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Single layer woven all-silk composites (ASCs) have been prepared using the ionic liquid 1-ethyl-3-
methylimidazolium acetate ([C2mim][OAc]), with the dissolution carried out under various times and
temperatures. Cross sectional images revealed the dissolved and coagulated silk matrix were formed along
both fibre directions with thicker matrix layer observed along warp direction. Radial integration utilising
the second Legendre polynomial function (P,) were conducted on the collected intensity distribution curves
attained from WAXD azimuthal scans, enabling the quantitative measurement of the average orientation of
crystals. A simple linear mixing rule was employed to correlate the coagulated matrix (V,,) with respective
P, values, leading to the calculation of V,,. Time—temperature superposition (TTS) was verified through the
construction of master curves, from which the dissolution was found to have Arrhenius-like behaviour allowing
the determination of dissolution activation energy (E,). The three measured tensile properties were all found
to follow TTS principle, thus yielding another two methods to determine E,. Five different methods point to
an average E, value of 93 + 2 kJ/mol. Additionally, the dissolution rates and activation energies of single and
woven silk were compared. The master curves constructed in this study may provide a guidance for future
design of silk fibre reinforced composites with desired properties.

1. Introduction The dissolution of silk requires disruption of the hydrogen bonds

and van der Waals interactions present. Due to the presence of a large

Increasing demand for lightweight, biodegradable and biocompati-
ble materials have moved industries to focus on natural fibre compos-
ites in the past few years [1,2]. In polymer composites area, natural
fibres (both plant and animal based) are increasingly being used in
many industries [3,4]. The main interests come from its low density and
cost, high specific strength, sustainability, and renewability. In recent
years, natural fibre composites are becoming attractive alternatives
to glass and carbon fibre reinforced polymer composites [5]. Among
animal fibres, silk fibres have attracted a large amount of interests
particular due to a combination of biodegradability, biocompatibility
and remarkable mechanical properties [6,7]. Bombyx mori (B.mori)
silkworm contains silk fibroin (SF) approximately 5-10 pm in diame-
ter [8]. The SF nanofibrils are composed of proteinaceous components,
a heavy chain (H-chain) fibroin (of ca. 350 kDa) linked to a light
chain (L-chain) fibroin (of ca. 26 kDa) via disulphide bonds at the C-
terminus. The structural units of H-chain are blocks of (G-A-G-A-G-S)n
(G = glycine, A = alanine, S = serine) that are packed into highly-stable
hydrophobic p-sheet nanocrystals, whereas the L-chain is hydrophilic
and elastic [9].

* Corresponding author.

number of hydrogen bonds, and 75% of amino acids within SF being
nonpolar and hydrophobic, this leads to SF being insoluble in water
or in most organic solvents [10]. Ionic liquids (ILs) are a class of
solvents that are composed of cations and anions, and recognised as
molten salts with negligible vapour pressure [11]. In combination with
their other properties, high thermal stability, high tunable properties
and potential recyclability, ionic liquids have become the potential
‘green’ solvents for use in industry [12,13]. ILs have been proposed and
applied as promising solvents for dissolving biomacromolecules such as
cellulose, chitin and keratin [14-16]. In 2004, Phillips et al. studied the
dissolution of SF using an ionic liquid for the first time [17]. The results
showed that the more destructive the IL is to the hydrogen bonds in
crystalline domains of silk fibres, the higher the solubility. Additionally,
the secondary structure of SF in ionic liquids can be tuned by ethanol,
methanol or other organic solvents during the coagulation process,
enabling the preparation of materials with a range of applications
such as tissue engineering, drug delivery system, and silk-reinforced
composites [7,18,19].
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Silk fibres used as reinforcement in combination with a polymer ma-
trix have been widely discussed in many studies. Shubhra, Q.T.H et al.
have fabricated silk fibre reinforced polypropylene matrix composites;
limited strength values were obtained likely due to lack of fibre—
matrix adhesion [20]. 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 [21]. However, only a very few studies
have so far been conducted on the mono-composite area, where silk
fibre is both the reinforcement and the matrix phase. Studies have
pointed out mono-composites present a few advantages comparing to
fibres reinforced with polymer matrices composites, such as (i) the en-
hanced interfacial adhesion between fibre and matrix phase due to the
pure chemical functionality; (ii) the homogeneity in constituents can
potentially lead to easier recycling process [22,23]. Generally, there are
mainly two strategies for preparing all silk composites (ASCs): (a) one-
step method, partially dissolve silk fibres and regenerating the dissolved
fibres to form the matrix; (b) two-step method, completely dissolve silk
fibres to form a solution followed with regenerating the solution to form
matrix, embedded with additional silk fibres as reinforcement. Yuan
Q.Q et al. have used the two-step method to prepare all silk composites,
embedding silk fibres in a fibroin matrix by solution casting; good
strength properties were obtained [24].

Additionally, studies on the kinetics and mechanisms of the dis-
solution of silk are still very limited. Laity and Holland [25] have
reported that the rheology of the liquid feedstock of B.mori changes
with temperature, and was found to have activation energy (E,) of flow
range from 30.9 to 55.4 kJ/mol. Some researchers have done thermal
analyses on silk, Liu.Y et al. [26] reported the decomposition E, for the
native silkworm silk, ranging 194-217 kJ/mol; Liu.Q et al. [27] studied
the decomposition E, 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.

In this study, partial dissolution method was applied to fabricate
woven all silk composites, with an imidazolium-based ionic liquid
([C2mim][OAc]) selected as the solvent. The partial dissolution of
woven silk fabric was carried out at a range of times and temperatures,
with the remaining silk fibres serving as the reinforcement phase, while
the dissolved and coagulated silk served as the matrix phase. The
resultant woven ASCs were characterised using different techniques.
By analysing azimuthal WAXD scan results, we 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. Here, to
author’s knowledge, we have for the first time discovered that the
dissolution of woven silk fabrics displays Arrhenius-type behaviour,
and thus allowing the corresponding dissolution activation energy (E,)
to be calculated. Meanwhile, the volume fraction of dissolved and
coagulated matrix (V,,) can be calculated through the employment of
a linear mixing rule. In addition, tensile behaviour of the resultant
woven ASCs were measured, with the time-temperature equivalence on
the measured parameters verified through the construction of master
curves using the same shifting method. To the best of our knowl-
edge, this is the first report that demonstrates the tensile properties
of woven all-silk composites can be tailored through the control of
dissolution times and temperatures. The dissolution activation energies
were subsequently calculated from the respective Arrhenius plots. The
applicability of the rule of mixtures was examined. In combination with
our previous study on single silk fibre dissolution, the V,, master curves
of single silk fibres and woven silk fabrics were compared in one graph,
and the dissolution activation energies and the dissolution rates were
compared. Master curves of measured parameters constructed in this
study can provide a clear guidance for designing silk-based composites
with desired properties.
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2. Experiments and methodology
2.1. Materials

Degummed B. mori silk fibre yarn was purchased online (Mulberry
Undyed Spun Silk from Airedale Yarns, UK) and stored in a cool
dry place before use. Silk fibre yarn was then hand woven into a
silk fabric by following a plain weave process. The ionic liquid 1-
ethyl-3-methylimidazolium acetate [C2mim][OAc] was purchased from
Sigma-Aldrich, with a purification of 97% and a water content of
0.53%. Methanol was chosen to use as the coagulation bath since
it can exhibit a strong crystallisation capability and provide strong
coagulation strength [28].

2.2. Fabrication of woven all silk composites (ASCs)

Woven silk fabrics were cut into multiple 50 mm x 20 mm strips,
ready for preparing single layer woven ASCs. Next, a poly(tetrafluoro-
ethylene) (Teflon) dish was filled with excess [C2mim] [OAc], followed
by being put into vacuum oven for 1 h to allow the IL to be preheated to
a chosen temperature. Then the cut woven strips were fully immersed
in the preheated IL bath (yielding a 0.7 % w/v), inside the vacuum oven
for the designed length of time. According to the results from our pre-
vious studies on the dissolution of single silk fibres [29], temperatures
at 40, 50 or 60 °C were the suggested correct range for conducting the
dissolution of woven silk fabrics.

After the dissolution finished, the woven silk strips were immedi-
ately transferred into the methanol bath, to allow the dissolved silk
filaments to coagulate, and form a silk matrix that surrounds the
remaining undissolved silk. The used [C2mim][OAc] was collected to
be recycled. Next, the woven ASCs were soaked in the methanol bath
for 2 days with changing the medium twice, to remove any contained
IL. Finally, the woven ASCs were dried in hot press for 1 h at 100 °C
with contact pressure approximately at 0.15 MPa.

2.3. Structure and morphology characterisations

The morphologies of the unprocessed woven silk fabric and the wo-
ven ASCs were characterised using an optical microscope (BH2-UMA,
Olympus Corporation, Japan). The surface morphology was examined
in transmission mode, while the cross-sectional images were captured
in reflection mode. Woven silk fabrics were embedded in an epoxy resin
(EpoxiCure2, BUEHLER), followed by hardening for 3 h at 50 °C in an
oven. Then, the surface of the resin was ground and polished to reveal
the woven ASCs cross sections.

2.4. Wide-angle X-ray diffraction characterisation

X-ray studies of the orientation of the distribution of nanocrystallites
of the woven ASCs and the coagulated SF film were performed at am-
bient temperature, using an X-ray diffractionmeter (DRONEK 4-AXES,
Huber Diffracionstechnik GmbH & Co. KG, Germany) equipped with Cu
Ka radiation generated at 40 kV and 30 mA (4 = 1.54 A). The system
was operated in transmission mode. The azimuthal scan was carried
out by fixing on a specific Bragg peak where the maximum crystalline
intensity from the 20 scan was found for unprocessed woven silk
fabric (20.6°, from the strong and clearly identified (020) diffraction
plane) [30]. The intensity distribution was then collected by varying
the azimuthal angle from - 90° to 90° (0° = vertical), with a scanning
rate of 2°/min. It is expected that an amorphous (randomly oriented)
phase would give a constant intensity at all angles while the crystalline
regions (representative of the silk fibres) would show a peak due to
their preferred orientation.
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Fig. 1. Optical microscope cross-sectional images of unprocessed (a and b) and partially dissolved at 40 °C—5 h (c-h) woven silk fabrics, when warp bundles (a,c,e,g) and weft

bundles (b,d,f,h), perpendicular to the plane.

2.5. Tensile properties tests

Tensile properties of the woven ASCs were measured using an
Instron 5565 universal test machine equipped with a 10 kN calibrated
load cell at room temperature. The gauge length and the speed of
the instrument were set to 20 mm and 2 mm/min, respectively. At
least 3 strips at the size of 50 mm x 5 mm were measured from
each woven ASC sample, and an average value was calculated along
with a standard uncertainty. The tensile strength and elongation at
break values were measured from the stress—strain curves, with Young’s
modulus calculated from the corresponding initial linear strain range
(0.0050-0.0100). A three-point bending flexural test was performed to
test the flexural modulus of the completely dissolved and coagulated
SF film (as it was too brittle to be gripped for a tensile test). The
same instrument was used with a cross-head speed at 2 mm/min and a
bending span of 20 mm. The value of flexural modulus was again taken
from the average of testing results from three specimens.

3. Results and discussion

3.1. Microstructure of woven ASCs

The plain woven silk fabric is composed of individual fibre threads
in two directions, which are named ‘warp’ and ‘weft’ in weaving. The
surface morphology of the unprocessed woven silk fabric is presented in
Fig. Sla and b. The cross-sectional images of unprocessed and partially
dissolved (40 °C—5 h) woven silk fabrics were taken using optical
microscopy and shown in Fig. 1.

Compared to the unprocessed woven fabric (Fig. 1a and b), Fig. 1c
and d reveal that the overall area of the remaining lenticular shape
of the fibre core and the width of the bundle that is parallel to the
plane, from woven ASC (40 °C—5 h) were decreased. It is 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 (Fig. 1e-h). Especially
in Fig. 1g and h, 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 fibre core. Interestingly, thicker layer of matrix can be
seen along warp direction fibre core. Through using the software Image
J, the thickness of the matrix layer was measured. Under the same
dissolution condition, the ratio of the matrix thickness along the fibre
core between warp and weft yarns was found close to ~2:1 (warp :
weft). 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.

—40°C-1hr
—40°C-5hr
—60°C-1.5hr
—SF film(Matrix)

Normalised Intensity

Fig. 2. Azimuthal diffraction curves for woven ASCs obtained from 40 °C-1 h,
40 °C-5 h, 60 °C-1.5 h and the coagulated SF film.

3.2. Characterisation of woven ASCs crystalline orientation

The woven ASCs were characterised by WAXD prior and subsequent
to dissolution. It is expected that upon dissolution, the crystalline
structure/orientation of the resultant woven ASCs, particularly for the
coagulated SF film, will be different to the unprocessed woven silk
fabric. Fig. 2 represents WAXD azimuthal scans of partially dissolved
woven ASCs including processed at lowest 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 2.4, WAXD azimuthal profiles were col-
lected by scanning through azimuthal angles from —90 to 90° from
the reflection plane (020) (260 = 20.6°). There were three peaks in
the diffraction curve, located at « = —90°, 0° and 90°, corresponding
to the weft, warp and weft direction respectively; with the warp di-
rection 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 «
= -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 « 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.
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Fig. 3. Average P, values calculated from WAXD azimuthal scans for woven ASCs
dissolved in [C2mim][OAc] at various times and temperatures; the dashed lines are
guide for the eye.

The orientation factor (P,), is an important parameter directly
related to the physical properties of the woven silk fabric, since it quan-
tifies the axial orientation distributions of nanocrystallites. Accordingly,
radial integration of the experimentally measured intensity distribu-
tions on the Debye ring around the (020) equatorial reflection can be
applied to determine the average orientation of the nanocrystallites
within the woven ASCs using the 2nd Legendre polynomial function,
as given in Eq. (1) [31].

P, = %(3«:052 @ —1) o))

where (cos® @) is the average cosine squared value of the azimuthal
angle a, in a two dimensional azimuthal scan, and calculated using
Eq. (2).

2
L, [ 1@cos? ada

a)y =
[ Ia)da

@

(cos

where I (a) is the scattered intensity at a 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 Egs. (1) and (2) shown above, respectively.

The orientation factors of the nanocrystallites for the woven ASC
obtained from processing at various times and temperatures were de-
termined from their distribution curves by using Eq. (1), and the results
are given in Fig. 3. It is expected that, the dissolution continuously
disrupts the preferentially oriented nanocrystallines, thus will influence
the crystal orientation and subsequently P, values. Fig. 3 implies a
P, value of 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, Fig. 3 shows a higher P, value is measured for woven
ASCs 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.

Fig. 3 indicates that different temperature sets have different rates of
dissolution. The equivalence between dissolution time and temperature
can be revealed using the TTS principle, by creating a single master
curve, which has been widely verified in many polymer systems [32—
35]. The implementation of the well-established TTS approach ex-
amines the data in natural logarithmic space (In time), followed by
shifting and overlapping the various temperature curves in In time. A
simple multiplicative factor (a;) could thus relate time and temperature
results, as shown in Egs. (3) and (4).

tg =tiar 3)
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where T, is the temperature of the data set to be shifted, Ty is the
chosen reference temperature, t; and tp are the time before and after
scaling respectively, and In a; is the shift factor in logarithmic space,
as schematically illustrated in Fig. 4a. Firstly, a reference temperature
was chosen, 50 °C here, as it is in the middle of our temperature range.
Secondly, the other temperature sets were shifted along the X axis (In
time) toward this reference set to achieve the best overlap. The amount
by which each temperature set was shifted is called the shift factor
(In ap). Then a polynomial was fitted once a smooth and continuous
superimposed data set was formed, the goal here is to vary individual
shift factors to maximise the R value between the reference set and
each subsequent data set, to provide a best fit where R? value is closest
to 1. 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 Fig. 4b. Subsequently, P, values versus dissolution
time is plotted and shown in Fig. 4c. It can be seen that the master
curve starts to flatten after 4 h of dissolution at 50 °C.

By plotting the shift factors (In a;) versus the inverse absolute
temperature, we can evaluate if the rate of the dissolution obeys an
Arrhenius-like behaviour, as expressed in Eq. (5) or (6).

E
= Aexp” —% 5
ar exp RT 6))
E
1 =lnA- == 6
nar =In RT (6)

where E, is the Arrhenius activation energy, R is the gas constant
and T is the dissolution temperature. Fig. 4d shows In a; 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 curve, giving an E, value of 95 + 17 kJ/mol.

3.3. Measurement of the volume fraction of the coagulated silk matrix (V,,)
in the woven all-silk composites

The solvent [C2mim][OAc] applied to woven silk fabrics can pene-
trate into silk fibroin and break the intermolecular hydrogen bonds in
the crystalline regions, and transform the preferentially aligned crys-
talline structure into a randomly oriented coagulated fraction, which
then forms the matrix of the resulting all silk composite. This was
shown from the WAXD azimuthal scans, recall Fig. 3, 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 (Fig. 4c) backwards
to time = 0 gives a value of 0.13, which correlates to the unprocessed
woven fabric (P, fibre). From the diffraction curve of the coagulated
silk film, the P, was measured to be 0.25 (P, matrix). Next, by assuming
a linear mixing rule, as expressed in Egs. (7) and (8), the coagulated
matrix fraction (V,,) of each partially dissolved woven ASC can be
quantitatively determined.

P2 = szibré’ Vfibre + szatrix Vm (7)

Rearranging Eq. (7) to make V,,, the subject leads to

Pcr)mpoxite

2
Pfibre _ Pmatrix (8)
2 2

fibre
V, = b

Assuming Vi, +V,, = 1.

Fig. 5a indicates the coagulated matrix fraction, V,,, for woven ASCs
obtained under various dissolution times and temperatures. Longer dis-
solution times lead to a larger V,, value. As reported above, the woven
silk fabric dissolution process exhibits time-temperature equivalence.
Similarly, the TTS principle should be applicable for the corresponded
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V,, values. Therefore, as showed in Fig. 5b, the demonstrated 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
temperature.

Fig. 5c expresses the master curve of the V,, values from each woven
silk composites dissolved in [C2mim][OAc] at various temperatures
now plotted with respect to 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 h, and only a further 20% dissolved between 2
to 6 h of dissolution. A significant reduction of dissolution rate can be
found. Nevertheless, the dissolution process still obeys TTS principle.

Upon V,, TTS shifting, the obtained shift factors can now be plotted
as a function of inverse temperature as before for the P, results. In
Fig. 5d, a straight line is again found to fit the data points, which
indicates the Arrhenius-type 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.

3.4. Mechanical properties of woven ASCs

Through tensile tests, the mechanical performance of woven ASCs
when weft direction is vertical were investigated. The mean values of
Young’s modulus at a temperature of 40 °C for different dissolution
times are shown in Fig.S2. Similar to our previous studies on single
silk fibres [29], a ‘preformed stage’ can also be found during the
dissolution of woven silk fabrics. During O to 2 h dissolution time
[C2mim][OAc] penetrates and flows through the gaps between the
multi-filaments, leading to the dissolution of a sufficient amount of silk
filaments, that subsequently transforms into matrix on coagulation, to
form a close-packed fibre microstructure, which can support an applied
stress, through the now bonded filaments and matrix. 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 fibre cores being dissolved and more matrix created.

The Young’s modulus values of woven ASCs obtained from various
times and temperatures are shown in Fig. 6a, it is noted that the
‘preformed stage’ result is removed, since it represents the early stage
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of dissolution and would have a different activation energy. Fig. 6a
demonstrates that the measured woven ASCs Young’s modulus continu-
ously 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 Fig. 6b. Modulus values
gained from other temperatures were superimposed towards the poly-
nomial 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 a;). Master curve
of Young’s modulus values for woven ASCs versus dissolution time at
a reference temperature of 50 °C, is shown in Fig. 6¢c. The measured
optimum Young’s modulus (4 GPa) is higher than that from all-silk
composites fabricated using the two-step method, 3.1 GPa, reported by
Yuan et al. [24], and almost comparable to woven silk—epoxy composite
(6.5 GPa) reported by Shah et al. [6]. A linear relationship between the
shifting factors and inverse temperatures is shown in Fig. 6d, which
once again demonstrates Arrhenius-like behaviour. The dissolution ac-
tivation energy from Fig. 6d was calculated from the gradient of the
line, gave a value of 95 + 2 kJ/mol. This is very close to the previous
two values from P, and V,, measurements (95 + 17 kJ/mol).

Tensile strength and elongation at break values of woven ASCs ob-
tained from various times and temperatures were also calculated from
their respective stress—strain curves, as shown in Fig. 7a and d. The
woven ASC fabricated from 40 °C at 2 h displayed the highest tensile
strength (80 + 7 MPa), which is comparable to the strength value of
plain woven silk reinforced with epoxy resin composites (112 + 2 MPa),
as reported in literature [6]. Meanwhile, measured elongation at break
(7.9 = 0.3%) values were greater in comparison to the corresponding
literature value (5.2 + 0.2%). Time-temperature equivalence is again
shown in the resulting tensile strength and elongation at break values,
both measured parameters exhibited decrease subject to increasing
time and temperature. Thus, following the same shifting procedure as
described above, different temperature sets were shifted in In space
towards the reference temperature set (50 °C) and generated master
curves, given in Fig. 7b and f. Consequently, the changes of tensile
strength and elongation at break are displayed versus dissolution time
(Fig. 7c and g), these imply that it is possible to design silk fibre
reinforced composites with desired mechanical properties through the

control of dissolution time and temperature. The shift factors required
to construct master curves were again plotted against inverse tempera-
tures and shown in Fig. 7d and h, both having linear dependencies, E,
were subsequently measured at 87 + 7 kJ/mol and 92 + 26 kJ/mol from
the determined strength and strain values, respectively.

A comparison of the five measured dissolution activation energies
results is given in Table.S1. The average value for the dissolution of
woven silk composites in [C2mim][OAc] is calculated as 93 + 2 kJ/mol.
It would be of interest to compare the change of V,, over dissolution
time for woven and single ASCs processed under the same reference
temperature (50 °C was chosen here), result is illustrated in Fig. 8.
It is worth to mention, we previously studied the single silk fibre
dissolution behaviour in [C2mim][OAc] [29], and it was found that
the coagulated matrix fraction (V,,) along single silk fibre can also be
quantified by following the orientation (P,) changes since they are
mathematically related to each other through a linear mixing rule.
Herein, the master curve of V,, against dissolution time for single ASCs
was implemented from our previous work [29], with V,, measured from
different temperature sets superimposed to a reference temperature
set (50 °C). In Fig. 8, as expected, comparing to single fibre, when
impregnating woven fabrics to fabricate ASCs, longer dissolution time
needed for woven silk fabrics to achieve the same amount of V,, at the
same dissolution temperature.

It is likely that the viscosity of [C2mim][OAc] is increased when
impregnating woven fabric compared to single fibre, and the solvent
diffusion rate is dramatically decreased in the woven fabric system.
In addition, due to the geometry difference, single fibre is expected to
expose larger relative contact area to [C2mim][OAc] than the woven
fabric which would enable easier access for [C2mim][OAc] to break
inter- and intra-hydrogen bonds between silk molecules to conduct the
dissolution process, thus results in a much quicker dissolution rate.
These might be the possible reasons why lower dissolution rate was
observed when dissolving woven silk fabric comparing to single silk
fibre. Interestingly, in combination of our previous work on single silk
fibres [29], it was found that the dissolution of single silk fibres in
[C2mim][OAc] requires more energy (131+8 kJ/mol) than that of
woven silk fabrics (93 +2 kJ/mol). One of the possible reasons could
be the weaving process introduces excessive abrasion which would
result in the fabric damage [36], therefore a lower activation energy
is observed for the woven silk fabrics.
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3.5. Rule of mixture theory applied on Young’s modulus and volume frac-
tion of matrix (V,,)

It would be of interest to see how measured Young’s modulus values
of each fabricated woven ASC correlate with the V,,, 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 performance.

Consequently, as showed in Fig. 9, the previously measured master
curve of woven ASCs Young’s modulus value (Fig. 6¢) is plotted against
the corresponding V,, master curve values (Fig. 5c). According to the
well-established ROM principle, the behaviour of certain properties in
a composite material lies within two boundary lines, the Voigt (parallel
and upper bound) [37] and Reuss (series and lower bound) [38].
Plotting the two boundary curves requires input of two limiting moduli
values, from the ordered unprocessed woven silk fabric and the coagu-
lated SF film (matrix), respectively. The modulus value of unprocessed
woven silk fabric is obtained from extrapolating the modulus TTS curve
(Fig. 6¢), and shows a value of 4.7 + 0.5 GPa (V,, = 0). While the
matrix modulus is acquired from previous three-point bending tests on
coagulated SF film, and gave a value of 0.59 + 0.01 GPa (V,, = 1).

The Voigt series assumes a perfect bonding between fibre and ma-
trix, 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 [39]. 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. Yan et al. [40] reported a similar observation,
where they fabricated woven natural fibre/polymer composites using
three different fibres including flax, linen and bamboo, comprising the
epoxy as matrix, and use Voigt model to predict their theoretical tensile

> @ Master curve data
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Fig. 9. Young’s modulus of woven ASCs plotted against the corresponding V,,, with
Voigt and Reuss models to indicate the ROM theory.

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

4. Summary

In this work, we fabricated single layer woven all silk composite
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 ten-
sile tests measurements. Here, we reported for the first time using
time-temperature superposition principle to quantify the dissolution
activation energy of woven silk fabrics with [C2mim][OAc]. Through
following the changes in the orientation of crystallites in woven ASCs,
and the employment of the second Legendre polynomial function, dif-
ferent P, values were obtained from woven ASCs processed at various
times and temperatures. In accordance with the TTS principle, the
master curve of P, obtained from various 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 behaviours,
and the dissolution rate was increased rapidly at early dissolution
hours and slowed down afterwards (Fig. 5¢). The dissolution activation
energy was calculated to be 95 + 17 kJ/mol.

The Young’s modulus values of each woven ASC were also mea-
sured, and the same TTS shifting method was applied. The E, was
calculated from the gradient of the Arrhenius plot, with a value of
95 +2 kJ/mol, which is identical to the E, values acquired from the
P, dependence. Additionally, measured tensile strength and elongation
at break values exhibited time-temperature equivalence and yield an-
other two methods to determine E,, having values of 87 +7 kJ/mol
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(strength measurements) and 92 + 26 kJ/mol (elongation at break mea-
surements). Master curves of Young’s modulus (Fig. 6¢), tensile strength
(Fig. 7¢), and elongation at break (Fig. 7g) expressed against dissolution
time provide a guidance when designing silk-based composite with
desired tensile properties through the control of dissolution time and
temperature. Five different methods all point to a very close dissolution
activation energy of woven silk fabric in [C2mim][OAc], giving an
average value of 93 + 2 kJ/mol. The measured Young’s modulus values
of woven ASCs were also correlated with V,,, and found our prepared
woven ASCs lie between Voigt and Reuss models. In combination with
our previous work on single silk fibres [29], the dissolution rates
and activation energies of single silk fibres and woven silk fabrics
in [C2mim][OAc] were compared, and it was found that the woven
silk fabrics have a much slower dissolution rate with a lower E,. The
relative contact area and the solvent diffusion rate may be the cause of
this, since the [C2mim][OAc] is less capable to diffuse into the woven
structure. At the same time, the abrasion during the weaving process
could cause fabric damage which might lower the E,. Woven all-silk
composites fabricated in this study showed comparably good tensile
properties, with the aid of constructed master curves, it is demonstrated
that the mechanical properties can be manipulated via changes in
dissolution time and temperature. Due to chemical homogeneity and
relatively good mechanical properties, woven ASCs may be particularly
attractive as composite in engineering and biomedical applications,
where biocompatibility and good interfacial bonding are required.
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