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A B S T R A C T

Silk fibres possess good biodegradability, excellent biocompatibility and moderate modulus and stiffness,
whereas flax fibres are low cost, renewable natural fibres with high specific strength and modulus. Here we
introduce economical flax fibres to modulate the stiffness and impact properties of natural B. mori silk reinforced
epoxy composites fabricated via vacuum-assisted resin transfer moulding. Intra-and inter-hybridizations of flax
and silk fibres are applied to evaluate the effect on composite mechanical properties including tensile and
flexural modulus and strength. The interface properties between the fibres and matrix are investigated using
dynamic mechanical thermal analysis (DMTA). Most importantly, falling weight impact experiments reveal that
silks can effectively prevent crack propagation whereas flax fibres can greatly enhance the impact load. Our
study could offer new solutions towards novel biocomposites with tailored modulus, strength and toughness
properties based on natural biopolymer fibres.

1. Introduction

In recent years, natural fibres have been increasingly used as re-
inforcements for applications in the automotive industry and for sports
equipment [1,2]. Natural fibres from plants or animals are more en-
vironmentally friendly and could be less costly than synthetic fibres [3].
Despite their known merits such as low cost, light-weight, biodegrad-
ability and good mechanical properties, common natural fibres may be
restricted for wider applications in structural composites due to their
large variability, poor toughness and low impact resistance [4]. Flax
fibres, however, have been one most popular plant fibres as a “green”
and low-cost reinforcement [5]. They have superior mechanical prop-
erties to most plant fibres and specific mechanical properties compar-
able to glass fibres [6–9], which makes them a competitor to glass fibres
for various composite applications. However, the low interlaminar
strength and poor fracture toughness of flax fibres due to their weak
interfacial bonding have restricted their industrial use [10]. Coating
methodologies (e.g., incorporate modified carbon nanotubes (CNTs)

[6]) and hybridization with glass fibres [11] have been applied to im-
prove the interfacial strength and fracture toughness of flax reinforced
composites. Nevertheless, the incorporation of nanomaterials would
markedly increase the cost of raw materials and processing, which is
not advantageous.
Natural silks such as silks from silkworms as a single or hybrid fibre

reinforcement have been utilized to improve flexural and impact me-
chanical properties of epoxy resin composites [12]. Silk fibres can ab-
sorb and dissipate energy simultaneously during deformation, which
results in excellent mechanical toughness [13–15]. Notably, silk re-
inforced epoxy resin composites exhibit much higher tensile and flex-
ural strains at break compared to plant fibre and glass fibre reinforced
composites (PFRP/GFRPs) [16]. In addition, they can be made with
high reinforcement volume fractions; in fact, as high as 70 vol% silk
reinforcement has been achieved in epoxy composites using compres-
sion moulding [17]. In the same work, the impact strength of 60 vol%
silk epoxy resin composites was found to be six times higher than that
for the pure epoxy resin. Moreover, silk reinforcement can improve the
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ductility and overall breaking energy of the epoxy composites at sub-
ambient temperatures, as low as −50 °C [18]. It has also been sug-
gested that silk fibres have the potential to be exploited in energy-ab-
sorbing applications [4,6,7,19–21]. Nevertheless, the moderate
strength and modulus of natural silks may offset their relatively high
ductility and toughness. Specifically, natural silk fibres from silkworms
have a 5–15 GPa tensile modulus, 300–600MPa tensile strengths with
15–25% failure strains [4,16,20]. Additionally, the interfacial bonding
between the silk and epoxy resin has been found to exceed that between
plant fibres and epoxy resin [17].
Hybridization of reinforcement fibres with complementary char-

acteristics is a popular strategy to balance the cost, mechanical prop-
erties and “green” credentials of the composite. For example, the
combination of carbon/glass fibres [22] with the carbon fibres as top
and bottom layers can effectively increase damage tolerance under
impact. Hybridization of synthetic fibres with natural fibres, and of
natural fibres with other natural fibres, has also attracted increasing
attention of late [21,23–26]. An example of this is hybridizing basalt
(from natural stones) with carbon fibres to improve impact perfor-
mance [23]; basalt fibres have also been chosen as hybridization fibres
to improve the impact performance of flax fibre reinforced composites
[10,14,15]. Natural silk fibres have also been hybridized with other
fibres [27–29]. In particular, the improved fatigue resistance of silk has
been used in hybridized composites as silk fibres appear to possess the
capacity of slowing down the crack propagation process [30]. Ad-
ditionally, the mechanical strength of hybrid composites has been en-
hanced by adding short silk fibres into glass fibre reinforced epoxy
composites, where it has been claimed that the short silk fibre may
facilitate stress transfer under tensile loading by acting as bridges [31].
In addition to advantages in mechanical properties, silk fibre hy-
bridization also can have beneficial effects on the physical properties of
composites, such as light transmission and luminance distribution
ability [32].
To our knowledge, hybridization of the two biopolymer fibres, that

of silk and flax fibres, has not been studied to improve the mechanical
properties and impact performance of epoxy resin matrix composites. In
this work, we question whether high-modulus flax fibres can modulate
the modulus of silk reinforced epoxy resin composites, and whether the
high ductility and toughness of silk fibres are compromised through
hybridization. Accordingly, we introduced controlled flax fibre frac-
tions into silk fibre reinforced epoxy resin composites, which were
fabricated through a Vacuum-Assisted Resin Transfer Moulding process
(VARTM). The effects of flax fibre content and hybrid configuration
were studied on the mechanical properties and impact performance of
silk fibre composites. The intent of this work is to provide new insights
into designing “greener” bio-composites with enhanced mechanical
properties.

2. Materials and methods

2.1. Materials

A plain woven Bombyx mori (B. mori) silk fabric with an areal
density of 90 ± 5 g.m−2, and three plain woven (B. mori) silk-flax
hybrid fabrics (mixed ratios of flax/silk of 30/70, 21/79, and 42/58)
with respective areal densities of 60 ± 5 g.m−2, 80 ± 5 g.m−2

120 ± 5 g.m−2, were obtained from Hu Zhou Yong Rui Textile Co. Ltd
(Zhejiang, China). A plain-woven flax fabric with an areal density
of∼ 145 g.m−2 was purchased from Yi Bai Wang Industry Store. The
densities of the silk and flax fibre were reported to be 1300 kg.m−3 and
1450 kg.m−3 respectively [16,33].
A low viscosity (for easy flow in VARTM) epoxy resin system la-

belled Araldite LY1564/Aradur3486 (epoxy resin/hardener) produced
by the Huntsman Corporation (US) was acquired, with a specified
density at room temperature of 1.1–1.2× 103 kg.m−3; its curing ratio
was 100:34 by weight with curing conditions of 80 °C for 8 hrs. The

chemical structures of the epoxy system 1564 including a bisphenol
epoxy and an aliphatic epoxy and the chemical structure of the hard-
ener system 3486 are shown in Appendix I.

2.2. Fabrication of hybrid composites

Hybrid composites were fabricated as laminates using a VARTM set-
up, as shown in Fig. 1(a), followed by hot pressing to obtain a high
volume fraction of the fibre and improved interface quality of the
composite [34,35]. All the fabrics were cut to dimensions of
200mm×100mm and dried in a vacuum oven at 70 °C for 12 hrs prior
to resin infusion (as natural fibres tend to have∼ 5% moisture content)
[21]. The number of plies was calculated to keep the laminate volume
fraction at roughly 50%. After drying, the reinforcement fabrics were
laid on the mould, and a peel ply and distribution media were also
added to the top and bottom. The entire assembly was covered with a
vacuum bag and sealed with sealant. A low viscosity resin system was
used to facilitate fibre wetting. Resin-hardener mixture was allowed to
degas for 30 mins in a vacuum chamber, prior to impregnation through
VRATM [7,24] After the entire layup was impregnated, the resin system
was allowed to fully infiltrate for 15 mins. Then the layup was moulded
and hot pressed at a pressure of 500 kPa for 8 hrs at 80 °C to complete
the curing reaction.
Fig. 1(b,c) shows the fibre fractions and hybrid configurations of the

silk and hybrid laminates developed for this study; all laminates had an
overall fibre volume fraction of approximately 50 vol% and a thickness
of 2mm. The relative volumes of silk versus flax fibres were achieved
through variations in hybrid fabrics and configurations. The silk lami-
nates from B. mori reinforcement fibre were termed SB. For the intraply
hybrid laminates, three variations of (B. mori) silk/flax hybrid fabrics
have mix ratios of 42/58, 30/70, 21/79; the final composites are
termed as FS1, FS2, FS3 accordingly with increasing flax content. For
the super-hybrid laminates (including both intraply and interply), B.
mori silk fabrics and 30/70 silk-flax hybrid fabrics were used in two
super-hybrid configurations. For the first configuration, six silk fabrics
as the core and five 30/70 silk-flax hybrid fabrics as skins were stacked
as a sandwich, which is termed as HSH. Similarly, SHS applied silk
fabrics as skins and hybrid fabrics as the core. For the second config-
uration, eight 30/70 silk-flax hybrid layers and seven silk fibre fabrics
were alternatively plied, keeping silk-flax hybrid layers as the outer-
most layers; this is termed as SHI.

2.3. Microstructure and morphology analyses

The morphology and microstructure of the plain weave fabrics and
fractured cross section of the fabricated laminates were imaged under
an optical microscope (Shanghai Optical Instruments Co. Ltd., China)
and a scanning electron microscope (SEM, JEOL JSM−6010, Japan). A
20 kV accelerating voltage and the secondary electron image mode
were used to take all SEM images.

2.4. Quasi-static mechanical testing

Uniaxial tensile mechanical properties of the composites were
measured in accordance with the Chinese Standard GB/T1040-92 using
an Instron 8801 screw-driven testing machine (Instron Corp., Norwood,
MA, USA), operating at a displacement rate of 2mm.min−1 with an
extensometer (Instron, Catalogue no. 2620-601) mounted on the
sample to measure strain. The dimensions of the tested dog-bone spe-
cimens were 115mm×25mm×2mm with a gauge length of 10mm.
Flexural mechanical properties were evaluated with unnotched

specimens tested in three-point bending on an Instron 5565 screw-
driven testing machine, also at a cross-head speed of 2mm.min−1, in
accordance with the Chinese Standard GB/ T1449-2005. The specimens
were rectangular in cross-section with dimensions of 40mm×
15mm×2mm.
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The interlaminar shear strength was evaluated in accordance with
the International Standard ISO 14130:1997 on the same Instron 5565
machine at a cross-head speed of 1mm.min−1. All the specimens were
cut out from laminates by water-cutting method to a dimensional ac-
curacy of± 0.1mm. The specimens were also rectangular in cross-
section with dimensions of 20mm×10mm×2mm.

2.5. Impact testing

Toughness properties of the composites were assessed using un-
notched Charpy impact specimens on a pendulum impact testing ma-
chine (MTS model ZBC 1000, MTS Corp., Eden Prairie, MN, USA), in
accordance with the International Standard ISO 179:1997. 4 J impact
energy calculated from the impactor mass and initial height was used to
load onto specimens.
The falling weight impact mechanical properties were evaluated in

accordance with ASTM D7136 standard on an in-house built impact
machine with a 1.723 kg impactor comprising a 12.7mm diameter

hemispherical nose [36]. The force applied to the impactor by the
sample was recorded by the force sensor and stored by the digital
phosphor oscilloscope (Tektronix; DPO 2014B) as a function of time. In
our study, laminate specimens with dimensions of
100mm×100mm×2mm were tightly clamped by two plates with a
central 76-mm diameter circular opening of depth 18mm on the upper
plate (total mass of 9.55 kg) which was located straight under the im-
pactor [37]. A 3 J impact energy was initially used in the experiments,
but was increased to 4 J (by increasing the height of the impactor from
180 to 240mm) as the lower impact energy did not penetrate some
specimens.

2.6. Dynamic mechanical thermal analysis

The thermo-mechanical properties of the silk and hybrid fibre
composites were also evaluated by dynamic mechanical thermal ana-
lysis (DMTA), measured using a DMA Q800 instrument (TA Instrument,
Waters Ltd.) under cantilever mode with a heating rate of 3 °Cmin−1, at

Fig. 1. (a) Illustration of VARTM set-up and fabrication, showing (b) the relative volume fractions of silk/flax fibres in the fibre reinforcements and configurations of
hybrid composites.
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temperatures from 25 °C to 170 °C at a frequency of 1 Hz. The de-
formation/dynamic strain was set to be constant at 0.2% under the
cantilever mode.

3. Results and discussion

3.1. Morphology and microstructure of fabrics

Four types of fabrics were used in this work, including one silk
fabric originally produced by a common silkworm species of B. mori and
three hybrid fabrics of B. mori silk and flax fibre. As introduced, hybrid
fabrics had three hybrid ratios of flax:silk, namely 21:79, 30:70 and
42:58 with increasing flax fraction. The woven structure of the fabrics is
shown in the SEM micrographs in Fig. 2. These fabrics consisted of a
normal plain-woven structure despite varied strand densities along two
directions, and are similar to that used in previous studies [12,17,18].
B. mori silk fabric in Fig. 2(a,b) was tightly woven with little porosity

between the fibres and between the fibre bundles. The neat and tightly
woven structure of silk was proved to increase the fibre volume fraction
in the composite up to 70 vol% [17]. Compared to pure silk fabrics, the
three silk-flax hybrid fabrics in Fig. 2(e-j) were woven less tightly. Due
to the high stiffness, non-continuity and poor elasticity, flax fibres in
fabrics are often difficult to weave [38], and therefore are woven and
twisted in relatively thick yarns, compared to continuous fibres. Flax
fibres displayed a branched microstructure [5], which is shown in
Fig. 2(c,d). In the hybrid fabrics of this work, by unravelling the hybrid
fabrics we found that the flax fibres were woven into thicker yarns of
300–400 μm whereas the silk fibres were in thinner and more twisted
yarns of ∼300 μm in Fig. 2(f) and ∼100 μm in Fig. 2(h–j). It was noted
that the woven structure of the silk-flax hybrid fabric in Fig. 2(e, f) was
distinctly different with 42% flax fraction; this woven structure was
particularly effective in enhancing the mechanical properties of the
composite, as discussed later. For the fabrication of hybrid fabric
composites, a preferred direction along the thicker yarns of flax fibres

Fig. 2. Scanning electron microscope (SEM) images of the microstructure of the plain weave fabrics (a, b) B.mori silk, (c, d) flax, (e, f) hybrid H21-79, (g, h) H30-70,
and (i, j) H42-58. The enlarged images in (b, d, f, h, j) show the details of the fibre yarn, i.e., twists in yarns and continuity of individual fibres.
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was noted as the longitudinal direction; this was also selected as the
long-axis of the tensile and flexural test specimens to realize a max-
imum stiffening and strengthening effect of the flax fibres.

3.2. Mechanical properties of silk-flax hybrid fibre composites

3.2.1. Tensile mechanical properties
The geometry of tensile test specimens is shown in Fig. 3(a) and (b).

The tensile stress-strain curves of pristine epoxy resin and various types
of composites are shown in Fig. 3(c). For each material, at least three
specimens were tested. The tensile mechanical properties, derived from
the stress-strain curves, including Young’s modulus, ultimate tensile
strength, strain at break and breaking energy, are provided in linked
data Table S1. Compared to the pristine epoxy resin, all the fibre re-
inforced composites in Fig. 3(d) displayed a higher tensile strength and
modulus. The pristine (unreinforced) resin had an effective tensile
elongation up to 8%, which can be considered as a high ductility. As the
flax fraction increased from 21% to 42% from FS1 to FS3 of intraply
laminates, the initial elastic modulus increased from 12.8 GPa to
22.2 GPa, and the tensile strength increased from 170MPa to 247MPa.
However, the tensile elongation was seen to be lowered with increasing
flax content.
Further using intercalated configurations of hybrid fabrics and silk

fabrics, the flax fibre fraction in the composites was varied from 0 vol%
to 80 vol%. Of note here is that stacking sequence was not found to be a
significant influence on the tensile mechanical properties [7,11].
Fig. 3(f) summarizes the effect of flax fibre content on the properties,
where it is evident that tensile modulus and strength show a linear
increase as the flax fibre fraction increases. The exception is the FS1
hybrid composites with ∼60% relative volume content of flax fibres,

which display lower than expected stiffness and strength values, pos-
sibly due to their different fabric textile structure (Fig. 2(e)). It is also
found that the breaking strains of the two super-hybrid configurations
(SHS and HSH) with less flax were inferior to that of the intra-hybrid
structure of FS2 with more flax. This agrees with the literature that flax
fibres can induce catastrophic brittle fracture, which can lead to cracks
along the flax-matrix interfaces and sequential failure of the other fibres
[7,25]. However, when silk and flax fibres were intra-plied, e.g., in FS2,
the silk fibres may act to prevent unstable cracking that originated in
the flax fibres.
The microstructure of the fracture surfaces from tensile tests are

shown in Fig. 4. The presence of residual epoxy debris on fibre surfaces
indicate good fibre-resin adhesion [7]. All the FS laminates were found
to show residual epoxy debris on the pull-out fibres. The detailed da-
mage modes are also evident in this figure for each composite, in-
cluding fibre and fibre yarn pull-out, matrix cracking and fibre-matrix
interface damage. The SB composites showed smoother fracture sur-
faces than the FS hybrid composites (Fig. 4a). Fibre yarn pull-out is also
indicated in the figure, which appeared more severe in the hybrid
composites (Fig. 4(b–d)) compared to silk composites, suggesting better
interfacial bonding of silk fibres with the resin compared to flax fibres.
To summarize this section, a clear trend of increasing tensile modulus
and strength was observed with increased flax content. The FS2 com-
posite also displayed the highest tensile breaking energy among all the
hybrid fibre composites, similar to that of the SB material.

3.2.2. Flexural mechanical properties
Silk-epoxy composites have been reported to possess superior flex-

ural mechanical properties [16,18]. The flexural properties of pure silk
composites, as compared to the intraply hybrid composites and the

Fig. 3. Tensile mechanical properties of pristine epoxy resin, pure silk composites (B. mori silk fibre reinforced composites, SB) and intra-hybrid composites (FS1,
FS2, FS3 with increasing flax fibre content). (a) Typical engineering tensile stress-strain curves. The inset shows the tensile specimen geometry. (b) Specific tensile
modulus and specific tensile strength derived from stress-strain curves. (c) Breaking energy, calculated as the area under the stress-strain curves, and the strain at
break. (d) Trendlines of the tensile modulus and strength evolving with the flax fibre fraction of the overall fibre reinforcement, expressed as V[f/f+s].
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pristine resin are presented in Fig. 5 and Table S1. For the three intraply
hybrid composites, the flexural modulus and strength, akin to the ten-
sile results, were improved by introducing flax fibres. In particular, the
specific flexural modulus of the FS3 material was 320% higher than that
of the SB composites. However, the flexural breaking strain for the
intraply hybrids was lower; this differs from the tensile results due to
the effect of the configuration of the laminates. It is generally accepted
that plying laminates with relatively low modulus and high flexural
failure strain, especially on the flexural surfaces, can significantly im-
prove the flexural strength of hybrid composites [16,39]. However, the
HSH super-hybrid composite (plying hybrid fabrics on the outside and
pure silk in the middle) showed a high flexural strength owing to the
stiffer flax on the out-layers of hybrid fabrics, and high flexural failure
strain contributed by silk (Fig. 4(d)). Moreover, the FS3 composites that
contained mainly high modulus flax and “complementary” low mod-
ulus silk fibres displayed in the highest flexural strength of 300MPa,
which is comparable to that in nonwoven plain glass fibres reinforced
composites. This highlights the potential of natural fibres in enhancing
the flexural properties of epoxy-resin reinforced composites.
The macroscopic flexural deformation and fracture mode of the

composites, shown in the inset in Fig. 5(a), can be seen to markedly
change with the hybrid ratios. Flexural failure modes include com-
pressive, tensile and shear failures in the matrix, fibres and the inter-
faces [40]. In the present study, the span-to-thickness ratio (L/t) of ∼15
(32mm/2.15mm) suggests the main failure mode should be axial
compressive damage under the loading roller [41]. However, cracks
that originated at the far side under the loading roller could be asso-
ciated with the tensile failure, as shown in Fig. 6. Silk SB composites
displayed greater bending deformation and ductile failure features,
such as irregular translaminar crack path and fibre-bridging (Fig. 6(a-2,
3)), as reported previously [7,11]. Silk fibres could blunt the crack front
and deviate the crack path [30]. More silk micro-fibrils were also seen
to contribute to the flexural breaking energy. The silk-flax intraply
hybrid composites displayed less ductile failures, as shown in Fig. 6(b,

c). In contrast, the FS3 composite displayed only semi-ductile fibre
fractures with the presence of ductile silk fibres and brittle flax fibres in
the same region in Fig. 6(c-3).

3.3. Interfacial properties of composites

The interfacial properties and the compatibility behaviour between
fibre and resin are often evaluated by the inter-laminar shear test [42].
The inter-laminar shear strength (ILSS) results are shown in Table S1.
The failure modes were a mix of shear and tensile fractures for all the
composite specimens tested here. Therefore, the ILSSs here are not
strictly comparable to the values from shear fracture-only tests. The
ILSS of pure SB composites was the lowest at 26.9MPa, and for the FS
hybrid laminates, the ILSS increased from 31.2MPa for FS1 to 36.0MPa
for FS3 as the fraction of flax fibre increased. Previous works [16,17]
reported greater interfacial adhesion in silk-epoxy resin composites
than flax-epoxy resin composites. It is suggested that the enhanced ILSS
could be attributed mainly to the z-directional stiffness/modulus of the
flax fibre. The same mechanism was revealed in another hybridization
work of flax and glass fibres [11]. Notably, the ILSS of the intraply
hybridization composites FS3 and the super-hybrid configuration with
flax in the out-layers appeared higher, in which the z-direction stiffness
of flax affects more effectively. We therefore reasoned that introducing
flax fibres into these materials enhanced the interfacial shear perfor-
mance of the composite mainly through a mechanism of enhancing the
z-direction stiffness. Importantly, the ILSSs of silk-flax hybrid fibre
composites in this work were comparable to that of glass fibre re-
inforced composites. In addition, compared with the lay-up process for
fabricating silk-epoxy resin composites [17], VARTM may also con-
tribute to improved interfacial adhesion through the flow infiltration of
the epoxy resin, in agreement with the earlier reports on glass fibre
reinforced composites [43,44].
The interfacial properties of the composites were also investigated

using dynamic mechanical thermal analysis or DMTA, which is widely

Fig. 4. Scanning electron microscope (SEM) images of tensile fracture morphologies including interfacial damage, fibre or fibre yarn pull-out and fracture of
specimens from (a) SB composites and intraply hybrid composites (b) FS1, (c) FS2, (d) FS3.
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Fig. 5. Flexural properties of epoxy resin, the intraply hybrids and pure silk composites with ∼50 vol% fibre reinforcement. (a) Typical flexural stress-strain curves.
(b) Specific flexural modulus and specific flexural strength values. (c) Breaking energy and strain at break. (d) Flexural modulus and strength evolving with flax fibre
fraction in the fibre reinforcement, expressed as V[f/f+s]. Macroscopic fracture morphologies after flexural damages for the SB and FS composites are shown in inset of
(a).

Fig. 6. Scanning electron microscopy (SEM) images of the flexural fracture microstructure of composite specimens in two directions, (a) SB, (a-1), (a-2) and (a-3) are
side-views; and (a-4) is top-view. Fibre-bridging and resin debris can be observed in the square of red dashed lines (a-2). (b) Intraply composite FS1, (b-1), (b-2) and
(b-3) are side-views; and (b-4) is top-view. Silk fibrillation is highlighted in the square in (b-2); flax’s brittle fracture and silk’s ductile fracture are also highlighted in
the square in (b-3). (c) Intraply composite FS3, (c-1), (c-2) and (c-3) are side-views; (c-4) is top-view.
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used to characterize the structure, thermomechanical properties and
viscoelastic responses of polymers and polymer composites [45,46].
Here, the glass-transition behaviours were analysed to better under-
stand the interfacial bonding between the fibre reinforcements and the
epoxy matrix [47,48]. Fig. 7 shows the dynamic mechanical storage
modulus (E′) and damping factor (tanδ) in Fig. 7(a) and (b), of the intra-
hybrid composites, non-hybrid composites and super-hybrid composites
through the glass transition. In Fig. 7(c) and (d), the storage modulus at
30 °C increased with increased flax content at V[f/s+f] > 0.2. In parti-
cular, the FS3 material had the highest storage modulus of 7.0 GPa
owing to its high stiffness and larger volume fraction of flax fibres. SHS
and SB composites displayed a similar storage modulus because the
23% of flax fibres were placed in the middle in SHS and could not play
the high-stiffness role under small dynamic deformations. Additionally,
three hybrid composites, namely FS2, FS3 and HSH, maintained a
storage modulus greater than 1 GPa above their glass-transition tem-
perature Tg, which is important for many engineering applications.
The Tg of epoxy resin defined by peak tanδ in Fig. 7(b), was in a

narrow region between 94 °C and 97.5 °C for all the silk and hybrid
composites. The Tg of pristine epoxy resin was 95 °C and was slightly
lower at 94 °C for SB and FS1 composites; by comparison, the Tg values
for the remainder of the hybrid composites were shifted to a higher
temperature (by ∼2 °C). It is suggested that the height of the tanδ peak
can indicate the “quality” of interfacial bonding. Strong interfacial
bonding would restrict the molecular mobility of epoxy resin segments
at Tg, thereby reducing the magnitude of the tanδ peak [47]. The FS1

composite showed the highest tanδ among the intra-hybridization
composites, which suggests the poorest interfaces among FS1-3, con-
sistent with its lowest ILSS.

3.4. Impact performance of composites

Silks are presumed to possess a high fracture strain capacity and
thus the ability to both absorb and dissipate energy under impact events
[13–15]. Here two impact test methods (Charpy impact and the falling
weight impact) were used to evaluate the impact performance of the
composites under dynamic conditions. The Charpy impact strengths,
listed in Table 1, did not show a simple relationship with the flax
content or laminate configuration. The silk composite SB and intraply
hybrid FS1 had the lowest impact strength, whereas the super-hybrid
fibre composites SHS and HSH had the highest impact strength, despite
the fact that the latter composites had a lower flax content than the
intraply composites FS1-3. Overall, introducing flax fibres to silk-epoxy

Fig. 7. Dynamic mechanical thermal analysis of epoxy resin, pure silk composite, intraply hybrid composites and super hybrid composites (HSH, SHS) from 25 °C to
170 °C: (a) storage modulus (E') as a function of temperature; (b) damping factor tanδ as a function of temperature; (c) storage modulus E' of epoxy resin and
composites at 30 °C and at 140 °C corresponding to before and after the glass transition of epoxy resin; (d) storage modulus E' at 30 °C and 140 °C related with flax
fibre fraction in the overall flax+silk fibre reinforcement, V[f/(f+s)].

Table 1
Charpy impact strength (kJ.m−2) of silk and hybrid fibre composites.

Specimen SB SHS HSH FS1 FS2 FS3

Mean (kJ.m−2)
± SD

23.08
± 0.83

31.83
±3.42

31.62
± 2.72

21.48
±2.51

28.83
± 3.99

26.14
± 1.98
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composites improved the Charpy impact strength, but to achieve an
optimized impact strength the laminate configuration must also be
considered.
The impact fracture morphology after Charpy impacts is shown in

Fig. 8 from two directions representative of the impact direction for the
SB, FS1 and FS3 composites. The energy absorption mechanisms for silk
fibres under impact also include elastic and plastic deformation as well
as fibrillation [49]. For the SB composites, fibre/yarn pull-out in
Fig. 8(a−1), matrix cracking in Fig. 8(a−2), tightly packed silk yarn in
Fig. 8(a−3) and fibrillation of silk fibre in Fig. 8(a−4) are seen. The
considerable residual epoxy debris on the silk fibre surfaces indicates
good adhesion between the fibre and epoxy resin under impact. For the
intraply hybrid composites FS1 and FS3 (Fig. 8(b,c)), similar to the
tensile fracture microstructure, the distinct fracture morphologies of the
flax and silk fibres are seen. Nevertheless, the high-modulus flax fibres
in hybrid composites (FS1-3), despite their brittle nature, still served to
improve the Charpy impact performance of the silk-epoxy resin com-
posites.
Falling weight impact tests were performed on pure silk composites

SB, and three intraply hybrid composites FS1, FS2 and FS3 using 3 J and
4 J impact energies E0. The representative damage fragmentations from
the SB and FS1 composites after the falling weight impact test are
shown in Fig. 9. All the laminates (including FS2 and FS3 specimens not
shown here) displayed typical cross-shaped cracks on the front and
back. The SB composites showed a smaller perforation depth of cross-
shaped cracks, which signifies that the silk fibres absorbed more energy
to prevent penetration of the impactor. The FS1 composite was pene-
trated, or even perforated, by the impactor and suffered the most severe
damage after 4 J impact loading. Its fracture morphology, shown in the
SEM image in Fig. 9(f), reveals fibrillated fibres and the almost dis-
appearing epoxy resin matrix.
The crack size and area in Table 2 for the various composites can

quantitatively indicate the extent of the impact damage. 4 J impacts
resulted in larger crack sizes for all the specimens, as compared to 3 J
impacts, consistent with previous studies [50]. Compared to the hybrid
composites, the SB composites had the smallest crack sizes (47mm/
18mm for 3 J impacts and 50mm/29mm for 4 J impacts) and the
smallest crack area (664mm2 for 3 J and 1138mm2 for 4 J impacts).
This again strongly implies the superior impact resistance of silk fibres.
Moreover, the crack axis ratio (long-axis direction/short axis direction)
of silk composites tended to be greater than the hybrid composites,
suggesting more “directionality” in the propagation of the damage
[23,51]. For the intraply hybrid composites, the crack area for 4 J im-
pacts was seen to decrease with increasing volume fraction of flax fibres
from FS1 to FS3. We accordingly conclude that hybridization with flax
fibres in silk-epoxy resin composites may be beneficial for reducing

impact damage.
Fig. 9 also showed the detailed load-time and energy-time profiles

under impact. From the load (force)–time curves, the energy absorption
can be calculated using the relationships described in ref. [50], which
are found in Appendix II. The maximum load Fmax in the load-time
curves indicates the end of crack initiation and the start of crack da-
mage propagation in the impact processes. Under 3 J impacts, SB and
FS3 had the highest Fmax, whereas for 4 J impacts, SB had the highest
Fmax of ∼320 N. The load-bearing capability of the intraply hybrid
composites was consistent with the trend in crack areas; increasing flax
content resulted in enhanced load-bearing capability and smaller da-
mage regions. In addition, the SB and FS1 composites also showed more
steps in load-time curve, which can be related to the damage processes
in the silk fibres such as fibrillation. Nevertheless, pure silk composites
SB showed superior load-bearing capability to almost all the intraply
hybrid composites at both impact energies, which needs further in-
vestigation.
The absorbed energy in Fig. 9(i, j) showed that although SB com-

posites displayed higher Fmax under 4 J impacts, the FS3 hybrid com-
posites exhibited the highest energy absorption during the impact
process. For the 3 J impacts, the FS3 composites had an almost identical
impact energy (also Em) to the SB composites; however, for the 4 J
impacts, the FS3 material first reached the highest energy in ∼10ms
whereas the silk composites absorbed energy more gradually and
reached ∼4 J in ∼20ms. It may imply that the flax fibres can faster
absorb impact energy, therefore providing for more efficient energy
absorption than purely silk reinforced composites under impact.

4. Conclusions

In this study, flax fibres were introduced into silk fibre reinforced
epoxy resin composites via intraply and interply hybridization methods
and vacuum-assisted resin transfer moulding. A clear trend of in-
creasing modulus and strength of the hybrid composites under both
tensile and flexural loading was observed with progressively increasing
flax fibre content while the overall fibre volume fraction was main-
tained at 50 vol%. The interface property analyses revealed that in-
troducing flax fibres into silk-epoxy resin composites can significantly
improve the interlaminar shear strengths of the composites via en-
hancing the z-direction stiffness. Most importantly, the Charpy impact
testing and falling weight impact testing showed that introducing flax
fibres can enhance the impact strength compared to pure silk fibre re-
inforced and may also increase the efficiency in impact energy ab-
sorption. This study can provide insights into the application of silk in
structural composites and bio-composites for biomedical use.

Fig. 8. Scanning electron microscopy (SEM) images showing the fracture microstructure after Charpy impact tests from two directions. (a) SB, (a-1, a-3) are top-
views, (a-2, a-4) are side-views. Resin debris is highlighted in the square in (a-4). (b) FS1, (b-1, b-2) are top-views. Silk micro-fibrils are highlighted in the square in
(b-1). (c) FS3, (c-1, c-2) are top-views. Silk fibrillation and flax fracture are highlighted in the squares in (c-2).
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Fig. 9. Impact properties from falling weight impact tests (including damage fragmentation, load bearing capability and energy absorbing capability) of pure silk
composites and intraply hybrid composites. (a, b) Macroscopic crack front and back surface of the SB composite under 4 J impacts. (c) Schematic diagram of the
experimental set-up of falling weight test. (d, e) Macroscopic crack front and back surface of the FS1 material under 4 J impacts. (g, h) Comparison of load-time
profiles under 3 J and 4 J impact, respectively. (i, j) Comparison of energy-time profiles for impact energies of 3 J and 4 J, respectively.
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Appendix I:. Chemical structures of the epoxy resins and hardeners

(a) Chemical structures of the epoxy system 1564 including a bisphenol epoxy and an aliphatic epoxy; (b) Chemical structure of the hardener
system 3486.

Appendix II. : Equations for analyzing the falling weight experimental data [50]:
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where E0 is the initial impact energy, E(t) is the absorbed energy by the specimen, v andv0 are, respectively, the velocity of the impactor at time t and
t=0, F(t) refers to the measured contact force at time t and is the displacement of the impactor.
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Supplementary data to this article can be found online at https://doi.org/10.1016/j.compositesa.2018.12.003.
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