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ABSTRACT 

 Bombyx mori silk fibre has some prominent features such as high ductility and strength due to its high crystallinity in molecular 
structure. This research aims to characterise and evaluate the mechanical and water absorption properties of continuous 
unidirectional silk fibre reinforced epoxy composites with various fibre loading (0 to 30 wt.%). The silk fibre was obtained through 
degumming treatment of silk cocoon using 1 wt.% of sodium bicarbonate solution. The composites materials were prepared using 
the hand lay-up method. The silk fibre reinforced epoxy composites with 30 wt.% of fibre loading acquired the highest value of 
tensile, flexural, and impact properties. The impact fracture of the composites was analysed using scanning electron microscopy 
(SEM). The SEM micrographs of composites reveal that the presence of pull-out fibres and matrix cracking was less with increasing 
fibre loading, indicating the improvement of interfacial bonding between fibre and matrix. The water absorption study shows that 
water absorption properties increased with increasing fibre loading. 
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1. Introduction 
 

Many literatures including books, research papers, and articles have been focusing on utilising 
synthetic fibre such as glass, carbon, and Kevlar as a reinforcement in composite materials. The 
common polymer matrix utilised in the composite industry is epoxy resin due to many advantageous 
offered such as excellent resistance to moisture, solvents and chemical attacks, good thermal 
resistance, low shrinkage, excellent adhesion, and excellent mechanical strength [1-2]. However, 
epoxy is known to possesses brittleness and low fracture toughness properties, which limit its 
performance in the composites industry [3-4]. The toughness of epoxy can be improved either by 
blending with rubber or incorporating with fiber. However, by adding synthetic fibre in polymer 
matrix can contribute to several issues such as high cost, abrasive to machine, risky to human health, 
non-biodegradable, and not environmental friendly [5–8]. Therefore, researchers create alternatives 
by employing natural fibre as a reinforcing agent in the polymer matrix. Natural fibre such as kenaf, 
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jute, hemp, and sugar palm is a suitable replacement for synthetic fibre due to its excellent properties 
such as biodegradable, high availability of resources, environmental compatibility, good thermal 
properties, high mechanical properties, and non-abrasive to machine [8–11].  

Bombyx mori silk fibre is a prominent natural fibre that exhibits excellent mechanical properties 
that are comparable to those of other plant fibres [12]. The B. mori fibres are abundant in Asia 
countries such as Thailand, Vietnam, Japan, and Malaysia. It has been utilized in many applications 
such as currency exchange, hunting equipment (fishing poles, crosshair, bowstrings or fishing nets), 
paper sheets, textile goods, and biomedical application (wound stitching and biomedical scaffolds) 
[13–15]. The two major proteins that available in B. mori fibres are: (1) fibroin (70%–75%), which is 
mainly made by the hydrophobic and non-polar glycine and (2) minor compounds such as alanine, 
serine and other amino acids, and sericin (20%–15%), which consist of highly hydrophilic and polar 
side groups such as serine and aspartic acids [16]. The compact structure of amino acid chains 
forming a high number of hydrogen bonds between them, resulting in higher mechanical strength 
and thermal properties of silk fibre [17–22].  

Several attempts have been made to reinforce the silk fibre in thermoplastic and thermoset 
polymers to improve the mechanical properties in polymer matrix such as gelatin, polylactic acid 
(PLA), poly(ε-caprolactone), and others [11, 23-25]. Li et al., [24] reported that the tensile and flexural 
strengths of silk fibre reinforced poly(ε- caprolactone) composite linearly increased up to 35 and 45 
wt.% of fibre loading. Ho et al., [26] also reported that the Young’s and flexural moduli of short silk 
fibre reinforced PLA composite increased by 27% and 2%, respectively. Shubra et al., [25] 
incorporated silk fibre to gelatin polymer material using compression moulding, which enhanced the 
tensile modulus by 400%, tensile strength by 258.9%, bending modulus by 452.9%, bending strength 
by 317.2%, and impact strength by 264.3%. Limited studies on the silk fibre reinforced epoxy 
composites have been reported. Shah et al., [27] illustrated that silk fibre possesses unique 
properties which leads to the potential as the new reinforcement/fillers for epoxy composites due to 
its high specific strength. However, the mechanical properties of composite reinforced with silk fibre 
such as tensile, flexural, and impact properties have not been mentioned. On the other hands, Yang 
et al., [28] proved that the impact properties of epoxy composites were greatly enhanced as the 
volume fraction of silk fibre in the composites was increased. 

Based on the literature studies, silk fibres have good potential to be used as a reinforcement in 
polymer composites, whether in thermoplastic or thermoset matrix. However, the incorporation of 
unidirectional silk in epoxy composites has not been reported. Therefore, this research aims to 
explore the effect of unidirectional silk fibre loading (0 to 30 wt.%) on the mechanical properties of 
the composites such as tensile, flexural and impact properties. 
 
2. Methodology  
2.1 Materials 
 

The liquid epoxy resin grade DER 331 (a liquid reaction product of epichlorohydrin and bisphenol 
A) and cycloaliphatic amine hardener (JOINTMINE 905-3s) were supplied by Innovative Pultru- sion 
Sdn Bhd (Negeri Sembilan, Malaysia). B. mori silk cocoon was purchased from The Queen Sirikit 
Sericulture Centre Surin, Thailand as shown in Figure 1. Both sodium bicarbonate and acetone were 
obtained from Sigma Aldrich. 
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Fig. 1. Bombyx Silk cocoon 

  
2.2 Silk Degumming 
 

Figure 2 shows the degumming process. Silk cocoons were immersed in sodium bicarbonate 
solution (0.1% w/w) for 1 hr at 100 ◦C to remove sericin and obtain the fibre. Then, the fibres were 
washed with distilled water containing a few drops of acetic acid. The fibres were washed with 
distilled water until all Na2CO3 was removed, which indicates that alkalinity is no longer detected. 
After washing, the fibres were air dried for 72 hr. 
 

  
(a) Silk in degumming solution 
containing 0.1 w/w Na2CO3 

(b) Degummed silk fibres before drying 

 
(c) Degummed silk fibres after drying 

Fig. 2. Silk Degumming Process 

 
2.3 Fabrication of Composites 

 
The silk fibres were arranged uni-directionally to the average length of 30 cm and spread accord- 

ing to the mould size. The epoxy resin and hardener were mixed in a 2:1 ratio. The composite 
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specimens for treated fibres were made by the hand lay-up technique in the mould using the fibre 
weight percentage from 0% to 30% as shown in Figure 3. Finally, the specimens were cured at room 
temperature for approximately 24 hr under clamped condition and the sample was obtained as 
shown in Figure 3. 
 

  
(a) Silk fibre is arranged unidirectionally (b) Epoxy and hardener mized together in ratio (2:1) 

  
(c) Epoxy is poured into top of arranged fibre (d) Composite is obtained after curing 

Fig. 3. Fabrication of silk fibre reinforced epoxy composite using hand lay-up technique 

 
2.4 Mechanical Test 
 

The setup of tensile test and flexural test were shown in Figures 4 and 5. The specimens of pure 
epoxy and composites were tested for tensile strength according to the ASTM D638 standard using 
the Instron Universal Testing Machine Model 5582. The size of the tensile testing samples used was 
115 × 19 × 4 mm. The crosshead speed was set to 3 mm/min. The pure epoxy and composites were 
tested for flexural strength under a three-point bending using the Instron Universal Testing Machine 
Model 5582 according to the ASTM D790 standard. The size of the flexural testing samples used was 
120 × 20 × 4 mm.  The machine was operated at a crosshead speed of 3 mm/min and a span of 60 
mm. The Izod impact test was carried out on the notched impact specimens according to the ASTM 
D 256 standard using Izod impact tester LS-22005. The size of the impact testing sample used was 65 
× 10 × 3.5 mm. 
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Fig. 4. Tensile specimen placed on 
Universal Testing Machine 

 

 
Fig. 5. Flexural specimen during bending process 

 
2.5 Scanning Electron Micrography (SEM) 

 
The fracture samples from the impact test were used to determine its morphology of the compos- 

ites. The parameter for each sample was set to 1200× magnification to obtain a clear image by using 
the Philip XL40 Scanning Electron Microscopy. To avoid the effect of electrostatic charge and poor 
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image resolution, all the surfaces of the sample were examined after they were sputter coated with 
gold. 

 
2.6 Water Absorption Test 
 

The samples were cut into strips of 72.6 × 25.4 × 4 mm according to the ASTM D570 standard. 
First, the samples were dried in an oven for 24 hr at 60 ◦C. The samples were weighed immediately, 
Wi. Later, the samples were fully immersed in distilled water at room temperature. The sample was 
weighed for every 2 days until the weight of the sample become constant, Wf . The percentages of 
water absorption were determined using Eq. (1). 
 

fInitial weight (W ) Final weight (W )
Water Absorption (%) = 

Initial weight (W )

i

i


       (1) 

 
3. Results and Findings 
3.1 Mechanical Properties 
 

Figure 6 shows the typical engineering stress–strain curves of the silk fibre reinforced epoxy 
composites and pure epoxy. The tensile stress was obtained by observing the highest tensile strength 
as shown in Figure 6, while the Young modulus was obtained by the initial slope or the gradient of 
the stress vs strain graph. The elongation at break was obtained where the samples displayed the 
brittle failure. The results show that when the fibre loading increased, the tensile strength and tensile 
modulus of the composites increased to 30 wt.%.  
 

 
Fig. 6. Tensile stress vs. strain of silk fiber reinforced epoxy composites 

 
The tensile strength exhibits a maximum value of 91.61 MPa with 30 wt.% of fibre loading, which 

indicates that the tensile strength was improved by 30.73% compared to that of the pure epoxy 
(Figure 7). The enhanced interfacial bonding led to better load transfer between the silk fiber and the 
epoxy matrix, resulting in the high tensile strength of the composites [29-31]. Young modulus 
represents the stiffness of a material. The higher the modulus, the stiffer the material. Young 
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modulus of pure epoxy was 3.14 GPa, and it was slightly decreased at 10 wt.% and then, slightly 
increased up to 30 wt.% of fibre loading (3.7 GPa), indicating a successful reinforcing effect of about 
17.8%. Figure 8 shows that the elongation at break of silk fibre reinforced epoxy composites 
increased as silk fibre loading increased. The highest elongation at break was 8.20% at 30 wt.% of 
fibre, implying that the ductility of the epoxy matrix was significantly improved. The enhancement of 
elongation at break is due to the incorporation of silk fiber, which is ductile. 
 

 
Fig. 7. Effect of the silk fiber content on the tensile strength and Young’s 
modulus of silk fiber reinforced epoxy composites 

 

 
Fig. 8. Effect of the silk fiber content on the elongation at break of silk 
fiber reinforced epoxy composites 

 
Figure 9 shows the typical flexural stress- strain graph effect of the composites. The flexural stress 

was obtained by determining the highest value of flexural strength as shown in Figure 10, while the 
flexural modulus was obtained by the initial slope or the gradient of the stress vs strain graph. The 
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flexural strength and flexural modulus of the pure epoxy was 121.18 MPa and 4.02 GPa, respectively. 
The flexural strength was slightly decreased to 104.42 MPa when the fibre loading was increased to 
10 wt.%, and significantly increased up to 30 wt.% of fibre loading.  
 

 
Fig. 9. Tensile stress vs. strain of silk fiber reinforced epoxy composites 

 

 
Fig. 10. Effect of the silk fiber loading on the flexural strength and flexural 
modulus of silk fiber reinforced epoxy composites 

 
The flexural modulus of the composites shows the same pattern with the flexural strength of the 

composites. This is maybe due to the incorporation of the reinforcing agent, which is silk fibre that 
can withstand bending with breaking better than the plant fibres, and thus improve the flexural 
properties of the composites [32]. According to Abdul Khalil et al., [34], the flexural properties will 
slightly drop to a certain amount of fibre, before showing any enhancement on flexural properties. 
The decrement at 10 wt.% of fibre loading is due to the lack of silk fibre that was incorporated to the 
epoxy composites [33-34]. 
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Figure 11 shows the effect of increasing fibre loading on the notched Izod impact strengths of the 
silk fibre reinforced epoxy composites. The impact strength of pure epoxy was 4.51 kJ/m2. The impact 
strength of silk fibre reinforced epoxy composite increased with the increase in silk fibre loading. The 
maximum impact strength of silk fibre reinforced epoxy composites was 17.12 KJ/m2 at 30 wt.% of 
fibre loading. This represented approximately 191.66% increment in impact strength for 30 wt.% of 
fibre loading. The impact strength graph shows that the incorporation of silk fibres improved the 
impact strength properties due to more energy required to be used up to break the coupling bond 
between the interlaced fibre bundles. The reason that may contribute to the enhancement in 
composite toughness for composites is the difficulty to break strong and flexible fibroins in the silk 
fibre. The highly crystalline structure of fibroins gave strength and toughness to the silk fibre and 
therefore enhanced capability of silk fibre absorbing energy applied towards the composites and 
resisting the crack propagation at the notched specimen [35-36].  
 

 
Fig. 11. Effect of the silk fiber loading on the impact strength of silk 
fiber reinforced epoxy composites 

 
3.2 Scanning Electron Micrography (SEM) 
 

Figure 12 shows the SEM images of the impact fracture surface morphology of pure epoxy resin 
and silk fibre reinforced epoxy composites at various fibre loading. The pure epoxy resin exhibits a 
smooth surface with wavelike pattern of deformation, indicating that it is a brittle material as shown 
in Figure 12(a). Since silk fibre possesses hydrophilic and hydrophobic parts, it is believed that it might 
have good interfacial bonding with hydrophobic matrix [36]. From the SEM images, some pull-out 
fibres and fibre tearing were observed due to the impact test. Figure 12(d) shows that the amount of 
pull-out fibre in the silk fibre reinforced epoxy composites at 30 wt.% of fibre loading was 
considerably less than that of the silk fibre reinforced epoxy composites at lower fibre loading [24]. 
The image analysis also shows that there were more matrix cracking and spaces at the lower fibre 
loading due to the pull-out fibre phenomenon as shown in Figures 12(b) and (c). This indicates that 
the composite still has its brittle nature properties due to the lack of reinforcing agent which is silk 
fibre. At higher fibre loading, the image analysis of the sample shows less matrix cracking and spaces. 
This indicates that the composite at higher fibre loading (30 wt.%) possesses better adhesion 
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between fibre and matrix, which is consistent with the result obtained in the impact test. To improve 
the interfacial adhesion between silk fibre and matrix, an appropriate fibre surface modification such 
as silane treatment is required [37]. 
 

  
(a) (b) 

  
(c) (d) 

Fig. 12. Effect of the silk fiber loading on the impact strength of silk fiber reinforced epoxy 
composites 

 
3.3 Water Absorption Test 
 

The water absorption of silk fibre reinforced epoxy composites with up to 30 wt.% of fibre loading 
is shown in Figure 13. After approximately 552 hr, the water absorbed by the composites was 
stabilised.  

 

 
Fig. 13. Water absorption curve of silk fiber reinforced epoxy 
composite for different fiber loading 
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It could be seen that the composites water absorption levels were less than 1.0% in the early 
stage of the test, the water absorption level of the composites was less than 1.0%, and it increased 
correspondingly as the fibre loading was increased. In particular, the highest rate of water uptake 
was found within approximately 400 hr. Increased final water absorption percentage was also 
observed at approximately 552 hr when the fibre volume loading was increased from 10 to 30 wt.%. 
The water absorption level of pure epoxy was the lowest because the hydrophobic nature of the 
matrix has caused low diffusion of water through the polymer matrix [38]. Meanwhile, the silk fibre 
reinforced epoxy composites with 30 wt.% of fibre loading has the highest water absorption levels. 
This result was expected due to the higher loading of silk fibre in the composite. Due to the 
hydrophilic characteristic of silk fibre, increased fibre loading will increase the number of peptide 
bonds (polar hydroxyl side-groups) in silk fibre. Thus, it increases the capability of silk fibre to hold 
the water molecule via hydrogen bonding [37]. 
 
4. Conclusions 
 

In this study, it can be concluded that the silk fibre reinforced epoxy composites with 30 wt.% of 
fibre loading had the highest tensile strength, Young’s modulus, and elongation at break compared 
to those of the pure epoxy, and other composites with 10 and 20 wt.% of fibre loading. The flexural 
properties show that the composites with 30 wt.% of fibre loading possessed the highest flexural 
strength and modulus. Impact testing also shows that the silk fibre reinforced epoxy composites with 
30 wt.% fibre loading had the highest impact strength. For impact testing, SEM micrographs reveal 
that the pure epoxy had the smooth and fine morphology, while silk fibre reinforced epoxy 
composites with 30 wt.% of fibre loading had less pull-out fibre, fewer spaces, less matrix cracking 
compared to other composites. This shows that the silk fibre reinforced epoxy composite with 30 
wt.% of fibre loading had better interfacial adhesion, which improved the impact strength of the 
composites. The incorporation of silk fibre into epoxy matrix also increased the water absorption 
properties because of the hydrophilic nature of silk fibre. 
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