase)
directly contribute to the rise in the overall composite mechanical performance,
as seen in Figures 5.10b and c. However, the underlying reasons for the observed
increased Young’s modulus for the composites (Figure 5.10a) are currently not
known. However, it is acknowledged in the literature that the ultimate strength
of composite largely depends on the bonding strength [286, 287]. The observed
increased strength of the single ASCs from IL/RA, is indicative of the possibility
for the enhanced bonding strength within the composite, which warrants further

studies.
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Figure 5.12: Stress-strain curves of silk fibroin films cast from pure IL and IL/RA
systems.
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Strength(MPa) Elongation(%) Young’s modulus(GPa)

Film from pure IL 10 £2 0.60 £0.01 1.6 £0.3
Film from IL with RA 15.0 £0.3 1.0 £0.1 1.6 £0.2

Table 5.2: The mechanical properties of films cast from pure IL and IL/RA
systems, n = 2.

Lastly, it has been discovered in the last Chapter that the plot of Young’s
modulus as a function of the corresponding V,, along with two ROM boundary
lines can be employed to study the difference between experimental and theo-
retical mechanical performance, in particular the effectiveness of the fibre-matrix
interfacial bonding. Therefore, ROM curve for single ASCs obtained using pure
IL and IL/RA systems is plotted to investigate the influence of reducing agent
on the interfacial bonding, as presented in Figure 5.13. It is observed that the
master curve of IL/RA system exhibits a closer fit to the theoretical Voigt se-
ries, implying a better stress transfer within the single ASCs fabricated from the
IL/RA system. Schmid et al. [288] reported that the cleavage of disulfide bonds
with reducing agent introduces a more flexible peptide chain structure, of which
the peptide chains are easier to glide along each other, thus the cast film became
more elastic. Moreover, Asloun et al. [289] has suggested that elastomeric ma-
trix provides a far better stress transfer than a thermosetting or a thermoplastic
matrix, and the increase in the mobility of the polymer matrix chains attributes
to a better stress transfer. Therefore, the observed enhanced stress transfer from
IL/RA system (Figure 5.13) is considerably contributed by the observed increase
in the strength and elongation of the corresponding silk film. In combination
with the observed overall mechanical properties of the composites (Figure 5.10)
and SF film properties (Table 5.2), it can be concluded that the addition of RA
improves the overall mechanical performance of the composites and matrix phase
(silk film), whilst providing an enhanced stress transfer between fibre and matrix,
thus a better bonding. However, this may raise further questions, such as can
the effects of RA on the bond strength be quantified through conducting fibre
pull-out tests or peel tests on two layers woven all silk composites. Such questions

warrant the future in-depth investigation.

113



5.4 Summary

3 IL with RA
@Pure IL
—Voigt Series
—Reuss series

{ T [ TN NN T IS TN I TN [ T S —

e G|
o N B OO OO N MO

Young's modulus of single
ASCs (GPa)

0.2 0.4 0.6 0.8 1
V., from azimuthal scan

o

Figure 5.13: Rule of mixture plot for the single ASCs fabricated from pure IL
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5.4 Summary

In this Chapter, the dissolution behaviour of single silk threads by using the
mixture of the ionic liquid [C2mim][OAc| and reducing agent NasSO3 as solvent,
methanol as coagulant was explored. The properties of the resultant single ASCs
were studied through a combination of the average crystalline orientation, volume

fraction of matrix and mechanical performance measurements.

Comparing with the results from single silk threads dissolved in pure IL sol-
vent system (section 4.3), here similar observations have been found, the average
orientation of nanocrystallites within the obtained single ASCs, expressed as P,
values, decrease as a function of both dissolution time and temperature. The
proposed linear mixing rule was once again employed to correlate the P, values
with the respective V,,, values, of which V,, values were seen to increase linearly
with time and temperature, and higher temperatures cause a more rapid rise.

In addition, the measured strength, modulus and strain values display similar

114



5.4 Summary

trends. Interestingly, both modulus and strength values undergo the same trend
where they initially increase to the maximum value and drop thereafter. As ob-
served and explained previously for single silk threads dissolved in pure IL system,
likewise, this phenomenon would expect to associate with the ‘preformed stage’

happened during the early dissolution times.

The time and temperature equivalence on the determined parameters, P, V,,,
Young’s modulus, strength and elongation were verified by shifting the individual
set of data in natural logarithmic time and generating the master curves. From
which, it was evident that the dissolution also follows time-temperature superpo-
sition principle even when using the IL/RA as the solvent. Subsequently, the shift
factors used to construct each master curve were separately plotted with respect
to their inverse temperatures, linear relationships were clearly found, which leads
to the indication of Arrhenius behaviour. Thus, the activation energies were cal-
culated from 4 different methods, of which it was found that the four activation
energies agreed with each other within the error of the measurements, giving to
an average value of 120 £+ 3 kJ/mol (Figure 5.8).

Next, the effects of the addition of Nay;SO3 as part of the solvent on the dis-
solution of single silk threads were investigated. Firstly, adding RA as part of
the solvent appeared to require a marginally lower F, than pure IL system (Ta-
ble 5.1). This may be due to NaySO3 being able to break down the inter- and
intramolecular disulfide bonds in silk fibroin, of which has a high bond strength
(230 kJ/mol). Thus it may lower the energy barrier to be overcome in order to
trigger the dissolution. Then, to compare the dissolution rates from two solvent
systems, master curves in logarithmic time of four different measured parameters
in this Chapter were individually plotted together with those master curves from
the pure IL system. The relative dissolution rates were thus regarded as the
amount needed to be horizontally shifted to make the two master curves have
the best overlap. Interestingly, master curves of the measured P, and V,, from
two solvent systems were naturally overlapped without any shifting needed (Fig-
ure 5.9). Therefore, it suggests that there is no change in the dissolution rates

after adding RA as part of solvent. Meanwhile, the master curves of the tensile
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properties imply that single ASCs fabricated from the IL/RA system have better
mechanical performance than that from pure IL system (Figure 5.10). Addition-
ally, the silk fibroin film cast from IL/RA system was measured to have higher
strength and elongation at failure values than that from pure IL system (Table
5.2), which further validates the observed increased mechanical performance for
the single ASCs (in alliance with the rule of mixture theory). Lastly, ROM curve
(Figure 5.13) was employed to explore the effect of RA on the interfacial bonding
for the resultant single ASCs. From which, it was found that data from IL/RA
system displays a closer fit to the Voigt series which suggests there is improved
stress transfer between fibre and matrix. This finding is considerably contributed
by the observed increase in strength and elongation of the silk film (matrix phase),
thus it introduces a better interfacial adhesion. Based on these observations, it
is concluded that the single ASCs fabricated from the IL/RA system exhibit a
increased overall mechanical performance, higher strength and more ductile silk
film as well as a better stress transfer between fibre and matrix. This study hope-
fully provides a basis for the research focused on silk based composites materials,
especially the need for the improvement on the ductility of coagulated silk film

and the overall mechanical properties.
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Chapter 6

The Properties of Array All-Silk
Composites Fabricated in the
Ionic Liquid
1-Ethyl-3-Methylimidazolium
Acetate

6.1 Introduction

The dissolution dynamics of single silk threads using pure IL has been intensively
investigated in Chapter 4. The dissolution behaviour has been quantified by the
calculation of the activation energy using the time-temperature superposition
principle, and the mechanical performance of all silk composites reinforced by

single silk threads has been investigated.

Here in this Chapter, the study has been extended to understand the disso-
lution behaviour of silk fibres in a different arrangement, termed as ‘array silk
threads’, where multiple single silk threads will be closely aligned in parallel in or-
der to provide an increased effective fibre diameter. There has been considerable
research into the influences of fibre length and diameter [290-292], fibre packing
arrangement [293-296] and also the fibre shape and distribution [297-299] on the
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overall composites’” mechanical responses. Similar to the studies carried out on
the single silk threads, the dissolution of array silk threads will be carried out
with excess amount of pure [C2mim][OAc] under a series of time and temperature
followed by coagulating in methanol. All silk composites reinforced by array silk
threads (array ASCs) will therefore be fabricated.

As covered above, it is likely that the change of fibre geometry would result
in a different constitutive structure for the growth orientation of matrix phase
during coagulation. Hence, the effects of fibre arrangement on the dissolution
behaviour, and the properties of the resulting array ASCs will be established.
The two main questions to be investigated in this Chapter are: (i) Does the fibre
arrangement change the speed of the dissolution of silk fibres? (ii) Does the fibre
arrangement affect the dissolution activation energy? The studies carried on the
arrays of silk threads aims to build a bridge of understanding the dissolution
dynamics between two silk fibre architectures - single silk threads as reported
previously in Chapter 4 and the woven silk fabrics, which will be explored in
Chapter 7.

6.2 Experiments and Methodology

6.2.1 Materials

Materials including fibre source, solvent and the coagulant were previously in-
troduced in section 3.2. The fabrication procedure for preparing array all silk

composites will be introduced in section 6.2.2 below.

6.2.2 Fabrication of Array All Silk Composites (ASCs)

Figure 6.1 schematically presents the detailed fabrication procedure for preparing

array ASCs. Similar to the procedure as described in section 4.2.2, here 20 single
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silk threads were aligned together in parallel and closely wound around the same
Teflon frame. Upon fixing the array silk threads to the frame, the frame was then
submerged in the Teflon dish filled with preheated [C2mim]|[OAc], yielding a 0.3
% w/v (silk thread to IL). Then the array silk threads were partially dissolved
at different lengths of time at 30, 35, 40, 50 °C, following the same dissolution,

coagulation and drying procedures as introduced in section 4.2.2.

Vacuum oven —["Various time Move partially o
. ’ dissolved array silk(————]  Drying in 100°C:1h
Teflon dish temperature
™~ threads to vacuum oven

[C2mim][OAG] bath—| coagulation bath
Teflon frame/w I m

Array silk threads Methanol
bath

(a) (b) (c)

Figure 6.1: A schematic diagram to show the array all silk composite fabrication
process, starting from (a) dissolution, then (b) coagulation, (c¢) then finally drying
In vacuum oven.

6.3 Results and Discussion

Following the procedure outlined in section 6.2.2, the orientation of nanocrystal-
lites within the prepared array ASCs were characterised using WAXD azimuthal
scans, following the operational conditions as described in section 3.4.3. The par-
tially dissolved and coagulated array silk threads were thus quantified by following
the changes in the orientation factor, P, values. In addition, the tensile properties
of each array ASC were tested using the method as introduced in section 3.5, and

the findings are discussed below.
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6.3.1 Characterisation of the Average Crystal Orientation
within Array ASCs

In order to determine the orientation changes of nanocrystallites within the array
ASCs fabricated under various times and temperatures. The second legendre
polynomial function (Equations 3.1 and 3.2) was again applied to quantify the
experimentally measured intensity distribution of the diffraction on the Debye
ring. Figure 6.2a shows the corresponding calculated average P, values for each
obtained array ASC. It is worth mentioning here, that the average P, value should
be equal to 0.25 for a random 2D isotropic distribution, and equal to 1 for a perfect
alignment. Figure 6.2a indicates P, values undergo a similar trend as previously
observed when dissolving single silk threads, where the P, values reduce linearly
with dissolution time and temperature, and the same P, value can be achieved at
longer dissolution time or higher dissolution temperature. This trend is similar
to the observed changes of P, for single ASCs. Thus, it would be of interest to
apply the time-temperature superposition principle to combine the relationship
between dissolution time and temperature into one master curve. Here, the same
shifting method (as introduced in section 4.3.2) is utilised to superimpose various
temperature sets toward the reference set (chosen at a temperature of 40 °C). A
master curve for P, values with In time shifted to 40 °C is illustrated in Figure
6.2b. Different values of shift factors (Inay) were obtained from shifting different
temperature data sets. Next, the change of P, values over linear dissolution
time for the array silk threads dissolved in [C2mim]|[OAc| can be seen in Figure
6.2c. It can be observed that under 40 °C, the reduction of the orientation of
nanocrystallites happens fast initially (0-3 hours of dissolution), and slows down

afterwards.

As shown in Figure 6.2d, the shift factors (Inar) are plotted with respect to
the inverse of the processing temperature. Despite small differences between the
shift factors obtained from the 30 °C and 35 °C data sets, a linear relationship
can be seen and the dissolution energy of array silk threads in [C2mim|[OAc]| was
thus calculated, to have a value of 121 + 20 kJ/mol.
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Figure 6.2: (a) P, values of array ASCs obtained from various times and tem-
peratures, n = 3. (b) After applying same shifting method to P, values, master
curve in In space is obtained. (c¢) P, values versus linear dissolution time, at a
reference temperature of 40 °C. (d) its shift factors plotted versus 1/7.

6.3.2 Measurement of the Volume fraction of matrix (1/,)

within array ASCs

As explored in previous Chapters, the coagulated matrix fraction is mathemat-
ically related to the P value, recalling Figure 4.16. It was evident that the
dissolution continuously changes the preferred aligned crystal orientation (raw
silk fibre) and turns into a randomly distributed orientation (coagulated film).

Therefore, by following a simple rule of mixtures (Equations 4.5 and 4.6), and the
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experimentally measured P, values for the raw silk thread (0.62, previously calcu-
lated in section 4.3.3) and coagulated film (0.25, determined from WAXD scan on
film); the V,, of array ASCs fabricated from various times and temperatures can
thus be calculated. As seen in Figure 6.3a, the V,, values increase linearly with
time and do so more rapidly at higher temperatures. Next, by following the same
shifting method as described in section 4.3.2, the master curve for the variation
of the V,, of the array ASCs with In time shifted to 40 °C was constructed, as
shown in Figure 6.3b. As seen in Figure 6.3c¢, which shows the increase of V,,
with linear time, V,, values initially increased rapidly and started to slow down
from 3 hours dissolution at 40 °C. This behaviour is once again indicative of the
proposed ‘preformed stage’, which was also observed when dissolving single silk
threads using either pure IL or IL/RA as the solvent. It is interesting to note
that master curves of P, (Figure 6.2) and V,,, (Figure 6.3c) are almost mirror-like

images, as expected.

Finally, the determined shift factors (In ar) were plotted against the respective
inverse temperatures, as seen from Figure 6.3d. A linear relationship was clearly
found, again confirming that the dissolution follows Arrhenius behaviour and the
activation energy was thus calculated from the gradient of the line, with a value
of 121 £ 20 kJ/mol. This E, value determined by following the changes of V,, is
identical to the one calculated using P, method, which arises because these two

parameters are mathematically related to one another.
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Figure 6.3: (a) V}, values for array ASCs obtained from various times and tem-
peratures, n = 3; (b) its master curve in In space; (c) its master curve at linear
dissolution time, at a reference temperature of 40 °C; (d) its Arrhenius plot.

6.3.3 Mechanical Properties of Array ASCs

Tensile tests were performed to measure the tensile properties of the array ASCs
obtained from various dissolution times and temperatures. Figure 6.4 shows
the stress-strain curve for one array ASC obtained at 35 °C for 2 hours. The
experimentally measured Young’s modulus, breaking strength and elongation at
break values are shown in Figures 6.5a, 6.6a and 6.7a, respectively. It would be
expected that under same processed temperature, longer dissolution time would

result in a decrease in the mechanical performance because of the reduction in
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the total amount of the reinforcing fibres. In fact, this can be seen from the
50 °C data sets, where the Young’s modulus, strength and elongation at break
values continuously decreased with increasing dissolution time. Conversely, all
three determined tensile properties from 35 °C and 40 °C data sets consistently
demonstrate an initial increase to a maximum value at early dissolution times and
decrease thereafter. This once again implies the ‘preformed stage’, as previously
seen from P, and V,,, measurements. Due to the specific structure of raw single silk
thread, there are large gaps between each filament that would allow [C2mim][OAc]
to penetrate through during early dissolution times. When sufficient amount
of silk fibres are dissolved by [C2mim|[OAc| and transformed into matrix, the
spaces will then be filled up and form a close-packed thread core, thus restricting
the solvent to dissolve only from the outer layer of silk filaments. The results

here suggest that this phenomenon also happens when arrays of silk threads are
dissolved by [C2mim][OAc].

350

300 - —Array ASC at 35°C-2hr
,a\ 250 | Elastic region
o ‘ -
= 200 - _—
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B 150 - 7/
o
& 100 - /
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0 2 4 6 8 10 12 14
Strain (%)

Figure 6.4: Stress-strain curve for array ASC obtained from IL system at 35 °C
for 2 hours.

It is of interest to see if the variation of the Young’s modulus, breaking strength

and elongation at break values for the array ASCs also obey time-temperature
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superposition principle. In order to construct the best master curve, the data
points before the preformed stage were removed. Figure 6.5b demonstrates the
shifted master curve of Young’s modulus values for array ASCs after applying
the same shifting method, again using 40 °C as reference temperature. The con-
struction of master curve indicates the modulus values obtained from different
temperatures are related to one another by certain shift factors. Next, by con-
verting the x-axis into linear dissolution time, it can be seen, from Figure 6.5c,
the Young’s modulus values decrease rapidly, at first 3 hours of dissolution, and
slows down at longer dissolution time. This is similar to the changes of P, values
for array ASCs, as mentioned above (Figure 6.2¢). This is not surprising since
the orientation of nanocrystallites is one of the factors controlling the Young’s
modulus values of the obtained array ASCs. Figure 6.5d shows the plot of the
determined shift factors against 1/7', is again found to be linear, following Ar-
rhenius behaviour. Thus, the dissolution activation energy was calculated from
the gradient of the curve, has a value of 135 + 15 kJ/mol.
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Figure 6.5: (a) Young’s modulus values for array ASCs obtained from various
times and temperatures, n = 3; (b) its master curve in In space; (c) its master
curve at linear dissolution time, at a reference temperature of 40 °C; (d) its
Arrhenius plot.

It has been discovered in Chapter 4 that the changes of ultimate strength
and elongation at break values of the single ASCs fabricated using pure IL also
demonstrated time-temperature equivalence, and thus yield another two meth-
ods to determine F, in order to compare with the F, values previously calculated
using other methods. Accordingly, the same approaches are employed, upon re-
moving the data from ‘preformed stage’, each temperature set was simultaneously
shifted towards the reference temperature set (40 °C) by certain shift factors (In
ar) and master curves of breaking strength and elongation at break values were
constructed, as seen in Figures 6.6b and 6.7b, respectively. The changes of break-

ing strength and elongation at break values versus dissolution time are expressed
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6.3 Results and Discussion

in Figures 6.6c and 6.7c. Interestingly, the relatively fast decrease of strength val-
ues at first 3 hours of dissolution is similar to what observed from the changes of
modulus values (Figure 6.5¢). Additionally, linear relationships were found from
the resultant Arrhenius plots (Figures 6.6d and 6.7d), and lead to the calculation
of the activation energies of array silk threads dissolved in [C2mim|[OAc| from
the respective gradients of the curves, have values of 140 + 19 kJ/mol (strength

measurements) and 97 &+ 22 kJ/mol (elongation at break measurements).
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6.3.4 Comparison between Single and Array ASCs

After exploring the single (Chapter 4) and array (earlier in this Chapter) silk
threads dissolution behaviour in the ionic liquid [C2mim|[OAc], it is of interest
to compare the dissolution rates and activation energies between these two silk
threads in different geometry. To compare the dissolution rates between single
and array silk threads, the changes of V,,, over linear dissolution time for single and
array ASCs (Figures 4.18b and 6.3¢) are plotted in one graph, with both shifted
to the same chosen reference temperature (40 °C), as illustrated in Figure 6.8.
It is clearly evident that the dissolution of single silk threads in [C2mim][OAc]
happens faster compared to array silk threads, under the same dissolution time,
greater value of V,,, is achieved for single silk threads. The increase in the weight
percentage of fibres can cause a increased viscosity of the IL solution, and further
result in a slower dissolution rate. Similar observation has been reported by Liang
et al. [228], they studied the different arrangement of cotton thread dissolved
in [C2mim|[OAc|, and found that the dissolution rate was affected by the fibre
arrangement, the rate from fast to low was ranked as single fibres ~ arrays >
bundles. Suntharavathanan et al. [300] suggested that the viscosity of polymer
solution can be increased due to the increased weight percentage of the solute.
Another possible reason may be the array threads are closely packed together,
thus the relative contact area where the undissolved fibres exposing to IL is
smaller compared to a single silk thread. This assumption has been documented
by Jiao et al. [301], they discovered that the surface area of the solute exposed
to the dissolution medium can affect the kinetic solubility, and a reduced surface
area exposed to the dissolution medium can cause a longer time needed to reach

equilibrium.

Interestingly, a plateau stage is revealed for array threads at longer dissolution
time, between 6 to 9 hours. This phenomenon where the V,, increase rate starts to
flatten, may be associated with the specific microstructure of silk thread, recalling
Figure 4.22. The schematic plot of the single silk threads dissolution procedure
indicates that at longer dissolution hours, the surface of silk thread core was

found to be surrounded by silk/IL gel, which acts like a protective layer and thus
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hinders the dissolution rate. It is therefore expected that, within array silk thread
system, at 6 hours dissolution time under 40 °C, the outer surface of array silk
threads is entirely surrounded by this gel layer, which makes the IL more difficult
to contact the remaining silk fibres and further decreases the dissolution rate.
Nevertheless, since the dissolution follows the time-temperature superposition,
when the silk threads immersed in IL for sufficient amount of time, eventually all

the arrays of silk threads will be completely dissolved.
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Figure 6.8: Comparison of the volume fraction of matrix as a function of
dissolution time, between single and array silk threads in the ionic liquid of
[C2mim|[OAc|, under the same reference temperature at 40 °C.
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Furthermore, the activation energies of single silk threads and array silk
threads dissolved in [C2mim|[OAc]| calculated using different experimental meth-
ods are summarised in Table 6.1. Noticeably, the activation energies measured
using different methods are mostly consistent with each other for the same geom-
etry silk fibre. The average value of E, was determined, gives a value of 128 + 6
kJ /mol for single ASCs, and 123 + 10 kJ/mol for array ASCs, respectively. This
suggests that the different geometry of silk fibres exhibit a similar activation en-
ergy when dissolved in [C2mim|[OAc|, within the errors of these measurements.
The two questions proposed for this Chapter, see section 6.1, can therefore be
answered - (i) The fibre arrangement does affect the speed of dissolution (Figure
6.8), (ii) however does not affect the dissolution activation energy (Table 6.1).
Overall, the measurements of E, conducted through four different methods for
single and array ASCs as listed in Table 6.1, were combined and calculated to

have an average value of 126 + 4 kJ/mol.

Method E, for single ASCs (kJ/mol) E, for array ASCs (kJ/mol)
P, 138 £13 121 £ 20
Young’s modulus 116 £ 12 135 £ 15
Ultimate strength 139+ 19 140 + 19
Elongation at break 118 £ 10 97 £ 22
Average 128 +6 123 £ 10

Table 6.1: Comparison of activation energies of single and array silk threads
dissolved in pure IL, measured through four different methods.

6.4 Summary

This Chapter has studied the dissolution dynamics of array silk threads (20
threads aligned closely in parallel), in the ionic liquid 1-ethyl-3-methylimidazolium
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acetate ([C2mim]|[OAc]), as well as the structure and properties of the resulting
composites. Partial dissolution method has been utilised to prepare array all silk
composites. [C2mim|[OAc] was chosen as the solvent and methanol as the coag-
ulant. The dissolution process was carried out under various times and temper-
atures allowing a range of the array ASCs to be created. Different experimental
techniques were performed to conduct the analysis, including wide-angle X-ray

diffraction and mechanical testing.

Through performing WAXD azimuthal scans on array ASCs fabricated from
a series of times and temperatures, it was found that the measurement of second
legendre polynomial (P,) can also be used to follow the dissolution of array silk
threads, and hence to quantify the changes in the orientation of nanocrystallites
within the obtained array ASCs. The P, value of each array ASC was noticed
to decrease linearly with time and more rapidly at higher temperatures, as given
in Figure 6.2a. By following the simple rule of mixtures, the dissolved and co-
agulated fraction of matrix (V;,) was thus calculated (Figure 6.3a). The time
and temperature equivalence on the resulting P and V,, values were individually
verified by shifting various temperature data sets in natural logarithmic time and
construct master curves of P, and V,,, values (Figures 6.2b and 6.3b). In addition,
the master curves of P, (Figure 6.2c) and V,, (Figure 6.3c) expressed in linear
dissolution time are almost mirror-like images, with one decreasing and one in-
creasing rapidly at the early dissolution stage and both slow down afterwards,
indicating the ‘preformed stage’. The shift factors needed to construct the master
curves were next plotted against the respective inverse temperatures, and found
to have linear relations thus revealing Arrhenius-like behaviour. The resulting
activation energies were calculated from the gradients of the curves (Figures 6.2d
and 6.3d), and both point to the same values, 121 £+ 20 kJ/mol.

The tensile properties of the obtained array ASCs were also determined, in-
cluding Young’s modulus, breaking strength and elongation at break. It was
interesting to see all three parameters (Figures 6.5a, 6.6a and 6.7a) from early
dissolution hours at 35 °C and 40 °C temperature sets undergo increase to a max-

imum value and drop thereafter, revealing the ‘preformed stage’. This indicates
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that the specific loose raw silk thread microstructure also affects the dissolution of
array silk threads similarly. After removing the data from the ‘preformed stage’,
the Young’s modulus, breaking strength and elongation at break data were in-
dividually explored to be time-temperature superimposed, which further induces
three methods to determine the E,. The activation energies were individually
calculated from the gradients of the corresponding Arrhenius plots, and found to
have similar values, 135 4+ 15 kJ/mol (Young’s modulus measurements), 140 + 19
kJ/mol (breaking strength measurements), and 97 + 22 kJ/mol (elongation at
break measurements) respectively. It was evident that the E, determined from
four different methods agree with each other within the errors of the measure-

ments, and led to an average activation energy value of 123 + 10 kJ/mol.

In comparison with the measured E, for single silk threads (as explored in
Chapter 4), it is therefore suggested that the average required energies to allow the
dissolution of single (128 £+ 6 kJ/mol) and array (123 4+ 10 kJ/mol) silk threads
to occur are approximately the same (recalling Table 6.1). Although Figure 6.8
implies a slower dissolution speed when preparing array ASCs comparing to that
for single ASCs, the increased fibres weight and the reduced surface area exposed
to the IL may contribute to the reasons. Thus, the two proposed questions
correlating to the dissolution of silk fibres in [C2mim|[OAc] have been addressed,
the fibre arrangement is (i) independent to the dissolution activation energy; (ii)
however affect the dissolution speed. These findings may be helpful in the future
design and fabricate silk fibres reinforced composites, or all silk composites with

different fibre geometry requirements.
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Chapter 7

Dissolution Dynamics of Woven
All-Silk Composites Fabricated in
the Ionic Liquid
1-Ethyl-3-Methylimidazolium
Acetate

7.1 Introduction

Woven silk fabrics used as reinforcement in combination with a polymer matrix
have been widely discussed in many studies. Shubhra, Q.T.H et al. have fab-
ricated silk fibre reinforced polypropylene matrix composites; limited strength
values were obtained likely due to lack of fibre-matrix adhesion [302]. Silk fibres
reinforced with different polymer matrices Co-PP (copolypropylene), PP-g-MA
(polypropylene grafted with maleic anhydride), PBS (polybutylene succinate),
PBSa (polybutyl succinate/adipate) were compared; high toughness composites
can be obtained by reinforcing ductile silk fibres with thermoplastic matrices
which have high failure strain [303]. However, only a very few studies have so far
been conducted on the all-polymer composites area, where silk fibre is both the
reinforcement and the matrix phase. As covered in sections 2.2.1 and 2.3.2, Yuan

et al. [2] have prepared all silk composites using the two-step method, silk fibres
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were embedded in the silk fibroin matrix through solution casting; good strength

properties were obtained.

In this Chapter, a one-step dissolution method will be applied to fabricate
woven all silk composites, using [C2mim|[OAc| as the solvent, and methanol as
the coagulant. The partial dissolution of woven silk fabric will be carried out
at a range of times and temperatures, with the remaining fibres serving as the
reinforcement phase, while the dissolved and coagulated silk served as the matrix

phase. The resultant woven ASCs will be characterised using different techniques.

By analysing azimuthal WAXD scan results of woven ASCs dissolved at vari-
ous times and temperatures, it was discovered that the dissolution can be tracked
through following the orientation changes of nanocrystallites within each obtained
woven ASC. A time-temperature shifting method was applied to the determined
P, values. Hence, it was discovered the dissolution has an Arrhenius-type be-
haviour, allowing the corresponding dissolution activation energy (E,) to be cal-
culated. By using a linear mixing rule, the volume fraction of dissolved and
coagulated matrix (V;,,) can be thus calculated. In addition, the Young’s mod-
ulus values of the resultant woven ASCs were measured. It was found that the
V,» and modulus values also followed the same shifting method. Master curves
can be formed using the time-temperature superposition (TTS) principle, and
subsequently an activation energy was calculated. The applicability of the rule
of mixtures was examined. In combination with our previous study on single
and array silk threads dissolution, the V,, master curves of single silk threads,
array silk threads and woven silk fabrics were compared in one graph, and the

dissolution activation energies and the dissolution rates were compared.

7.2 Experiments and Methodology

7.2.1 DMaterials and Methods

Degummed B. mori silk thread was hand woven into a silk fabric by following

a plain weave process. The solvent and coagulant used to fabricate woven ASCs
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are identical to those outlined in section 3.2. The detailed fabrication process will
be introduced below, and the characterisation technique including optical micro-
scope, WAXD and tensile testings are identical to those introduced in sections

3.3.1, 3.4.1, 3.4.3, 3.5.

7.2.2 Fabrication of Single Layer Woven All Silk Compos-
ites (ASCs)

Woven silk fabrics were cut into multiple 5 cm x 2 c¢m strips, ready for preparing
single layer woven ASCs. Next, a poly(tetrafluoroethylene) (Teflon) dish was
filled with excess [C2mim|[OAc], followed by being put into vacuum oven for 1
hour to allow the IL to be preheated to a chosen temperature. Then the cut
woven strips were fully immersed in the preheated IL bath inside the vacuum

oven, for the designed length of time, at temperatures of 40, 50 or 60 °C.

After the dissolution finished, the partially dissolved silk strips were imme-
diately transferred from the IL bath into the methanol bath, to start the coag-
ulation. The used [C2mim|[OAc| was collected to be recycled. Next, the woven
ASCs were soaked in the methanol bath for 1 day followed by washing in water
for 1 day with changing the medium twice, to remove any contained IL. Finally,
the woven ASCs were dried in hot press for 1 hour at 100 °C with contact pressure

approximately at 0.15 MPa.

The procedure for cast silk fibroin film is identical to the one outlined in

section 4.2.3.

7.2.3 Fabrication of Two Layers Woven All Silk Compos-
ites (ASCs)

Woven silk fabrics were cut into 5 cm x 5 cm sheets and subsequently weighed.

The required weight of the solvent was calculated by following the solvent to silk

mass ratio of 2:1. Next, the solvent was applied to the first layer of woven silk

fabric using a brush, after which a thin layer of foil at the size of 2 cm x 5 cm
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was placed at the edge in order to create an unbonded region to conduct the peel
test. Then the second layer of woven silk fabric was added with the remaining
solvent applied. The two-layered stack was transferred into hot press, under 2
MPa at 60 °C for 1 hour. Upon dissolution, the partially dissolved woven silk
fabrics were transferred into the methanol bath to start the coagulation. Same
coagulation and drying processes were followed, as described in section 7.2.2. The
two layers of woven ASCs were then obtained, ready to conduct the peel tests by
following the procedure as outlined in section 3.5.3. It is noted that two different
solvent systems were individually used, pure IL and IL/RA, in order to examine

the effects of reducing agent on the peel strength.

7.3 Results and Discussion

7.3.1 Microstructure of Woven ASCs

The plain woven silk fabric is composed of individual threads in two directions,
which are named ‘warp’ and ‘weft’ in weaving. The surface of the unprocessed
raw woven silk fabric is presented in Figures 7.1a and b. It can be seen that
weft multifilament bundles are closely packed, the distance between each weft
bundle is smaller than that of the warp bundle. Optical microscopy analysis
for the unprocessed raw and partially dissolved (40 °C - 5 h) woven silk ASCs in
cross-sectional direction were performed and the results are shown in Figures 7.1c
and d, and Figure 7.2, respectively. Figures 7.1c and d indicate that the warp
threads are straight in the longitudinal direction (Figure 7.1b), whereas the weft
threads pass over and under the warp threads, which is the common plain-weave
structure [304]. It is also observable that under the same magnification, there are
more silk threads in weft direction than warp, and the ratio of the thread count

is measured to be ~ 1.5 : 1 (weft : warp).

Figures 7.2 a and d reveal that the overall cross-sectional size of the remain-
ing lenticular shape of the thread core from the partially dissolved woven ASC
processed at 40 °C - 5 h was decreased compared to the raw woven fabric (Figure
7.1c and d), as well as the width of the bundle that is parallel to the plane. It is
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(b)

(d)

Figure 7.1: The surface of unprocessed woven silk fabric. (a) Visual aspect. (b) A
optical microscope image at transmission mode, observed at 50 x magnification.
Optical microscopy cross-sectional images of unprocessed raw woven silk fabrics,
at (c) warp threads perpendicular to plane, (d) weft threads perpendicular to
plane, both observed at 50 x magnification.

expected that as the dissolution progresses, the dissolved fibres are turning into
matrix, so the proportion of matrix phase is increased, which can be seen more
clearly in higher magnification images (Figures 7.2 b,c,e and f). Especially in Fig-
ures 7.2 ¢ and f, a layer of the matrix phase is formed, which appears as a lighter
colour and surrounds the outer surface of the weft and warp direction thread core.
Interestingly, thicker layer of matrix can be seen along warp direction thread core.
Through using the software Image J, the thickness of the matrix layer was mea-
sured. It was found that under the same dissolution condition, the ratio of the

matrix thickness along the thread core between weft and warp threads is close to
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~ 1: 2 (weft : warp). One of the reasons could be the distance between each
warp bundles are significant larger than that of weft bundles, thus more space is

left for matrix to be generated.

Figure 7.2: Microscope cross-sectional images of partially dissolved silk woven
ASCs at 40 °C - 5 h, in two different directions, warp bundles perpendicular to the
plane (a)(b)(c); weft bundles perpendicular to the plane (d)(e)(f). Magnification:
(a)(d) 50 x; (b)(e) 100x ; (c)(f) 200 x.
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7.3.2 Relationship of WAXD azimuthal diffraction curves

on woven fabrics from weft and warp directions

Figure 7.1 shows that the hand woven silk fabric contains threads along weft
and warp directions which are perpendicular to each other. It was observed from
the cross-sectional images of one woven ASC that the different thickness of matrix
layer is generated along weft and warp directions. Therefore, prior to the deter-
mination of the average nanocrystalline orientation within the woven ASCs, it is
important to understand the relationship between WAXD azimuthal diffraction
curves obtained from weft and warp thread directions, and to determine whether
the average orientation of the crystalline fraction depends on the direction of the

woven sample that is being held.

To start the investigation, a 2D diffraction pattern of the raw woven silk fabric
was first obtained using X-ray, by following the procedure outlined in Chapter 3,
section 3.4.1. It is noted that the diffraction intensities on 2D diffraction pattern

were collected when weft threads were held vertically.

Figure 7.3 presents the resulting 2D diffraction pattern, it is observed that
there are two sets of symmetric diffraction arcs, along equator and meridian di-
rections, correlating to weft and warp threads, respectively. Stronger intensity
arcs can be seen along the equator direction, which implies that weft threads con-

tain more highly aligned crystallines and result in a greater diffraction intensity.
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Figure 7.3: X-ray 2D diffraction pattern of raw woven silk fabric, when weft
threads are held vertically.

In theory, the reflections along equatorial direction are symmetric, likewise
along meridian direction. Thus, a schematic illustrating how the 2D diffraction
pattern changes depending on how the orientation of the fabric is held, is given in
Figure 7.4. The obtained 2D diffraction pattern shown in Figure 7.3 is illustrated
schematically in Figure 7.4a, obtained by following the experimental setup as
shown in Figure 7.4b. Rotating woven fabrics by 90° can allow warp threads to
be located vertically, and the consequently 2D pattern would look like Figure
7.4c.
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() -90°

00

90°

Figure 7.4: Schematic representations for the XRD 2D patterns of unprocessed
raw woven silk fabric in accordance with the orientation of the fabric is held,
(a)(b) when weft threads are vertical, (¢)(d) when warp threads are vertical.

Upon following the detailed X-ray procedure as outlined in section 3.4.3,
WAXD azimuthal scans were first conducted on the raw woven silk fabric, from
alpha angle at -90° to 90°, in order to examine the unprocessed woven silk struc-
ture. Figures 7.5a and b show the resultant azimuthal diffraction curves when
weft and warp threads were aligned vertically, respectively. It can be seen that

the diffraction intensity peak height from weft direction scan at o = 0° (Figure
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7.5a) is almost two times higher than warp direction (Figure 7.5b), which is in
good agreement with the obtained 2D diffraction pattern (Figure 7.3), stronger

intensity arcs are observed along the equator.
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Figure 7.5: WAXD azimuthal scan on raw woven silk fabric, when (a) weft threads
were aligned vertically, (b) warp threads were aligned vertically.

144



7.3 Results and Discussion

In addition, the diffraction curves on the raw woven silk fabric at two direc-
tions imply that 0° to 90° intensity when weft threads were aligned vertically
(Figure 7.5a) shows similar values and trends as -90° to 0° intensity when warp
threads were aligned vertically (Figure 7.5b) and vice versa, for the other half
region. Therefore, here our hypothesis is that diffraction curves from the two
directions can be overlapped after shifting alpha intensities of one direction hor-
izontally. Here, Figure 7.6 demonstrates the details of the shifting procedure
carried on raw woven silk fabric sample, alpha intensities from -180° to -90° were
shifted across x-axis by 180°, which exhibits overlap, for both weft and warp
direction curves. Figure 7.7 further evidences that the two direction curves can
be shifted and overlapped for woven ASCs fabricated from different times and

temperatures.
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Figure 7.6: Demonstration of the results after shifting one direction alpha inten-
sities across x-axis to overlap with the other direction alpha intensities.
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Figure 7.7: Diffraction curves from two directions scans overlapped with each
other after shifting alpha intensities across x-axis, (a) 40 °C - 1 hr, (b) 50 °C - 2

hr, (¢) 60 °C - 1.5 hr.
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This phenomenon that diffraction curves obtained from two directions can be
overlapped is indicative of the mathematical relationship between the curves and
suggests that weft and warp direction curves can be mathematically transformed

to one another. Equations 7.1 and 7.2 further evidence this finding.

f_ﬂ//22 I(a) cos?(a + 0)da
(cos*(a+0)) = = 5 (7.1)
f—://z I(a)da

= sin?0(1 — 2(cos® a)) + (cos® a) (7.2)

if { cos® a ) represents the average cosine squared value of the azimuthal angle
when weft threads were held vertically, then (cos?(a + 6)) implies its value when
warp threads were held vertically (=90°). And 6 indicates the angle of how
much the sample is rotated. The weft and warp threads are perpendicular to

each other, therefore #/=90° in this case. Subsequently,

(cos*(a+0)) = 1 — (cos® a) (7.3)

thus,
(cos®(a+ 0)) + {cos® a) = 1 (7.4)

Equation 7.4 implies that when rotating the sample by 90°, the sum of the
obtained ( cos? a ) from two directions is equal to 1. Next, this relationship
can then be applied to the second legendre polynomial function (Equations 3.1
and 3.2), to examine any relationships between the corresponding P, values.
Interestingly, it is further discovered that the sum of two directions P, values is

equal to 0.5, as expressed in Equation 7.5;

1
Py Py = (7.5

After discovering the two thread direction azimuthal diffraction curves can

be overlapped and the two corresponding P, values are linearly related, it can
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be therefore assumed that the dissolution behaviour of woven silk fabrics investi-
gated through following the changes of crystalline average orientation (P, values)
within the woven ASCs can be conducted along either weft or warp directions.
Regardless of the direction that woven ASC is being held, the same information
with respect to the dissolution behaviour should be revealed. Hence, the studies
on the dissolution behaviour of woven silk fabrics in [C2mim][OAc]| described in
the following sections, will be carried out from one of the thread direction, here

the warp thread direction is chosen.

7.3.3 Characterisation of the Crystalline Average Orien-
tation within Woven ASCs by Calculating P» Values

The woven ASCs were characterised by WAXD azimuthal scans prior and subse-
quent to dissolution. It is expected that upon dissolution, the crystalline struc-
ture/orientation of the resultant woven ASCs, particularly for the coagulated SF
film, will be different to the unprocessed raw woven silk fabric. Figure 7.8 rep-
resents WAXD azimuthal diffraction curves collected when warp threads were
located vertically, for partially dissolved woven ASCs including processed at low-
est temperature and shortest time - 40 °C for 1 h, and 40 °C for 5 h, 60 °C
for 1.5 h; as well as the coagulated SF film from [C2mim|[OAc] solution with 5
wt% silk fibre. Significant change in the intensity distribution can be observed.
The change in the intensity distribution correlates to the difference between the
preferred aligned crystalline orientation of the woven ASC prepared at lowest
temperature and shortest time and the randomly oriented crystals in the SF film
(matrix phase). The diffraction curves were normalised to give the same total

area.

As mentioned in Section 3.4.3, WAXD azimuthal profiles were collected by
scanning through azimuthal angles from -90 to 90° from the reflection plane (020)
(20 = 20.6°). There were three peaks in the diffraction curve, located at a = -
90°, 0° and 90°, corresponding to the weft, warp and weft direction respectively;
with the warp direction vertical at & = 0°. It can be seen that the partially
dissolved woven ASC at 40 °C for 1 h shows the highest peak intensity at o =
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Figure 7.8: Azimuthal scans for woven silk fabrics partially dissolved at 40 °C -
1h,40°C -5 h, 60 °C - 1.5 h, completely dissolved and coagulated into SF film;
diffraction curves were collected when warp threads were located vertically.

-90°, 0° and 90°, whereas the coagulated SF film shows a flat distribution curve
throughout the whole scanning angle, confirming random crystalline orientation.
Compared to the woven ASC at 40 °C for 1 h, the normalised peak intensity at
the o angle = -90° and 90°, of the other partially dissolved woven ASCs processed
at longer time or higher temperature is lower, and tending to flatten between -45°
and 45°, while its baseline (from the coagulated SF component) is higher. The
changes directly corresponded to the percentage of crystalline component being
dissolved by the IL and transformed into a randomly oriented structure through
the coagulation process. The background diffraction intensity of azimuthal scan

for the reflection plane (020) was measured and subtracted.

It has been demonstrated in previous chapters that the orientation factor ()
is an important parameter directly related to the physical properties of the result-
ing ASCs, since it quantifies the axial orientation distributions of nanocrystallites.
Accordingly, radial integration of the experimentally measured intensity distri-
butions on the Debye ring around the (020) equatorial reflection was applied to

determine the average orientation of the nanocrystallites within the woven ASCs
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using the 2"¢ legendre polynomial function, as given in Equations 3.1 and 3.2
[305].

The orientation factors of the nanocrystallites for each partially dissolved
woven ASC obtained from processing at various times and temperatures were de-
termined from the distribution curve by using Equations 3.1 and 3.2, the results
are given in Figure 7.9. It is expected that, the dissolution continuously disrupts
the preferentially oriented nanocrystallites, thus will influence the crystal orien-
tation and subsequently differ the corresponding P, values. It can be seen from
Figure 7.9, the P, was calculated to be 0.14 for the woven ASC obtained from
early dissolution stage (40 °C for 1 h). Besides, theoretically, the P, value should
be equal to 0.25 for a random 2D isotropic structure in woven fabrics. As the
dissolution progress, the amount of randomly oriented component would increase,
and eventually become fully isotropic. Consequently, a increased value of P, is
expected, from 0.14 (woven ASC processed at lowest time and temperature) to
0.25 (random 2D isotropic). As expected, Figure 7.9 shows a higher P, value
is measured for woven ASCs that fabricated under longer dissolution times or
higher dissolution temperatures. For woven ASCs processed in [C2mim][OAc] at
various times and temperatures, a broadly linear increase of the P, value was

observed.
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Figure 7.9: Average P, values calculated from WAXD azimuthal scans for woven
ASCs being dissolved in [C2mim][OAc| at various times and temperatures; the
dashed lines are guide for the eye. Error bars are too small to see, n = 3.

It can be seen in Figure 7.9, different temperature sets have different rates of
dissolution. It has been explored in early chapters that the equivalence between
dissolution time and temperature can be revealed using the time-temperature
superposition (TTS) principle, by creating a single master curve, which has been
widely verified in many polymer systems [50, 306-308]. The implementation of the
well-established T'T'S approach allows to examine the data in natural logarithmic
space (In time), followed by shifting and overlapping the various temperature
curves in In time. As introduced in section 4.3.2, a simple multiplicative factor
(ar) could thus relate time and temperature results, see Equations Equations 4.1
and 4.2. Figure 7.10a illustrates the detailed shifting procedure, following the
method as outlined in section 4.3.2. Upon shifting, the final master curve for the
variation of the P, values for the obtained woven silk composites with In time
shifted to 50 °C is showed in Figure 7.10b. Subsequently, P, values versus linear
dissolution time is plotted and shown in Figure 7.10c. It can be seen that the

master curve starts to flatten after 4 hours of dissolution at 50 °C.
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By plotting the shift factors (In ar) versus the inverse absolute temperature,
it is worth to see if the rate of the dissolution obeys an Arrhenius like behaviour,
as expressed in Equations 4.3 and 4.4 [246]. Figure 7.10d shows In ay vs 1/T and
clearly indicates a linear relationship. The activation energy of woven silk fabric
dissolved in [C2mim|[OAc| can therefore be calculated from the gradient of the

linear regression in the Arrhenius plot, giving a F, value of 95 £+ 17 kJ/mol.
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Figure 7.10: Shift method applied in P, values. (a) Details of shifting procedure
for P, values, by using 50 °C as a reference temperature. (b) Shifted P, values
of woven ASCs, generated as a master curve in In space. (c¢) Master curve for
measured P, values of woven ASCs, with respect to dissolution time at a reference
temperature of 50 °C. (d) Shift factors (In ar) from fitting measured P values,
as a function of inverse temperature, indicating Arrhenius behaviour; the dashed
lines in (a) and (c) are guide for the eye, and those in (b) and (d) are second-
degree polynomial and linear fitting lines, respectively.
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7.3.4 Measurement of the Volume Fraction of the Coag-
ulated Silk Matrix (V},) in the Woven ASCs

The solvent [C2mim]|[OAc] applied to woven silk fabrics can penetrate into silk
fibroin and break the intermolecular hydrogen bonds in the crystalline regions,
and transform the preferentially aligned crystalline structure into a randomly ori-
ented coagulated fraction, which then forms the matrix of the resulting all silk
composite. This was shown from the WAXD azimuthal scans, recalling Figure
7.9, as the dissolution progressed, the P, value was seen to increase from 0.14 to
0.25 which suggests that the content of randomly oriented matrix component was
increasing with temperature and time. The partially dissolved woven ASCs are
therefore composed of two components, the fibre and the matrix. Extrapolating
the master curve of P, values (Figure 7.10c) backwards to time=0 gives a value
of 0.13, which correlates to the unprocessed raw woven fabric (P, fibre). From
the diffraction curve of the coagulated silk film, the P, was measured to be 0.25
(P, matrix). Next, the introduced linear mixing rule (Figure 4.16, Equations 4.5
and 4.6) is once again utilised in order to quantitatively measure the coagulated
matrix fraction (V;,) of each partially dissolved woven ASC. Figure 7.11a indi-
cates the coagulated matrix fraction, V,,, for woven ASCs obtained under various
dissolution temperatures as a function of dissolution time. Longer dissolution

times lead to a larger V,, value.

As reported above, the woven silk fabric dissolution process exhibits time-
temperature superposition. Similarly, the T'TS principle should be applicable for
the corresponded V,, values. Therefore, as showed in Figure 7.11b, the demon-
strated shifting method is now implemented to generate a master curve of the V,,
values for the obtained woven ASCs, again using 50 °C as the reference temper-

ature.

Figure 7.11c expresses the master curve of the V,,, values from each woven silk
composites dissolved in [C2mim|[OAc] at various temperatures is now plotted as
a function of dissolution time, at a reference temperature of 50 °C. It can be

observed that up to 50 % of woven silk fabrics are dissolved in the first 2 hours,
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and only a further 20 % dissolved between 2 to 6 hours of dissolution. A signifi-
cant reduction of dissolution rate can be found. This observation also seen from
the previous studies on array silk threads, where the rate of V,, growth starts
to flatten at longer dissolution time and displayed a plateau stage (Figure 6.3c).
This phenomenon once again implies that a silk/IL gel layer is formed at longer
dissolution hours and acts like a protective layer and thus hinders the dissolu-
tion rate. Nevertheless, the dissolution process still obeys the time-temperature
superposition principle and eventually all the woven silk fabrics can be entirely

dissolved.

Upon V,,, TTS shifting, the obtained shift factors can now be plotted as a
function of inverse temperature as operated before for the P, results. In Figure
7.11d, a straight line is again found to fit the data points, which indicates the
Arrhenius behaviour, thus the dissolution of woven silk fabric in [C2mim][OAc]
was calculated to have an activation energy of 95+ 17 kJ/mol. This value is
identical to the previous E, calculated from P, TTS analysis, which is to be

expected as they are mathematically related to each other.
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Figure 7.11: (a) V}, values for woven ASCs obtained under various dissolution
times and temperatures, calculated by using P, full integration method, n = 3.
(b) Shifted V;,, values of woven ASCs, generated as a master curve in In space. (c)
Master curve for measured V,, values of woven ASCs, with respect to dissolution
time at a reference temperature of 50 °C. (d) Shift factors (In ar) from fitting
measured V,, values, as a function of inverse temperature, indicating Arrhenius
behaviour; the dashed lines in (a) and (c) are guide for the eye, and those in (b)
and (d) are second-degree polynomial and linear fitting lines, respectively.
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7.3.5 Mechanical Properties of Woven ASCs

Through tensile tests, the mechanical performance of woven ASCs when weft
direction is vertical were investigated. Figure 7.12 shows the stress-strain curve
for a woven ASC obtained at 40 °C for 2 hours.
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Figure 7.12: Stress-strain curve for woven ASC obtained from IL system at 40
°C for 2 hours.
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The mean values of Young’s modulus along the weft direction at a temperature
of 40 °C for the dissolution time up to 6 hours are shown in Figure 7.13. It can
be seen that the measured modulus value increases at the early dissolution stage,
reaching a maximum and thereafter drops. This trend is also found in previous
studies on single and array silk threads dissolved in [C2mim][OAc|, where the
Young’s modulus and strength values initially increased to a maximum value
then decreased afterwards, indicating the ‘preformed stage’ (Figure 4.22). Figure
7.13 provides the evidence of the ‘preformed stage’ can also be found during
the dissolution of woven silk fabrics. When woven silk fabrics experience an
immersion time of 2 h in [C2mim]|[OAc], sufficient amount of silk fibres dissolved
and transformed into matrix to form a closely packed thread core microstructure.
As a consequence, the maximum Young’s modulus of the woven ASC reaches 3.6
GPa. Thereafter, a linear reduction of Young’s modulus values can be seen due

to thread cores continuously dissolved and more matrix created.
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Figure 7.13: Young’s modulus values of woven ASCs dissolved for different length
of time, at 40 °C; the dashed line is a guide for the eye; n = 3.
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The Young’s modulus values of woven ASCs obtained from various times and
temperatures are shown in Figure 7.14a, it is noted that the ‘preformed stage’
result shown in 1 hour at 40 °C is removed, since it represents the early stage
of dissolution and would have a different activation energy. From Figure 7.14a,
it shows a trend that the measured woven ASCs Young’s modulus continuously

decreases and the rate of decrease becomes more rapid at higher temperatures.

Hence, it is worthwhile to see if the variation of the modulus obeys the TTS
principle. After applying the same shifting procedure as introduced above, again
using 50 °C as reference temperature, a master curve of Young’s modulus values
can be seen in Figure 7.14b. Modulus values gained from other temperatures
were superimposed towards the polynomial curve of the reference temperature
set, and constructed a master curve with largest R? value. This also suggested
that Young’s modulus values determined from different temperature sets can
be superimposed together through applying certain shift factors (In ar) scales.
A complete TTS curve of woven silk ASCs Young’s modulus values, in linear
dissolution time using 50 °C as reference temperature, is shown in Figure 7.14c.
A linear relationship between the shifting factors and temperature is shown in
Figure 7.14d, when the shift factors are plotted against 1/T, which once again
demonstrates Arrhenius like behaviour. The dissolution activation energy from
Figure 7.14d was calculated from the gradient of the line, gave a value of 95 4+ 2
kJ/mol. This is very close to the previous two values obtained from the P, and
V,n time-temperature shifting (95 £ 17 kJ/mol).

It has already demonstrated in previous chapters that following the changes
of strength and strain values of the resultant composites also enables to track the
dissolution. Consequently, the strength and elongation values of each woven ASCs
were calculated from the corresponding stress-strain curves, and plotted with re-
spect to the dissolution times and temperatures, as presented in Figures 7.15a
and 7.16a. The dissolution of woven silk fabrics in [C2mim|[OAc] has demon-
strated an equivalence between time and temperature through the construction

of master curves for previous determined parameters. Therefore, here the same
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Figure 7.14: (a) Young’s modulus change of each woven ASC at various dissolu-
tion times and temperatures, n = 3; (b) Master curve of shifted Young’s modulus
value of woven ASCs in In space; (¢) Each processed woven ASC as a function of
dissolution time, at a reference temperature of 50 °C; the intercept of this curve
gives unprocessed woven silk fabric Young’s modulus to be 4.7 GPa; (d) Shifted
factors (Inar) from fitting Young’s modulus, as a function of inverse tempera-
ture, indicating Arrhenius behaviour; the dashed lines in (a) and (c) are guide for
the eye, and those in (b) and (d) are second-degree polynomial and linear fitting
lines, respectively.

shifting method was employed for strength and strain values, with data from
each temperature were individually shifted in the natural logarithmic time and
the master curves were formed (Figures 7.15b and 7.16b). Next, the change of
strength and strain were next expressed in linear dissolution time and shown in
Figures 7.15¢ and 7.16¢c. As expected, the strength value of woven ASCs decrease
with the increased dissolution time as a result of the amount of weak matrix phase

is continuously during dissolution, recalling Equation 4.7. Similarly, elongation
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at break values start to decrease from the beginning of the dissolution due to the
brittle matrix phase is formed during the fabrication of woven ASCs, see Table
4.1 for the determined matrix phase tensile properties. The shift factors needed
to generate the master curves were plotted against the inverse temperatures and
presented in Figures 7.15d and 7.16d, which yield another two measurements of
E,, have values of 87 4+ 7 kJ/mol (strength data) and 92 4+ 26 kJ/mol (strain
data). Consequently, the dissolution activation energies for woven silk fabrics
dissolved in [C2mim|[OAc] measured from four different methods give an average
value of 92 £ 2 kJ/mol.

161



7.3 Results and Discussion

w 100 w 90

Qg0 ]d ©40°C O g l1boe © Shifted 40°C

< 801 g4 + m50°C 2 70 ] ~8 m50°C

c 70 ] ! AB0°C - ] . 4 Shifted 60°C

S S _ 60 ] "

0 T 60 1 G

z 501 ) M S = A

€ = 40 1 6 < 40 1 N

£ 3] & £ 30 ] s

<) =2 ] s

& 207 * . s 201 = R

= ] = ] ~

£ 0 A Z 10 a

0 T T T 0 T T T T T T T T T
0 2 . .4 _ 6 8 -0.5 0 0.5 1 1.5 2
Dissolution time (h) Ln time + Ln a;
100

0 ] 1.5

S o0 1€, % d

< 80171 ¥ s 1 Q‘

s 7071 N o8 ] s

3] g cC i ~

2 60 ] N 53 05 1 N

SQ 50 &6 5L 4] N

‘.5 g 40 ‘\\ g g 1 \‘

£ 30 -9 = 0-0.5 1 \‘\

E) 20 1 T.~e_ @ - = J ~

] ] ® TTeeel e - A

£ 107 e 5 ]

0 _ 15 . : .
o 1 2 3 4 5 6 7 0.0029 0003 00031 00032 0.0033

Dissolution time (h) T (K1

Figure 7.15: (a) The changes of strength values of each woven ASC at various
dissolution times and temperatures, n = 3; (b) Master curve of shifted strength
value of woven ASCs in In space; (c) Each processed woven ASC as a function
of dissolution time, at a reference temperature of 50 °C; (d) Shift factors (Inar)
from fitting strength, as a function of inverse temperature, indicating Arrhenius
behaviour; the dashed lines in (a) and (c) are guide for the eye, and those in (b)
and (d) are second-degree polynomial and linear fitting lines, respectively.

162



7.3 Results and Discussion

Strain of woven ASCs (%)

O =N W O

Strain of woven ASCs (%)

—_

O = NWRIOTON®WOO

o ~N o W

14 ©40°C S
[%‘ ¢ * m50°C a
] . — AB0°C 2
] ! @ + c
4 (0]
] 3
] a
] A @ E
o
- ﬁ E _E
] s
T T T v r w
0 2 4 6 8
Dissolution time (h)
@ w“
-4 N\ O
\\ -
] ) €O
. (CR7)]
] % =<
- '\\ £ <
] .‘-“"l_‘ E_ S
] A 5
0 1 2 3 4

Dissolution time (h)

9 -
1 b @ Shifted 40°C
8 1 a, m50°C
E.
7 1 ~. @ A Shifted 60°C
6 1 ~
] A
5 1 E‘l\
4 T \&\
1 =%
3 : \A
2 1 \EL
1] A
0 T T
-1.5 -0.5 0.5 1.5
Lntime + Ln ay
1
1d R
0.5 A e~
- \\
0 1 L@
4 \\
'05 1 \\
< \\
~
-1 : \\\
~
-1.5 1 ®
'2 T T T
0.0029 0.003 0.0031 0.0032 0.0033
1UT (K

Figure 7.16: (a) The changes of strain values of each woven ASC at various

dissolution times and temperatures, n

= 3; (b) Master curve of shifted strain

value of woven ASCs in In space; (¢) Each processed woven ASC as a function
of dissolution time, at a reference temperature of 50 °C; (d) Shift factors (Inar)
from fitting strain, as a function of inverse temperature, indicating Arrhenius
behaviour; the dashed lines in (a) and (c) are guide for the eye, and those in (b)
and (d) are second-degree polynomial and linear fitting lines, respectively.
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7.3.6 Comparison of Dissolution Activation Energies and

Dissolution Speed between Three Arrangements of
Silk Fibres

In combination with the studies on woven silk fabrics displayed in this chapter,
and the findings on the other different arrangement of silk fibres - single silk
threads (Chapter 4), and array silk threads (Chapter 6), here it is interesting to
summarise and compare the measured corresponding F, and dissolution speeds

for three different arrangement of silk fibres.

A comparison of the measured dissolution activation energies of three arrange-
ments of silk fibres in [C2mim|[OAc] is presented in Table 7.1. Considering the
errors of the measurements, it is suggested that the energies required for the
dissolution of single or array silk threads to occur are approximately equal, how-
ever, a slightly lower FE, is calculated for dissolving woven silk fabrics. One of
the possible reasons could be the weaving process introduces excessive abrasion
which would result in the fabric damage [309], therefore a lower activation energy

is observed for the woven silk fabrics.

Dissolution activation energy (kJ/mol)

Method Single ASCs Array ASCs Woven ASCs
P 138 £ 13 121 £+ 20 95+ 17
Young’s Modulus 116 £ 12 135 £ 15 95+ 2
Strength 139+ 19 140 £ 19 87T+7
Strain 118 £ 10 97 £+ 22 92 4+ 26
Average 128+6 123+ 10 92 +2

Table 7.1: A comparison of the activation energies of three arrangements of silk fi-
bres dissolved in [C2mim|[OAc], measured through four different methods, along-
side with the individual average F, values.

Studies on the kinetics and mechanisms of the dissolution of silk are still
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very limited. Laity and Holland [310] have reported that the rheology of the
liquid feedstock of B. mori changes with temperature, and was found to have an
activation energy (F,) of flow range from 30.9 to 55.4 kJ/mol. Some researchers
have done thermal analyses on silk, Liu et al. [311] has reported the decomposition
E, for the native silkworm silk, ranging 194 - 217 kJ/mol; Liu et al. [312] has
studied the decomposition F, for silk fibroin films and found values between 158
to 190 kJ/mol. However, to the best of author’s knowledge, there are no studies
that investigate the dissolution dynamics of woven silk fabrics when using the

partial dissolution method to prepare woven all silk composites.

Additionally, the dissolved and coagulated matrix within three ASCs with
different fibre arrangements have been individually quantified through the mea-
surement of V,,,, and the change of V,,, with respect to linear dissolution time have
been presented as master curves with all three curves displaying time-temperature
equivalence, recalling Figures 4.18b, 6.3c and 7.11c. Hence, it would be of in-
terest to compare the dissolution speeds for these three arrangement silk fibres
when dissolved in the same chosen solvent - [C2mim|[OAc]|. Consequently, master
curves of V,,, from single, array and woven were implemented and combined in
one graph, with various temperature sets individually superimposed towards the
same chosen reference temperature (50 °C), the resulting curve is presented in
Figure 7.17. Different dissolution speeds between three fibre systems are revealed
through the observed different gradients of the curves. Interestingly, the disso-
lution speeds decrease with the increased silk:solvent ratio, when impregnating
woven silk fabrics in [C2mim|[OAc], longest dissolution time is needed to achieve
the same amount of V,,, under same dissolution temperature comparing to single

and array silk threads systems.

It is likely that the viscosity of [C2mim]|[OAc] is increased with the increased
silk:solvent ratio, thus the solvent diffusion rate is dramatically decreased in the
woven silk fabric system. In addition, due to the geometry difference, single
thread is expected to expose larger relative contact area to [C2mim|[OAc] than

the woven fabric, which would lead to a easier access for [C2mim|[OAc| to break
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inter- and intra-hydrogen bonds between silk molecules to conduct the dissolution

process, thus resulting in the observed fastest dissolution speed.
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Figure 7.17: Comparison of V,,, master curves from single, array and woven ASCs
over a linear dissolution time, at a reference temperature of 50 °C; the lines are

guide for the eye.
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7.3.7 Rule of Mixture Theory Applied on Young’s Mod-

ulus and Volume Fraction of Matrix (V},)

It would be of interest to see how measured Young’s modulus values of each fab-
ricated woven ASC correlate with the V,, (measured from P,), and to assess the
applicability of the rule of mixtures (ROM) in our woven composite, as well as
evaluate the effect of reinforced fibre volume on the resulting mechanical perfor-

mance.

Consequently, as showed in Figure 7.18, the previously measured master curve
of woven ASCs Young’s modulus value (Figure 7.14c) is plotted against the
corresponding V,, master curve values (Figure 7.11c). According to the well-
established ROM principle [9, 313], the behaviour of certain properties in a com-
posite material lies within two boundary lines, the Voigt (parallel and upper
bound) [260, 261] and Reuss (series and lower bound) [262]. Plotting the two
boundary curves requires input of two limiting moduli values, from the ordered
raw woven silk fabric and the coagulated SF film (matrix), respectively. The
modulus value of raw woven silk fabric is obtained from extrapolating the mod-
ulus TTS curve (Figure 7.14c¢), and shows a value of 4.7 GPa. While the matrix
modulus is acquired from previous three-point bending tests on coagulated SF

film, and gave a value of 0.5 GPa.

The Voigt series assumes a perfect bonding between fibre and matrix, as well
as that both the fibre and matrix are arranged in parallel, so that the strain
in each phase will be the same when the stress is loaded axially. Whereas the
Reuss series assumes both phases are arranged in series so that the stress in
each phase will be equal [9, 263]. It can be noticed that, as expected, all the
master curve data points lie between the two boundary lines, and the modulus
reduces with the decrease in volume fraction of fibre. A similar observation can
be found from a paper by Yan et al. [314], where they fabricated woven natural
fibre/polymer composites using three different fibres including flax, linen and
bamboo, comprising the epoxy as matrix, and use ROM Voigt series to predict

their theoretical tensile strength and tensile modulus values. In their work [314],
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Figure 7.18: Rule of mixture curve for woven ASCs Young’s modulus in the weft
direction as a function of the corresponding V/,,, with Voigt and Reuss boundary
lines to demonstrate the rule of mixture theory.

they found the tensile modulus values of woven flax/epoxy, woven linen/epoxy
and bamboo/epoxy are deviated by -12.3 %, -15.6 % and -8.2 %, respectively,
from the predicted Voigt model when the fibre volume fraction is ~55 %.

7.3.8 Effects of Reducing Agent on the Mechanical Be-
haviour of the Woven ASCs

It has been discovered in Chapter 5, section 5.3.3, that the addition of reducing
agent, NasSO3, as part of the solvent to prepare single ASCs does not change the
dissolution rate when compared to single ASCs fabricated from pure IL system
(see Figure 5.9). However, recalling Figure 5.10, it is demonstrated that the
mechanical performance of the resultant single ASCs were improved, including
the corresponding Young’s modulus, strength and elongation values. From the
plotted ROM curve, the single ASCs prepared from IL/RA system displayed a
better stress transfer compared to that from pure IL system, recalling Figure
5.13. There was one question arose from Chapter 5 regards the quantification of

the effects of RA on the interfacial bonding between fibre and matrix.
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Therefore, it is of interest here to investigate the effects of NaySO3 on the
mechanical properties of the resultant woven ASCs, including the strength, elon-
gation, Young’s modulus and most importantly, the peel strength. Table 7.2
compares the mechanical properties of woven ASCs fabricated from the same

time and temperature (60 °C for 1 hour), when using pure IL and IL/RA solvent

systems.
Strength(MPa) Elongation(%) Young’s modulus(GPa)
Woven ASC from pure IL 33 £2 3.3 £0.11 1.3 +0.030
Woven ASC from IL/RA 32 £+1 4.1 £0.10 2.0 £0.10

Table 7.2: The mechanical properties of woven ASCs fabricated from 60 °C for 1
hour, when using pure IL and IL/RA solvent systems, n = 2.

Additionally, the peel tests were conducted on the two layers woven ASCs
fabricated from 60 °C for 1 hour with and without the presence of RA, following
the protocols introduced in section 3.5.3, in order to evaluate the effects of RA
on the adhesion between fibre and matrix, which was quantified as peel strength
value. Figure 7.19 illustrates the corresponding force-extension graphs obtained
from the peel tests. By neglecting the initial and final state, the individual average
peel force was only calculated from the steady region and plotted as a solid
line across the respective region. Figure 7.19a clearly demonstrates an increased
average peel force for the woven ASCs fabricated using the IL/RA solvent system,
27.5 N, when comparing to that from the pure IL system, 25.5 N. Similarly,
a higher average peak peel force is measured for woven ASCs fabricated from
IL/RA system, 33.5 N, comparing to 30.0 N from pure IL system, as presented
in Figure 7.19b. While the width of the two tested woven ASCs were equal (20
mm), utilising Equation 3.8 leads to the calculation of the peel strength on the
corresponding woven ASCs fabricated from pure IL and IL/RA systems, give
values of 1.28 N/mm and 1.37 N/mm, respectively.
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Figure 7.19: Peel test conducted on woven ASCs fabricated at 60 °C for 1 hour,
using IL and IL/RA solvent systems. (a) The respective average peel force is
indicated using different colour solid lines. (b) The average load from all peaks
is expressed in different colour dashed lines.

The interfacial adhesion is a significant factor in controlling the performance
of laminated composites. The woven ASC fabricated using IL/RA displays a
higher average peel force and increased peel strength value, which suggests the
interfacial adhesion between fibre and matrix is coherently improved when using
reducing agent as part of the solvent. This observation indeed agree with the
initial study on single ASCs fabricated using IL/RA (Chapter 5) that rule of
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mixture plot (Figure 5.13) indicated a enhanced stress transfer between fibre and

matrix when comparing with single ASCs fabricated only with IL.

7.4 Summary

In this Chapter, single layer woven all silk composites were fabricated from var-
ious times and temperatures using the partial dissolution method with the ionic
liquid 1-ethyl-3-methylimidazolium acetate ([C2mim]|[OAc|) as the solvent and
methanol as the coagulant. The resulting woven ASCs properties were studied
using optical microscopy, WAXD azimuthal scans and tensile tests measurements.
The WAXD azimuthal scans obtained from two thread directions were found to
be overlapped to one another after shifting one direction alpha intensities across
x-axis. Correspondingly, the average orientation (P,) from two directions were
revealed to be linearly related, the sum of individual P, was found to be 0.5.
Hence the characterisation on the woven ASCs was carried out on one thread

direction.

Through following the changes in the orientation of crystallites in woven ASCs,
and the employment of the second legendre polynomial function, different P, val-
ues were obtained from woven ASCs processed at various times and temperatures.
In accordance with the TTS principle, the master curve of P, obtained from var-
ious times and temperatures was constructed. Tracking the amount of matrix
generated was achieved by calculating the V,, from the corresponding P, values
using a linear mixing rule. They were both found to have Arrhenius-type be-
haviour, and the dissolution rate was increased rapidly at early dissolution hours
and slowed down afterwards (Figure 7.11c). The dissolution activation energy was
calculated to be 95 £+ 17 kJ/mol. To our best knowledge, it is the first time using
time-temperature superposition principle to quantify the dissolution activation

energy of woven silk fabrics with [C2mim]|[OAc].

The tensile properties of each woven ASC were also measured, including the
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measurements of Young’s modulus, breaking strength and elongation at break
values. It was evident from the construction of master curve that the dissolution
of woven silk fabrics in [C2mim]|[OAc| follows time-temperature superposition
principle. Thus, the same TTS shifting method was applied to three determined
tensile parameters. Activation energies were individually calculated from the
gradients of the Arrhenius plots, give values of 95 &+ 2 kJ/mol (Young’s modulus
measurements), 87 7 kJ/mol (breaking strength measurements) and 92 + 26
kJ/mol (elongation at break measurements). Three different methods all point
to a very close dissolution activation energy of woven silk fabric in [C2mim|[OAc],
within the errors of each measurement. Hence, the average activation energies
obtained from four different methods in this chapter for the dissolution of woven
silk fabrics in [C2mim|[OAc]| to occur is measured to be 92 + 2 kJ/mol.

In combination with the studies present in early Chapters on single and array
silk threads, the dissolution activation energies and dissolution speeds of silk
fibres in three different arrangements were compared. The required energies for
the dissolution of single and array silk threads were found to be approximately
the same, 128 £ 6 kJ/mol (single silk threads) and 123 4+ 10 kJ/mol (array silk
threads); while a slight lower E, was measured for dissolving woven silk fabrics
(92 + 2 kJ/mol). This may due to the excessive abrasion during the weaving
process and causes fabric damage, thus a lower required energy was observed.
Though the E, for dissolving woven silk fabrics was found to be lowest within
three silk fibres, the slowest dissolution speed was observed when dissolving woven
silk fabrics (Figure 7.17). The dissolution speeds were found to follow the order
(from fast to slow): single silk threads > array silk threads > woven silk fabrics.
It is likely due to the increased silk : solvent ratio leads to an increase in the
viscosity of [C2mim][OAc] thus decreased the solvent diffusion rate. Another
possible reason may be single silk thread is likely to expose larger relative contact
area for [C2mim][OAc] to act upon, and provide an easier access to break inter-
and intra-hydrogen bonds between silk molecules. These observations imply that

the dissolution activation energy is an independent factor to the dissolution speed.

The measured Young’s modulus values of woven ASCs were also correlated
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with V,,, to generate a rule of mixture curve (Figure 7.18), and found our pre-
pared woven ASCs lies between two boundary lines. However, discrepancies were
observed between experimental results and theoretical predicted values (Voigt
boundary line), which is likely due to the imperfections in the fibre-matrix inter-
face [265-269]. Last but not least, the effects of reducing agent on the mechanical
performance of woven ASCs were explored. Woven ASCs fabricated from 60 °C
for 1 hour using IL/RA as the solvent system found to have enhanced ductil-
ity and stiffness comparing to the one fabricated from pure IL system (Table
7.2). The observed higher peel strength value for woven ASCs processed from
IL/RA system further reveal that the addition of reducing agent as part of sol-
vent improves the interfacial adhesion between fibre and matrix, which is in good
agreement with the studies on single silk threads dissolved in IL/RA system.
These findings can hopefully be helpful for future research into silk-based woven

composites with many broad applications.
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Chapter 8

Conclusions and Outlook

8.1 Summary of Findings

In the present studies, the dissolution dynamics of B. mori silk fibres in the ionic
liquid [C2mim|[OAc] were explored. The effects of time, temperature, fibre geom-
etry, addition of reducing agent on the dissolution behaviour and the properties
of the resulting all-silk composites were investigated. A new approach was intro-
duced where following the orientation change of silk nanocrystallites allowed to
track the dissolved and coagulated silk matrix fraction (V;,,). It was evident the
dissolution depends on both time and temperature, and construction of master
curves further suggests the dissolution procedure follows time-temperature super-
position principle. The findings described in this thesis provide a fundamental
understanding of the dissolution kinetics of silk fibres in [C2mim|[OAc|. The

main findings and achievements are summarised below.

Dissolution of single silk threads in [C2mim]|[OAc]

In Chapter 4, single silk threads were first employed as the fibre source, to study
the dissolution behaviour. All-silk composites derived from single silk threads
were fabricated using partial dissolution method, with [C2mim][OAc]| as the sol-
vent and methanol as the coagulant. Through varying the dissolution time and
temperature, a series of single ASCs were fabricated. The dissolution dynamics

and properties of the prepared single ASCs were analysed using various tech-
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niques, including optical microscope, scanning electron microscope, WAXD az-

imuthal scans and mechanical testing.

The cross-sectional images of the single ASC fabricated from relatively low
temperature and short time (30 °C-0.5 h) revealed that one raw silk thread con-
tains several hundred filaments, and large gaps between each filament were seen.
The cross-sectional images of single ASCs prepared from 30, 40 and 50 °C for
different length of time revealed that under the same dissolution temperature,
the diameter of the remaining silk thread core reduces with time. In combination
with the SEM images, it is evident that the dissolved fibres were coagulated and
turned into the matrix phase, appearing in the outer layer of the thread core
and surrounding at the surface of individual filaments, to fill the gaps and form
a close-packed silk composite. Meanwhile, the changes of tensile strength and
Young’s modulus values of single ASCs prepared from various time under 30 °C
individually displayed an initial increase to a peak value at time 2h, 420 4+ 3 MPa
(tensile strength), 11.6 + 0.4 GPa (Young’s modulus), then declined thereafter.
This phenomenon was then proposed as the ‘preformed stage’; correlates to the
process when the ionic liquid infiltrated into the large gaps between each silk fil-
ament, dissolved the surface layer of filaments which will then further coagulate
into matrix to fill the gaps and form a tightly packed thread core. As a result,
strong bond between fibre and matrix was subsequently formed, and provided
a good stress transfer, leading to the observed peak values of tensile strength
and Young’s modulus. In combination with the microscope images and measured

tensile properties, the dissolution procedure for a single silk thread was proposed.

Through conducting WAXD azimuthal scans on the fabricated single ASCs,
distinct differences were observed for the diffraction curves collected from unpro-
cessed silk thread, single ASC (partially dissolved) and silk fibroin film (com-
pletely dissolved and coagulated matrix phase). The differences were found cor-
responding to the changes of their average crystalline orientation. Radial inte-
grations were carried out on the corresponding curves, enabling the calculation
of P, values. Average P, values were found directly related to the fraction of

original silk fibres and the fraction of matrix. Consequently, the dissolved silk
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volume fraction of matrix (V,,) was measured using the corresponding P, values,
through a simple linear mixing rule. Both P, and V,, values were found to have
time and temperature dependencies, and the success construction of their mas-
ter curves further revealed both parameters obey time-temperature superposition
principle. Upon plotting the required shift factors against the inverse tempera-
tures, linear relationships were shown. Arrhenius-type behaviour was therefore
established, leading to the calculation of the activation energies, gave values of
138 + 13 kJ/mol (P, measurements) and 139 + 15 kJ/mol (V,, measurements).

Upon applying the same shifting method to the measured tensile parameters,
including ultimate tensile strength, Young’s modulus and elongation at break,
it was interesting to notice from their master curves that all three parameters
demonstrated time-temperature equivalence. These observations led to the con-
struction of their Arrhenius plots, yielding another three methods to determine
activation energies. The dissolution activation energies were suggested to have
values of 116 & 12 kJ/mol, 139 + 19 kJ/mol, and 118 + 10 kJ/mol, from Young’s
modulus, ultimate strength, and elongation at break measurements, respectively.
The average dissolution activation energy for single silk threads in [C2mim][OAc]
derived from four measurements were found to give a value of 128 + 6 kJ/mol.
Additionally, the effectiveness of stress transfer between fibre and matrix was
able to be estimated through the application of rule of mixtures models. From
the plot of Young’s modulus versus the corresponding V;,, it was suggested that
the fabricated single ASCs lie between Voigt and Reuss model with a closer fit
to the Voigt model. It was also evident from the plot of elongation at break
against V,, that single ASCs not strictly follow the iso-strain conditions. More-
over, tensile strength values versus V; followed the well-documented axial tensile
failure theory for the system when fibre has higher breaking strain than matrix,
and revealed that the strength of the resulting composites heavily depends on the
fibre strength, leading to the suggestion that a proper selection of V; plays a key

role for strengthening the composites.
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Dissolution of single silk threads in [C2mim|[OAc] with the addition of

reducing agent, sodium sulfite

In Chapter 5, single ASCs were prepared from a number of times and temper-
atures using the same dissolution method, however, this time reducing agent
NaySO3 was added as part of solvent. The effects of the addition of reducing
agent on the dissolution activation energy and dissolution rate were investigated.
Comparing to the results obtained from pure IL system, similar observations on
the changes of P, and V,, as a function of time and temperature were separately
observed. Moreover, both measured Young’s modulus and breaking strength ex-
hibited initial rise to the maximum value and fall afterwards, it is perceptible
that the changes associate with the ‘preformed stage’; as elucidated when using

pure IL as the solvent.

Data derived from Ps, V,,, Young’s modulus, strength and elongation at break
were individually shifted towards their chosen reference temperature sets in nat-
ural logarithmic time, enabled the construction of master curves. Upon doing so,
the equivalence of time and temperature on the four measured parameters were
separately displayed, and indicated that dissolution of silk threads in IL/RA
system equally followed time-temperature superposition. From their Arrhenius
plots, it was intriguing to see four different methods yielded similar activation en-
ergies and gave an average value of 120 + 3 kJ/mol, which led to the suggestion
that a marginally lower E, was required in IL/RA system than pure IL system
(128 + 6 kJ/mol) for the occurrence of dissolution.

Moreover, master curves of four measured parameters in logarithmic time ob-
tained from IL/RA system were separately plotted together with those obtained
from pure IL system, and the dissolution rates were compared through analysing
the amount needed to be horizontally shifted to make them overlapped. Inter-
estingly, the dissolution rates between two solvent systems were found to remain
unchanged, however, enhanced tensile properties were observed for single ASCs
fabricated from IL/RA system with respect to those from pure IL system. SF
film cast from IL/RA solvent appeared to have higher strength and elongation
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at break values (15.0 £ 0.3 MPa, 1.0 £ 0.1 %) than that from pure IL system
(10 £ 2 MPa, 0.60 £ 0.01 %), which was expected to result in a better inter-
facial adhesion between fibre and matrix. In fact, single ASCs fabricated from
IL/RA system demonstrated a closer fit to Voigt model, which further verified
that there is improved stress transfer between fibre and matrix. These results
demonstrated that adding reducing agent as part of solvent is clearly useful if
one is interested in improving the ductility of the silk fibroin film and the overall

mechanical performance of the silk-based composites.

Dissolution of array silk threads in [C2mim][OAc]

In Chapter 6, silk threads in a different alignment-array silk threads, were em-
ployed to explore the potential influences of fibre arrangement on the dissolution
activation energy and dissolution speed. WAXD azimuthal scans and mechanical
testing were performed as a means to determine the average crystalline orien-
tation (quantified as P, values), Vj,, Young’s modulus, breaking strength and

elongation at break values for the obtained array ASCs.

P, values undergo a linear decline with time and more rapidly at higher tem-
peratures, time-temperature equivalence was once again verified through the con-
struction of its master curve. Same shifting method was applied to V,,, values as
a means to form its master curve. Mirror-like images were noticed for P, and
V,» master curves, with one decreasing and one increasing rapidly during early
dissolution hours, and both slow down afterwards. Similarly, all three measured
tensile parameters were separately found to increase to a maximum value and fall
thereafter. It was interesting to see all four measurements consistently suggested
the existence of ‘preformed stage’ when array silk threads were dissolved in pure
IL system. After removing the data associated with ‘preformed stage’, three mea-
sured tensile properties were individually time-temperature superimposed, their
master curves were subsequently generated. Upon separately plotting obtained
shift factors versus the inverse temperatures, linear relations were once again
found, indicating Arrhenius behaviour. Accordingly, the average E, when array

threads dissolved in [C2mim]|[OAc] was therefore measured from four different
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methods, gave a value of 123 4 10 kJ/mol, which was approximately the same as
the dissolution of single silk threads in [C2mim|[OAc| system (128 + 6 kJ/mol),
when errors of measurements were taken into account. Furthermore, the plot of
master curves of V,, with respect to dissolution time, derived from two different
fibre alignments, revealed that array silk threads have a slower dissolution rate.
Overall, the work presented in this Chapter showed that the fibre arrangement
has very little effect on the dissolution activation energy, however, significantly
impact the dissolution speed. This work may have some utility on the design
and fabrication of silk fibres reinforced composites with different fibre geometry

requirements.

Dissolution of woven silk fabrics in [C2mim][OAc]

In Chapter 7, the study on the dissolution dynamics was carried out on the
single layer of woven silk fabrics in the ionic liquid [C2mim|[OAc]. The optical
microscope cross-sectional images revealed that raw woven silk fabric possesses a
thread count of ~ 1.5 : 1 (weft : warp); whilst the thickness of matrix layer was
measured to be ~ 1 : 2 (weft : warp) within one woven ASC, the significantly
larger space between each warp bundle allowed more matrix to be generated
might be the cause of this. 2D diffraction pattern on raw woven silk fabric
revealed that weft threads contain more highly aligned crystallites, which agreed
with the corresponding WAXD azimuthal diffraction curves, that peak height at
a = 0° from weft direction scan was almost two times higher than warp direction.
Moreover, diffraction curves of woven ASCs collected when either weft or warp
threads held perpendicular to the x-ray incident beam were found able to be
overlapped after shifting alpha intensities of one direction horizontally across. It
was further evident that their corresponding P, values were linearly related to one
another, with a relationship of PP 4 Py — 1. This finding confirms that the
same information with regards to the changes of average crystalline orientation

(P,) values should be revealed regardless the direction that the woven ASC is
being held.

The average crystalline orientation within woven ASCs was then analysed
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through collecting WAXD azimuthal diffraction curves from one of the thread
directions. Time-temperature equivalence on the measured P, and V,, values
were again revealed through the successful construction of their master curves.
Through calculating the gradients of their Arrhenius plots, activation energies
were separately measured. It was interesting to note that both parameters being
mathematically related, same FE, values were determined, gave value of (95 &+ 17
kJ/mol). Once again, three measured tensile properties were demonstrated to
follow TTS principle, yielding another three methods to calculate the E,. Acti-
vation energies determined from four different methods were found to have similar

values, giving an average E, value of 92 + 2 kJ/mol.

Overall, E, derived from three different alignments of silk fibres studied in
this work were compared, it was found that dissolving single (128 4+ 6 kJ/mol)
and array (123 £ 10 kJ/mol) silk threads required approximately the same F,,
while a noticeable lower £, was measured for the dissolution of woven silk fabrics
in [C2mim|[OAc] (92 £ 2 kJ/mol). The potential of the fabric damage during
the weaving process was thought to result in the observed lower required F,
for dissolving woven silk fabrics in [C2mim]|[OAc]. Furthermore, the speeds for
dissolving these three alignments of silk fibres were found to follow the order
(from fast to slow): single silk threads > array silk threads > woven silk fabrics.
This was thought heavily related to the changes in the solvent diffusion rate
and the exposed contact area of silk fibres. Nevertheless, it was evident from
this study that the dissolution activation energy is an independent factor to the
dissolution speed. Moreover, it was intriguing to see ductility, stiffness and peel
strength of woven ASC fabricated using IL/RA were improved compared to that
prepared from pure IL. Furthermore, it is demonstrated that in order to better
design and control the properties of the fabricated composites, sufficient amount
of fibre volume fraction must be considered. The work discussed in this thesis
opens up new possibilities to fabricate all silk composites or silk fibres reinforced
composites using ionic liquid. This is an important step in understanding and, in
future, exploiting the time-temperature superposition principle on investigation
of the dissolution behaviour and opening the door to experimentally fabricate all

silk composites with many broad applications.
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8.2 Suggestions for Future Work

The summary of the findings has been presented, the following suggestions aim to
serve as a guide for any potential future work. These suggestions can be divided

into two categories.

The first series of suggestions regarding the improvements for the studies on

the dissolution kinetics, are listed below:

e It was suggested in Chapter 7, that the solvent diffusion rate may have an
impact on the dissolution rate, thus future investigation can be performed
on studying the viscosity of the solution, in order to explore the apparent

energy of viscous flow within different fibre arrangement systems.

e It would also be interesting to study the heat transfer/enthalpy during
dissolution, in particular comparing the enthalpies between the dissolution
of silk fibres and silk fibroin films, in order to gain insight into the associated

heat/energy to break the highly ordered crystalline structure.

e The effects of water on the solubility for dissolving silk fibres in ionic liquid
or other solvents are worth exploring. It is anticipated that the presence of

water can change the solvent properties, thus the solubility.

e The work present in this study was limited to one type of ionic liquid, due
to the restrictions in terms of laboratory access times. However, it is known
that a number of different ionic liquids are capable of dissolving silk fibres.
Hence, it might also be interesting to expand the experimental matrix and
investigate the dependence of activation energy on the type of ionic liquid,

since it should provide a bigger picture for the dissolution kinetics study.

The next group of suggestions focuses on the enhancements of the properties

of silk-based composites, which are considered below:

e [t was evident from the study in Chapter 4 that the reinforcing silk fibre

has much higher ductility than the coagulated silk matrix, and results from
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Chapters 5 and 7 revealed that adding reducing agent as part of solvent
improved the SF film mechanical properties, and the overall adhesion be-
tween fibre and matrix in 2 layers woven composites. Therefore, an in-depth
study, focusing on the improvement of matrix ductility would be helpful to
enhance the properties of woven composites. It is expected that coagu-
lation conditions have significant impact on the structure and properties
of the resulting silk fibroin film due to the conformational transitions. It
would be interesting to further measure the molecular weight, secondary
structure of the silk fibroin film as an aid for exploring the optimum co-
agulation condition. Another possible way to improve the ductility of the
matrix is to employ binary systems, such as blending with other natural

fibres (cellulose, wool, chicken feathers, etc.)

The master curves constructed in this study as well as the proposed ‘pre-
formed stage’ indicates that a proper selection of volume fraction of matrix
is crucial for strengthening the composite, thus it is important to further

investigate other methods to analyse the V,,.

To prepare the composite with desirable properties, the information gained
from the constructed master curves must be utilised. Furthermore, model-
based design of experiments may be employed to explore the optimum fab-
rication condition and required V,,, as a result of preparing the composite

with preferred properties.
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