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A B S T R A C T   

Silk fibres exhibit good biodegradability, biocompatibility and balanced strength and toughness, which are useful 
for toughness/impact-critical composites in the biomedical field. However, the impact of hydration has not been 
studied for silk fibre-reinforced polymers (SFRPs). In this work, SFRPs fabricated vacuum-assisted resin infusion 
(VARI) were treated under three hydration conditions. A hydration condition of 40 ◦C at 89% relative humidity 
(RH) was sufficient to induce a reduction in the tensile and flexural modulus and yield strength of SFRPs. 
Acoustic emission (AE) analysis showed that interface failure played a key role in the damage modes of SFRPs. 
Although mild hydration treatment appeared not to affect SFRPs, high hydration led to more susceptible 
interfacial failure. This work is intended to reveal the structural mechanisms of SRPPs under hydration, and to 
provide a useful reference for potential biomedical applications.   

1. Introduction 

There is a growing interest in employing natural fibres for fibre 
reinforced polymers (FRPs) owing to their biodegradability, low weight 
and competent mechanical performance [1–4]. Natural plant fibres such 
as flax, jute, ramie, sisal and bamboo, as reinforcement of composites, 
have become excellent alternatives to glass fibres and carbon fibres. 
Recently, natural silk fibres as single/hybrid fibre reinforcement have 
been utilized to improve the flexural mechanical properties and impact 
strength of FRPs [5–7]. For example, epoxy resin-based silk fibre rein-
forced plastics (SFRPs) display an excellent (sub-ambient) ductility at 
− 50 ◦C, with simultaneous enhancements in impact strength and 
toughness when hybridized with carbon fibres [8,9]. SFRPs have been 
proposed as impact/toughness critical engineering materials [10–13] as 
they display a toughness that is higher than plant fibre reinforced 
plastics (PFRPs) and is comparable to glass fibre reinforced plastics 
(GFRPs) [14–16]. Thus, silk fibre reinforcement may bring forward new 
design freedoms and be suitable for specific applications such as com-
posite biomedical devices [17,18]. 

Silk fibres are composted of micro- and nanofibrils, and the fibrils are 

further composed of crystalline and amorphous regions. The chains in 
the crystalline region adopt a zigzag conformation, also called β-sheet 
conformation, whereas chains in the amorphous regions adopt random 
coil and helical structures that are often highly oriented. Such a semi- 
crystalline structure with a high degree of orientation makes most nat-
ural silk fibres ductile and tough, as distinct from stiff but brittle plant 
fibres. 

Silk fibre produced by wild Antheraea pernyi (A. pernyi) exhibited >
45% tensile failure strain (twice of that of Bombyx mori (B. mori) silk), 
5–15 GPa tensile modulus, and 400–600 MPa tensile strength [19], 
which make this silk extremely tough. As such, it has been proposed as 
an outstanding natural silk reinforcement and could be a silkworm silk 
substitute to the gold standard spider dragline silk [8]. The ductile and 
tough mechanical performance of silk can also be inherited by the 
composites SFRPs through the design of the matrices and the silk-matrix 
interface. Nevertheless, there remains challenges in comprehensively 
understanding the mechanical performance of SFRPs for actual indus-
trial service and biomedical applications. 

One concern is the humidity sensitivity of natural fibres when 
exposed to humid environments [20]. Indeed, understanding the water 
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absorption or hydration behaviour of natural fibre composites and 
knowing their mechanical performance in a wet environment is essential 
for the structural applications of these composites. 

In the past years, significant understanding has been gained on the 
mechanisms of moisture absorption in PFRPs. For example, water 
diffusion in PFRPs was shown to obey a modified Fick’s law [21,22], and 
the stiffness, strength and dynamic mechanical properties of PFRPs were 
found to decrease markedly in humid environments [23–26]. Damaged 
interfaces between the plant fibre and matrix were found to be one 
major degradation mechanism, which resulted in poor stress transfer 
between the fibre and matrix [27]. Swelling and disorganization of the 
microfibril network with the plant fibres and plasticization of the matrix 
were also considered as important damage mechanisms in PFRPs [20]. 
However, the effects of moisture/hydration on the mechanical perfor-
mance of SFRPs, have not been specifically studied. 

In this work, SFRPs specimens were prepared from A. pernyi silk 
textiles and epoxy resin using vacuum-assisted resin infusion (VARI) 
based on an established methodology [9]. First, the water absorption 
behaviour of the SFRPs was investigated. Then the SFRPs were treated 
under three designed moisture/water conditions representing low/me-
dium/high hydration conditions. After such controlled hydration treat-
ments, the tensile and flexural mechanical properties of SFRPs were 
tested and analysed, prior to using acoustic emission and dynamic me-
chanical thermal analysis to investigate the salient damage mechanisms 
and hydration effects on the composites. This research is intended to 
improve our understanding of how environmental factors can affect the 
mechanical performance of natural silk fibre composites in light of the 
potential industrial and biomedical applications of these structural 
composites. 

2. Materials and methods 

2.1. Materials 

Plain woven A. pernyi silk fabric was purchased from the Beijing Rui 
Fu Xiang Silk Store (Beijing, China). The silk fabric was plain-woven 
with ~ 110 vertical fibres and ~ 30 horizontal fibres in yarns. The 
areal density of silk fabric was 1.35 ± 0.10 kg⋅m− 2. The density of the 
silk was assumed as 1300 kg⋅m− 3 [28]. 

The epoxy resin system Araldite LY1564/Aradur3486 (epoxy resin/ 
hardener) was manufactured by Huntsman Corporation (USA), with a 
curing ratio 1:0.34 by weight. The recommended curing procedure is 80 
◦C for 8 hr with a cured epoxy resin with a density of ~ 1200 kg.m− 3. 
According to the manufacturer, the tensile modulus Et, tensile strength 
σt and ultimate strain εt are 3.0 ± 0.1 GPa, 73.4 ± 0.2 MPa and 16.1 ±
0.7%, respectively [9]. 

2.2. Fabrication of composites 

All SFRPs were fabricated as laminates using a tailor-made VARI set- 
up, followed by hot pressing in a steel frame with dimensions of 250 mm 
× 150 mm × 2 mm. In detail, fabrics were firstly dried in a vacuum oven 
at 60 ◦C for 4 hr to remove water in the silk. 12 plies of silk fabric were 
then laid together to ensure a high fibre volume fraction of ~65% in the 
composite. Then, the fabric piles were put into the vacuum bag with 
release paper, peel ply and infusion net. Pre-mixed uncured epoxy resin 
LY1564/Aradur3486 was infused driven by a vacuum pump-generated 
pressure to the vacuum bag for 15 min to fully impregnate the fabrics 
for hot press molding [9]. This was followed by hot pressing at a pres-
sure of 500 kPa for 8 hr at 80 ◦C until the curing reaction was complete. 

Fig. 1. Illustrations of the fabrication and hydration treatments. (a) The hydration treatment set-up for tensile specimens, with water immersion on the left and 
humidity treatment on the right. (b) Photograph of a SFRP specimen. (c) A slice image from the X-ray micro-tomography (μ-CT) scan of the SFRP specimen. (d) A 3D 
volume image of the SFRP with noted pores reconstructed from the X-ray μ-CT scan sliced images. (e, f) SEM images of the microstructure of the plain weave fabrics. 
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2.3. Hydration treatments 

Specimens for water infusion/absorption testing were cut into 76.2 
× 25.4 × 3.0 mm rectangular blocks according to ASTM Standard 570 
68 [29]. The cut sides of the specimens were sealed with Sharp’s SRC1- 
93 glue. The water uptake was measured using an electronic balance 
with 0.1 mg resolution at intervals of 0, 3, 9, and 29 hr. 

For mechanical test specimens, three different hydration conditions 
were chosen based on the ISO 4611: (i) 23 ◦C, immersed in water; (ii) 40 
◦C, in a relative humidity (RH) of 89% (produced by a saturated solution 
of potassium nitrate, KNO3); (iii) 40 ◦C, in a RH of 53% (produced by a 
saturated solution of sodium bromide, NaBr). As shown in Fig. 1(a), all 
treatments were conducted in sealed chambers at constant temperature. 
The weight uptake Δm (%) of the SFRPs specimens after hydration 
treatments for various times was calculated using the following 
equation: 

Δm(%) =
mt − m0

m0
× 100% (1)  

where m0 represents the initial weight of the dry specimen, and mt the 
weight of the treated specimens. 

Using Fick’s laws of diffusion to describe the water absorption 
behaviour for a rectangular specimen with uniform thickness and dis-
tribution, the relationship between weight increase and the square root 
of the diffusion time 

̅̅
t

√
is given by [30,31]: 

mt

m∞
= 4

̅̅̅̅̅̅̅
Dt
πd2

√

(2)  

where m∞ is the maximum water uptake at the equilibrium state, D is the 
diffusion coefficient and d is the thickness of specimen. 

Tensile and flexural specimens were prepared according to the 
standards mentioned in the testing sections. SFRP specimens were 
treated for a maximum of 240 hr (10 days) under each hydration con-
dition and taken out for testing at intervals of 12 hr, 16 hr, 24 hr, 48 hr, 
96 hr (for tensile testing only) and 240 hr. Non-treated dry specimens 
were tested for comparison. At least 5 specimens were prepared for each 
hydration treatment to ensure that there were more than 3 sets of valid 
data. 

2.4. Uniaxial tensile testing 

Uniaxial tensile tests were performed on an Instron 8801 screw- 
driven testing machine (Instron Corp., Norwood, MA, USA) with a 
deformation rate of 2 mm⋅min− 1 according to the Chinese Standard GB/ 
T 1040-92. It is noted that this testing method is designed for plastics 
without fibre reinforcements; it is thus not the ideal testing standard for 
orthogonal fibre reinforced plastics. Therefore, the tensile mechanical 
properties obtained in this study may deviate somewhat from those from 
a different standard. The strains were measured using an extensometer 
(Instron, Catalogue no. 2620-601). The tensile test specimens were dog 
bone-shaped with dimensions of 115 mm × 25 mm × 2 mm and a gauge 
length of 70 mm. Specimens were subject to different hydration treat-
ments before tensile testing. At least 5 specimens were tested repeatedly 
for each treatment to ensure that there were more than 3 sets of valid 
data. The representative stress–strain curves were chosen as the middle 
curve of the measurements with standard deviations calculated at 
representative points. 

A yarn of the A. pernyi silk fibre was aligned and fixed in the custom- 
cut paper frame. Uniaxial tensile tests were performed on a Zwick Line 
Z0.5 materials testing machine (Z0.5, Zwick/Roell., Germany) with a 
deformation rate of 2 mm⋅min− 1. The silk fiber was straightened with 
minimum force before the test. The strain was calculated by dividing the 
original length by the displacement of the silk fibre yarn. 

2.5. Flexural testing 

Flexural tests were conducted at a deformation rate of 2 mm⋅min− 1 

in accordance with Chinese Standard GB/T1449-2005 on a mechanical 
testing machine with a 10 kN load cell (SANS, MTS Industrial System Co. 
Ltd., China). The testing specimens were cut to 30 × 15 × 2 mm di-
mensions, with the span-to-depth ratio set to 12. Specimens were subject 
to different hydration treatments before flexural testing. Similarly, at 
least 5 specimens were tested repeatedly for each treatment, and ensure 
that there were more than 3 sets of valid data. The flexural modulus and 
the strength (corresponding to the yield stress) of SFRPs were calculated 
and compared. 

The flexural stress σf and the flexural strain εf of the SFRPs specimens 
were calculated using the following equations: 

σf =
3FL
2bd2 (3)  

εf =
6Dd
L2 (4) 

In (3), (4) σf is the stress in the outer surface at midpoint, MPa. F is 
the load at a given point on the load–deflection curve, L is the support 
span, b is the width of specimen and d is the depth of the specimen, εe is 
the strain in the outer surface, D is the maximum deflection of the center 
of the specimen. The flexural modulus of the SFRPs specimens was 
calculated using the tangent modulus of elasticity, which is the ratio of 
stress to corresponding strain in the elastic limit. 

2.6. Dynamic mechanical thermal analysis (DMTA) 

Dynamic mechanical thermal analysis was performed with a dy-
namic mechanical analyzer (DMA) Q800 (TA Instrument, Waters Ltd.). 
The dimensions of the rectangular test specimens were 10 × 2 mm with a 
length-to-thickness ratio of 5. The tests were run in a three-point 
bending mode at a frequency of 1 Hz and dynamic deformation strain 
of 0.1%. The temperature was ramped from the room temperature to 
180 ◦C at 3 ◦C min− 1. 

2.7. X-ray computed microtomography (μ-CT) 

Imaging of SFRPs was performed at the BL13W1 beam line in 
Shanghai Synchrotron Radiation Facility (SSRF, China). The energy of 
the X-ray was fixed to 18 KeV; a detector with the spatial resolution of 
6.5 μm was chosen within a field of view of 13 mm. About 1200 ra-
diographs were taken at regular increments over 180◦ of rotation. The 
sectional images were first reconstructed using the PITRE3 software; 3D 
images were then reconstructed using the Avizo software. 

2.8. Morphology analysis 

To evaluate the microstructure and morphology of the silk compos-
ites, specimens with/without hydration treatments were observed in the 
scanning electron microscope (SEM, JEOL JSM-6010, Japan) before and 
after mechanical testing. The target surfaces were sputter-coated with 
gold for 2 min. SEM images were taken at 14 kV accelerating voltage 
under the secondary electron imaging mode. 

2.9. Acoustic emission (AE) 

During the flexural deformation of the SFRPs, AE signals were 
recorded by an AE win v2.19 AE system (Physical Acoustic Corporation, 
USA) with a digital signal processor. The AE system was calibrated 
before each test using the procedure of breaking a standard pencil lea-
ded to ensure good induction of AE signals between the composite and 
the sensors. The lead was placed at the edge of the flexural specimen, 
and the received AE signals (>90 dB) recorded. One piezoelectric sensor 
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(Nano-30) with frequency range of 100 kHz–1 MHz, a resonant fre-
quency of 140 kHz and a preamplifier with 40 dB gain was used to 
capture the AE signals. The piezoelectric sensor was attached on the face 
of the SFRP specimens with silicone grease. The set-up is shown in in 
Fig. 8(a). To filter acoustic signals coming from the test machine or other 
external sources, an amplitude acquisition threshold of 40 dB was used 
in the experiments. 

3. Results and discussion 

3.1. Water absorption 

In Fig. 2, the variation in water uptake as a function of 
̅̅
t

√
is given for 

SFRPs immersed in water. Initially, the linear growth of water uptake 
follows Fick’s law perfectly with a diffusion coefficient of D = 1.8 × 10-6 

(mm2⋅s− 1), before it slowly approaches the equilibrium condition. The 
estimated diffusion coefficient (D) of water in SFRPs is in a similar range 
to that reported for flax fibre reinforced polymer composites with 
comparable fibre volumes [30,31]. These properties provide the possi-
bility of future use of silk fibres. This behaviour suggests that, similar to 
plant fibres, silk fibres are hydrophilic to a certain degree. In addition, 
absorbed water could also induce the fibrillation of micro fibres in the 
A. pernyi silk fibre, which is known to be a feature of wild silkworm silks 
and has been observed after hydration. 

3.2. Effect of hydration on the mechanical properties of SFRPs 

Before examining the effect of hydration, the consistency of the 
preparation process for SFRPs by VARI and hot pressing was assessed. 
Specimens from the same preparation batch displayed remarkably 
reproducible tensile behaviour. In Fig. 1(c,d) from X-ray computed 
microtomography, the silk fabric can be seen to tightly pack within the 
matrix. The estimated porosity in the SFRPs was < 0.03 vol%, which 
proved the fabrication methods via VARI were effective to ensure con-
sistency and to eliminate defects such as voids and bubbles. 

Three hydration treatments were applied as described in section 2.3. 
The first treatment of 40 ◦C at 53% RH represents a relatively mild 
humid environment (i.e., similar to the climate and weather conditions 
in the summer of northern China), 40 ◦C at 89% RH represents a highly 
humid environment, and 23 ◦C water immersion represents a wet or 
water-saturated condition and thus the most severe hydration. 

Fig. 3(a-c) shows typical tensile engineering stress–strain curves of 
the SFRPs with different hydration treatments. All the curves exhibit 
three stages: elastic deformation, yielding and plastic deformation to 
failure. The yield strength, tensile strength and elongation after hydra-
tion treatment are normalized with respect to their initial dry values and 
are plotted in Fig. 3(d-f). Dry specimens exhibit an average yield 
strength of 96.3 MPa, a tensile strength of 145.2 MPa, and tensile 
(Young’s) modulus of 6.02 GPa with an elongation of 15.4%. The first 
treatment at 40 ◦C at 53% RH for 10 days only slightly decreased the 
tensile strength by 2.4% to 141.7 MPa, whereas the yield strength and 
tensile modulus even marginally increased to 98.8 MPa and 6.79 GPa, 
respectively. The second treatment (40 ◦C at 89% RH) resulted in much 
larger reduction in the yield stress, tensile modulus and tensile strength, 
corresponding to 51.8 MPa (46.3% lower), 3.66 GPa (60.8% lower) and 
123.3 MPa (84.9% lower), respectively. The water immersion treatment 
for 10 days further reduced the yield stress to 23.7 MPa (75.4% lower) 
and the strength to 51.6 MPa (46.4% lower). At the same time, the 
elongation in all SFRP specimens after hydration treatments increased 
by a maximum of 70%. For example, the second treatment for 10 days 
and the water immersion treatment for 10 days led to 28% and 70% 
increase in elongation at break compared to the dry samples. As a 
measure of the toughness calculated from the area under the stress–-
strain curves, the variation in tensile breaking energy, shown in Fig. 3 
(h), did not change significantly with the hydration treatment and time, 
in contrast to the variations in strength and breaking strain. Such a trend 
in the tensile breaking energy may inspire prediction methods for tensile 
properties of SFRPs subject to hydration treatments. 

Fig. 4 compares the tensile fracture morphology of dry and fully 
hydrated SFRPs. In Fig. 4(a-d), various tensile damage modes of hy-
drated SFRPs are evident, including fibre and fibre yarn pull-out, matrix 
cracking, fibrillation of micro fibres and fibre–matrix interface damage. 
Fig. 4(c) indicates good interfacial bonding between silk and the epoxy 
matrix. In Fig. 4(e), the fibre yarn pull-out of the dry specimens 
appeared to be more severe, leading to rougher fracture surface 
compared with the hydrated specimens. It also showed more micro- 
fibrillation of silk fibres for the dry SFRPs. 

In Fig. 5(a-c), SFRP specimens under flexural tests can be seen to 
exhibit yielding at the maximum flexural stress, which is often defined 
as flexural strength for ductile specimens. Our SFRPs did not actually 
fracture owing to the excellent ductility of the silk and epoxy resin. Thus, 
we were only able to compare the flexural modulus and flexural yield 

Fig. 2. Water uptake behaviour, in terms of weight gain as a function of the square root of time, for SFRPs under water. Inset is a schematic diagram of the specimen 
with its sides sealed by glue for hydration test. 
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stress. As shown in Fig. 5d, the flexural strength of the SFRPs showed 
similar trends with hydration to that of the tensile strength and modulus. 
Notably, low hydration leads to increased flexural strength, which 
agreed with the results in another study on pure epoxy resin treated 
under 75% RH [32]. 

The surface morphologies of the dry and mildly hydrated specimens 
after flexural testing are compared in Fig. 6(a-d). For the dry specimen 
with a rougher upper surface, many cracks are deflected from the tensile 
direction, and transverse cracks can be seen. The numbers of cracks 
within the same area (2000 μm)2 in Fig. 6(a,b) turned out to be similar. 
However, these cracks in dry specimens appeared much smaller and 
narrower although the edges of these cracks were rougher. In contrast, 
the hydrated SFRPs displayed larger-sized cracks. 

3.3. Dynamic mechanical thermal analysis 

The glass transition behaviour of the epoxy resin in SFRPs after hy-
dration may reflect changes in the epoxy resin-fibre interface properties 
[33,34]. When a glassy amorphous polymer is heated, it transitions to a 
rubbery state through the glass transition. Dynamic mechanical thermal 
analysis or DMTA is a powerful tool to analyse the glass transition 
behavior of the matrix in the composite [19,35]. The storage modulus at 

the low temperature region from Fig. 7 (a,c) for the hydration treated 
specimens are comparable with the tensile elastic modulus from Fig. 3 
(h). The decreasing trend of storage modulus at the same temperature is 
similar to that of tensile modulus. 

The loss tangent tanδ defines the ratio of the loss modulus over the 
storage modulus, which indicates the damping/dissipation of the poly-
mer. One definition of the glass transition temperature Tg is the tanδ 
peak position temperature. The Tgs of the SFRPs after the medium and 
high hydration treatments are compared in Fig. 7. The Tg for the dry 
SFRP was 93.2 ◦C. After the 96 hr hydration treatment, the Tg decreased 
by 4.0 ◦C to 89.2 ◦C for 40 ◦C at 89% RH treatment (Fig. 7(b)) and by 8.6 
◦C to 84.6 ◦C for water immersion treatment (Fig. 7(d)). This result in-
dicates that the adhesion between the epoxy resin matrix and silk fibres 
becomes impaired by mobile water molecules after the hydration 
treatment. Such a decrease is consistent with the observed reduction in 
the tensile/flexural modulus and strength of the composite. In addition, 
the observed increase in the tanδ peak for SFRPs after hydration in-
dicates that the epoxy resin matrix may have become plasticized by the 
water [33]. 

Fig. 3. Uniaxial tensile mechanical properties of control and hydrated SFRPs. (a-c) Typical tensile engineering stress–strain curves of SFRPs after different hydration 
conditions: (a) 40 ◦C at 53% RH; (b) 40 ◦C at 89% RH; (c) 23 ◦C water immersion. (d-f) Summarized results of the tensile mechanical properties of the SFRPs 
including (d) yield strength, (e) tensile strength, (f) elongation, (g) Young’s modulus, and (g) breaking energy. The number of tested specimens for each condition 
is 5. 
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3.4. Damage modes analysis with acoustic emission 

Acoustic emission (AE) techniques are a useful non-destructive 
analytical tool to identify damage and failure modes after hygro-
thermal aging in FPRs [36,37]. Specifically, the frequency and/or 
amplitude signals of acoustic events can be correlated with various 
failure processes, such as matrix fracture, fibre–matrix interface de- 
bonding, fibre pull-out and fibre fracture [38–40]. The acoustic mea-
surements can be coupled with mechanical tests under various defor-
mation modes (e.g., tensile or flexural) to provide real-time information 
on the structural and morphological changes in the composite [41,42]. 
For example, Czigány et al. utilized AE techniques to identify the origin 
of AE signals (specifically the amplitude) to provide correlations with 
the damage modes, e.g., delamination and fibre pull-out, in basalt fibre 
reinforced composites [36]. 

To calibrate the AE responses, prior to assessing the effect of hy-
dration, the characteristic damage modes in dry/original SFRPs were 
first identified, using pure epoxy resin and two SFRPs specimens (2.0 
and 3.6 mm thick). In the flexural test, the flexural strength showed a 
significant increase with increased thickness or decreased length-to- 
thickness ratio. This is because when the flexural load is stronger than 

the friction caused by the large flexural deformation, the downward 
movement of the loading will cause the specimen to slide on the supports 
[43]. Under the same flexural deformation, the far side from the contact 
surface to the roller of the thicker specimen will be subjected to a much 
larger tensile stress and shear stress, such that fibre fracture, interfacial 
debonding and delamination is more prone to occur [43]. We also 
subjected pure silk fibre yarn to uniaxial tensile testing to identify the AE 
signals for fracture of pure silks. 

The main AE signals to correlate with the damage modes in com-
posites are amplitude, frequency and energy. Related studies [44,45] 
demonstrated that the frequency signal was more tightly correlated with 
versatile damage modes such as matrix cracking, fibre fracture and 
interfacial debonding. Here we studied the frequency signals for the 
damage modes in SFRPs. Fig. 8 shows a comparison of the peak fre-
quency signals from our AE measurements. Considering first the con-
stituents of the composite, the pure epoxy resin exhibited concentrated 
AE events with low peak frequencies in the 20–50 kHz range after yield, 
which we believe is associated with cracking of the resin [38]. The 
cracks and rough surfaces shown in Fig. 6(e, f) are consistent with the AE 
signals in the epoxy resin. There are also scattered signals in the higher 
frequency range of 175–275 kHz, which may be attributed to unstable 

Fig. 4. SEM images of tensile fracture morphologies. (a, b, c, d) Treated SFRPs at 23 ◦C in water for 96 hr. (e, f) Dry SFRP specimens.  
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crack growth in the epoxy resin [38]. In Fig. 8(c), AE signals from the 
tensile deformation of the silk fibres appeared above 250 kHz and are 
concentrated in a single narrow frequency range (290–310 kHz) 
following the yield point and close to fracture on the stress–strain curve. 
There is some overlap in the peak frequency signals in the 250–275 kHz 
range from both the silk fibres and the epoxy resin. Fig. 8(d, e) displays 
the corresponding characteristic AE signals from the SFRPs. The 2-mm 
thick specimens, that were not fractured after flexural testing, dis-
played only scattered signals in the 100–250 kHz range. For the thicker 
SFRP specimens, a large number of signals in the 20–350 kHz range 
appeared. Most new AE signals in the 100–250 kHz were not seen for the 
silk fibres or epoxy resin and can be attributed to characteristic damage 
modes in the composite, i.e., fibre–matrix debonding and fibre pull-out. 
The featured AE signals centered at 150 kHz frequency range was 
deemed to be associated with interfacial damage. In terms of the 
sequence of AE events, the signals for such interfacial damage appeared 
early in the test, followed by further damage in the matrix and the fibres. 
After flexural testing, microcracks along the fibres can be seen in Fig. 6 
(g, h) from the side view of the thin SERP specimen close to the most 
tensioned surface of the specimen. For the thicker specimen, fibre 
breakages corresponding to > 250 kHz AE signals and interface damage 
corresponding to 100–250 kHz AE signals were prevalent, as shown in 
Fig. 6(i, j). These damage morphologies correspond well with the AE 
signals in Fig. 8. The final classification of AE signals for SFRPs is 
summarized in Fig. 8(f). 

The SFRPs in this work all failed in a ductile mode. When the first AE 

signal is recorded by the sensor, the dry/untreated SFRPs may even 
reach a flexural strain of 2.5%. Following these AE experiments on dry 
specimens, the damage processes in the hydrated SFRPs were investi-
gated under flexural deformation with real time AE measurements. The 
flexural stress–strain curves with indications of the peak frequency 
signals after hydration treatments of 12 hr and 240 hr are summarized in 
Fig. 9. Compared with the dry SFRPs, the signals of all the hydrated 
specimens became more scattered, especially for the specimens 
immersed in water. Notedly, the AE events also started earlier, espe-
cially for the interface failure. Although a few higher frequency signals 
further appeared (i.e., ~310 kHz for 53% RH and 240 hr; ~350 kHz for 
water immersion and 240 hr), which may be related to fibre fracture, the 
AE signals were mostly concentrated in 100–250 Hz for the interface 
damage. This agrees with the DMTA analysis. Taken together, these 
results strongly suggest that interfacial damage remained the dominant 
damage mechanism in hydrated SFRPs, which further may have trig-
gered other damage modes of damage which included fibre fracture. 

3.5. Water interactions with silk and epoxy resin in SFRPs 

Silk fibres possess a distinct structural hierarchy from that of plant- 
based natural fibres [46–48]. Although the primary structure or the 
amino acid sequence of different animal silks is not the same, all silks 
share a similar β-sheet conformation structure and crystalline- 
amorphous two-phase condensed structure. Water can plasticize silk to 
reduce the stiffness as well as to increase the ductility of silk by 

Fig. 5. Flexural mechanical properties of control and hydrated SFRPs. (a-c) Typical flexural stress–strain curves of SFRPs after different hydration conditions: (a) 40 
◦C at 53% RH;(b) 40 ◦C at 89% RH; (c) 23 ◦C water immersion; (d) Summarized flexural strength of SFRPs as a function of treatment time. The number of tested 
specimens for each condition is 5. 
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permeating into its amorphous structure, causing water-induced glass 
transition in silk [20]. As epoxy resin is highly cross-linked and hydro-
phobic, the extent of water absorption and swelling is negligible 
compared with silk [49]. Although water may facilitate post-curing of 
epoxy resin in some cases [32], the epoxy resin that was already fully 
cured in this study should not further develop crosslinking. 

The hydration condition of 40 ◦C at 89% RH was well above that of 
25 ◦C at 80% RH, which is a critical condition to induce the glass 
transition in A. pernyi silk [20]. Thus, the water-plasticization of silk 
should contribute to the modulus reduction in SFRPs. Moreover, in the 
interface of the SFRPs after hydration, silk fibres tend to swell and 
soften, but the matrix restricts such relaxation. Therefore, at the 
fibre–matrix interface, shear stresses may be created. Fig. 10 demon-
strates such a mechanism. In our case, when the hydration was mild, 
such interfacial stresses may repair some defects (i.e., voids) at the 
interface and lead to improved yield strength. When the hydration was 
high, the interfacial stresses begin to damage the fibre–matrix adhesion, 
contributing to a significantly reduced modulus and strength of SFRPs. 
Such a mechanism is consistent with the damage mode analysis from AE 
results in Fig. 9. 

4. Conclusions 

In this work we have investigated the effect of hydration on the 
mechanical properties and damage mechanisms of Antheraea pernyi silk 
fibre reinforced epoxy resin composites (Ap-SFRPs). Three hydration 
conditions (40 ◦C at 53% RH, 40 ◦C at 89% RH, and 23 ◦C immersed in 
water for 10 days / 240 hr) were applied. After the low hydration 
treatment, the yield strength of SFRPs could be enhanced; whereas after 
the high hydration treatment the plasticization of silk fibres as well as 
the deteriorated interface led to significantly reduced tensile/flexural 
strength/modulus. Dynamic mechanical thermal analysis (DMTA) 
confirmed such weakened interface adhesion. 

Acoustic emission (AE) analysis was used to reveal the sequence and 
contributions of the damage modes in the SFRPs. Matrix failure and 
interface debonding dominated the failure of the dry composites, 
whereas interfacial damage was far more prevalent in the highly hy-
drated SFRPs. Plasticization of silk fibres and the interfacial stresses due 
to the mismatched behaviour of silk and epoxy resin under hydration 
were deemed to cause the property reduction in SFRPs. This study can 
provide important guidelines for the application of such natural fibre- 
based composites for structural applications where hydration may be a 
problem. 

Fig. 6. SEM of the morphology of the pure epoxy resin and SFRP specimens after flexural testing. (a, b) Upper surface of dry SFRPs specimens. (c, d) Upper surface of 
treated SFRPs at 40 ◦C at 53% RH for 240 hr. (e, f) Fracture surfaces of the epoxy resin. (g, h) Side surface of the thin SFRP specimen (2 mm thickness), and (i, j) side 
surface of thick SFRP specimen (3.6 mm thickness). 
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Fig. 7. Dynamic mechanical thermal analysis of SFRPs from 25 ◦C to 180 ◦C after the three hydration treatments. (a, c) The storage modulus (E’) of specimens treated 
at 40 ◦C at 89% RH and at 23 ◦C in water for various periods, and (b, d) the damping factor tanδ of the two differently treated specimens. 
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Fig. 8. Representative engineering stress–strain behaviour and real-time acoustic emission (AE) peak frequency signals of the matrix, fibre and composites. (a) 
Illustration of the AE set-up and the signal characteristics. (b) Pure epoxy resin under flexural load, (c) single silk fibre yarn under tensile load, (d) thin SFRP 
specimen under flexural load, (e) thick SFRP specimen under flexural load, and (f) classification result of AE signals. 
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Fig. 9. Typical flexural stress–strain curves and real-time AE frequency signals (classified according to Fig. 8(f)) of SFRPs after hydration treatments for 12 hr or 240 
hr. (a) and (b) 40 ◦C at 53% RH; (c) and (d) 40 ◦C at 89% RH; (e) and (f) 23 ◦C water immersion. (a), (c) and (e) correspond to 12 hr; (b), (d) and (f) correspond to 
240 hr. 

Fig. 10. Schematics of structure changes of SFRPs before and after hydration treatment.  
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