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Abstract

:

The increasing demand for environmental and sustainable materials has motivated efforts to fabricate biocomposites as alternatives to conventional synthetic fiber composites. However, biocomposite materials have some drawbacks such as poor mechanical resistance, fiber/matrix incompatibility, low thermal resistance and high moisture absorption. Extensive research has been conducted to address these challenges, in terms of the sustainable production, serviceability, reliability and properties of these novel biocomposites. Silk fibers have excellent biocompatibility and biodegradability along with moderate mechanical properties, while flax fibers have a high specific strength and modulus. The combination of the silk fiber with moderate modulus and stiffness with flax fibers with high specific strength and modulus allows the modulation of the properties of silk using the intra- and inter-hybridization of both fibers. In this study, silk and flax fibers are combined in different arrangements, totaling eight different composites; the quasi-static mechanical properties and dynamic mechanical thermal analysis are discussed, focusing on the structure versus relationship properties, with the aim of corroborating the freely available data from literature. The main findings indicated that the synergic effect of the flax fiber and silk fiber leads to a tailormade composite with a low cost and high performance.






Keywords:


natural fiber composites; hybrid composites; structure versus properties relationship












1. Introduction


Natural fiber composites are mainly implemented in low-level automobile industry applications such as door panels, instrument panels or seat shells [1]. In spite of the environmental appeal, biodegradability and lower cost compared with synthetic fibers, their use for high-level structural applications is still in the early stages of investigation [2]. To minimize the main drawbacks of natural fibers, it is common to “hybridize” the composite using a synthetic fiber such as carbon or glass, which reduces the final cost and weight of the final part [3,4]. Also, depending on the reinforcement configuration, the mechanical properties are not severely compromised [2]. The mechanical, chemical and thermal properties of natural fibers are affected but are not highly dependent on their chemical composition [5,6,7,8]. The reason is that, in spite of different individual characteristics of cellulose, hemicellulose and lignin, when these components are available in natural fibers, the overall behavior is quite similar for most of the fibers due to the availability of some physical/chemical interactions among some components [9]. To clarify, crystalline cellulose has higher mechanical properties than hemicellulose, which absorb more water. The higher water absorption capability decreases the mechanical properties of the entire fiber. If hemicellulose is removed from the fibers, lignin is affected because it serves as a bridge between the components. Hence, all components are interconnected to each other in a higher or lower degree. Scheme 1 shows the schematic representation of the use of natural fibers in composite industry.
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Scheme 1. Natural fiber and their applications in the composite industry. This figure was obtained under the Creative Commons Attribution 4.0 International License [10]. 
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Flax fibers have superior mechanical properties than most natural fibers and have specific mechanical properties similar to glass fibers [11,12,13]. But due to the weak interfacial bonding with most polymeric matrices, low interlaminar strength and poor fracture toughness are expected [14,15,16]. Hence, the matrix/fiber interface and consequently the interlaminar strength and fracture toughness are expected to enhance by improving the matrix/fiber adhesion. This can be obtained by using modified nanomaterials, modifying the surface of the fibers, or hybridization with glass fiber, for example [17,18,19,20]. The main drawback in using nanoreinforcement is the high cost of the nanoparticles and the difficulty to disperse them, which complicates their use in an industrial context.



One of the most promising fibers to compensate for the low ductility and toughness of natural fiber composites commonly reinforced with sisal, jute or curaua is natural silk. There are four types of silk fibers produced around the world (Mulberry silk, Eri silk, Tasarsilk and Muga silk), with being Mulberry silk responsible for 90% of silk production [21,22]. One interesting characteristic is the ability of the silk fiber to absorb and dissipate energy simultaneously during deformation [23,24] and the possibility of using high volume fraction reinforcement (70 vol.%) to improve the mechanical behavior of epoxy resin. Yang et al. [25] studied silk/epoxy composites with a maximum reinforcement of 70 vol.% silk (varying from 30% to 70%). The tensile modulus (increases by 145%), breaking tensile energy (increases by 467%), flexural modulus (increases linearly up to 60%), ultimate flexural strength, breaking energy, interlaminar shear and impact strength (71 kJ m−2 for 60 vol.%) increase considerably compared to plain woven flax fiber. In addition to reinforcement, silk fiber has the potential to be used in biomedical applications for the reinforcement of biopolymers to enhance the stiffness of scaffoldings and bone implants [26], or in composite materials for task-specific applications [27]. However, the moderate strength, modulus and better interfacial bonding compared to the most common natural fibers such as sisal, jute or curaua [27,28,29,30] offsets their relatively high ductility and toughness.



Hybridization combines the characteristics of different types of fibers into a single matrix [31]. For example, Clarissa et al. [4] studied interlaminate glass/curaua hybrid composites at an overall fiber loading of 30 vol.% and a volume ratio of 1:1. Higher dissipation energy was found for the composites with four curaua grouped near the mid-plane. In a systematic review with papers selected from 2016 to 2020, Neves et al. [32] constated that, when properly combined, hybridization can combine the high performance of synthetic fiber with the ecological appeal of vegetal fiber. The authors described thermal, mechanical and dynamic mechanical thermal properties as well as their respective processing methods. The most employed manufacturing process was the hand lay-up, while the most common type of glass and vegetal fiber was woven fabric, being the most used interleaved composite. The authors also identified the main gaps in the literature on these types of composites, which can be used as easily accessed guidelines, even for the most experienced researchers. One of the most used fibers for the improvement of impact strength in hybrid composites is basalt mineral fiber [33], although other natural fibers can be used for this purpose [34]. Basalt was also hybridized with silk fiber to assess the mechanical properties of epoxy composites and the best combination of properties (hardness, modulus and toughness) were found for silk/basalt at 25:25 wt.% [35]. Silk fiber is employed to improve fatigue resistance, light transmission and luminance distribution ability [36,37,38].



This study’s objective is to re-use the data freely available in [39], aiming to promote an in-depth discussion regarding the structure vs. properties relationship and to complement the article published by Liu et al. [37]. In the study, neat epoxy resin and eight different composites were discussed in terms of density, tensile and flexural mechanical properties, dynamic mechanical thermal properties and interlaminar shear strength. New insights were offered from the results and the effects of flax fiber content and hybrid configuration were discussed.




2. Materials and Methods


2.1. Materials


The epoxy resin, silk and flax fabrics characteristics and suppliers are described in detail in [37]. Briefly, the silk and flax fabrics were obtained from Yi Bai Wang Industry Store. The epoxy/hardener (Araldite LY 1564/Araldur3486) were from Huntsman Corporation (Woodlands, TX, USA). Scheme 2 summarizes the materials used by the authors. The freely available data will be re-used, aiming to corroborate and complement the aforementioned article.




2.2. Composites


Besides neat epoxy resin, different composites were produced using a vacuum-assisted resin transfer molding process [37]. Briefly, the composites were fabricated in two stages: (i) vacuum-assisted resin transfer molding and (ii) hot pressing molding. Prior to resin infusion, the composites (dimensions of 200 mm × 100 mm) were dried in a vacuum oven at 70 °C for 12 h. A peel ply and distribution media were added to the top and bottom of the mold, while the reinforcement was put between them. The mold was covered with a vacuum bag and sealed with sealant. Prior to impregnation, the resin was degassed for 30 min. In the second stage, the composite was hot pressed at a pressure of 500 kPa for 8 h at 80 °C. The fabrication method and physical and mechanical tests are also presented in detail in [37]. Briefly, the tensile mechanical tests were performed on dog-bone specimens (115 mm × 25 mm × 2 mm) using an Instron 8801 (Norwood, MA, USA) at a displacement rate of 2 mm·min−1. The DMTA tests were performed in a DMA Q800 instrument under the cantilever mode from 25 °C to 170 °C at 3 °C·min−1 and at a frequency of 1 Hz. The composites and the respective volume fraction are presented on Table 1 and schematically represented in Scheme 3.



FS1, FS2 and FS3 refer to 42:58, 30:70 and 21:79 silk/flax mix ratio, respectively. HSH refers to six silk fabrics as the core and five 30:70 silk/flax hybrid fabrics as skins. SHS refers to silk fabrics as skins and hybrid fabrics as the core. SHI refers to eight 30:70 silk/flax hybrid layers and seven silk fiber fabrics alternatively plied, keeping silk/flax hybrid layers as the outermost layers.





3. Results


Figure 1a–d represents the mechanical tests of the composites studied. Figure 1a shows the stress x strain curves for the neat resin, silk composite (SB) and the intraply composites (FS1, FS2 and FS3). The ductile behavior observed for the neat resin is considerably reduced when compared to SB, which also increases the elastic modulus. For the hybrid composites, as flax content increases in relation to silk fiber, a higher modulus is obtained with a smaller reduction in the strain. According to Figure 1b, the specific strength and specific modulus also increases for resin < SB < FS1 < FS2 < FS3. For FS2 and FS3, the values can be considered as similar. The breaking energy, shown in Figure 1c, shows the opposite effect of Figure 1b; the material becomes more fragile with the increase in the modulus. Figure 1d demonstrates a trend where, as the volume fraction of the fiber increases, the specific strength and modulus become higher, which is also expected with the exception of the 60% vol of flax fiber due to different fabric textile structures. Table 2 shows the mechanical properties compiled. It is noted that the Young’s modulus is lower for the neat epoxy resin, as expected. The composite reinforced only with silk fiber presented a value of 5.9 GPa, while the composite reinforced only with flax fiber (FF) presented a value of 11.8 GPa. The higher value of FF can be attributed to the higher tensile modulus of its own fibers [40]. As the overall volume fraction can be considered constant (~50 vol.%), the differences can be attributed to different configurations of the composites and the matrix/fiber interfacial characteristics. The stress transfer mechanism in polymer occurs through the amorphous polymeric chains, i.e., the more rigid the structural unit (monomer), the more energy is required to impose deformation into the polymeric chains, and the higher the modulus [41]. Since the external energy imposed is transferred to the polymeric chains, some portions of the chains reptate, aiming to dissipate the energy received as heat (the more rigid the structural unit, the more energy is required). If a reinforcement is incorporated into the “fragile” matrix, the stress imposed is transmitted through the interface for the fibers [42,43]. In this case, the interface quality and the fiber resistance play a major role in the final result of the measured property. Hence, there is an expected hindrance of the reptation movement of the amorphous polymeric chains because most of the energy imposed is received by the fibers though the interface. In this case, the amorphous polymeric chains of the polymeric matrix become a kind of “carrier of the energy” received and are no longer the main component responsible for the mechanical property [44,45,46,47].



For the FS family, it is clear that the Young’s modulus increases by incorporating flax fiber. For the symmetric super-hybrid composites (as originally named), the values were compared to the ones obtained with a 42:59 silk/flax ratio and with the flax-reinforced composite. It is clear that the Young’s modulus is directly dependent on the flax fiber ratio. The SHS and SHI composites presented similar values compared to the FF composite. Reis et al. [48] proposes a schematic representation of the stress transferring of PEI composites and epoxy resin. In this case, and when analogically comparing with our study, when the reinforcement is equally distributed to the system, the stress transfer tends to be equally distributed. It is noteworthy to mention that the stress transferring can considerably differ depending on the reinforcement arrangement.



The tensile strength of typical commercial silkworm silk from Bombyx mori is about 0.5 GPa [40] while flax fibers ranges from 1500 to 1800 MPa [49]. Of course, these values are not enough to ensure an improvement in the tensile strength since many variables need to be taken into account such as wettability, adhesion and fiber/matrix stress transferring, for example. The tensile strength followed the same trend in the Young’s modulus while the breaking strain increased, i.e., a higher rigidity lowers the elongation of the material.



Scheme 4 shows a schematic representation of the stress transferring of two distinct composites: alternatively disposed layers and an in-block composite. This schematic representation is also found in a mathematical simulation for composites [50,51]. In the case of SHI, as alternative layers of stronger and weaker interfacial bonding are found, the overall resistance also decreases. In the beginning, the resistance can be high due to the high resistance of the silk/flax layer, but there is an acceleration of the stress transferring (represented by the red line) as the energy passes through the less resistant layers. In the case of a more homogeneous system, the stress transferring is also more similar.



The DMTA curves are showed in Figure 2a–d. The storage modulus (E′) depicted in Figure 2a shows that all curves behave similarly, i.e., a glassy plateau that extends up to a temperature of around 80 °C followed by an abrupt decay until it reaches the elastomeric state. It is also observed that the higher the storage modulus temperature, the higher the loss of the storage modulus as the material passes through the glass-transition region. A lower E′ was obtained for the neat resin. The curves for SB and SHS were similar, while for the intraply composites a higher modulus was obtained, following the same behavior presented for the flexural modulus. The interplay composite HSH (similar silk and flax volume fraction) presented a similar E′ to FS2 composites. For neat polymers, the storage modulus is attributed to the intermolecular forces and the way that the polymeric chains are packed, while for composite materials, it is attributed to several factors such as the polymer/fiber interface, fiber-volume fraction, the arrangement of the composite and the orientation of the fiber. It is noteworthy to mention that the storage modulus is due to the response of the polymer and how the molecular chains are affected by the external stress. If more stress is required to impose the deformation in the polymeric chains, the higher the storage modulus result will be. The restriction imposed in the polymeric chains can be due to a better fiber/matrix interface, a higher volume fraction (the fibers have higher elastic modulus than the polymeric matrix), the type of composite arrangement or a combination of them. In other words, there is not a unique effect that can affect the storage modulus for composite materials. Figure 2b shows the tan δ curves for the composites studied. The dissipation energy is higher in the glass-transition region compared to other regions. In the glassy state, the elastic behavior is predominant, while in the elastomeric state, the viscous behavior is predominant. At Tg, there is no specific predominance of any behavior. Phenomenologically, in the glassy state, the external stress received as energy is received and absorbed by the polymeric chains. As the energy increases, the movement of the chains becomes more frequent, and the polymeric chains break apart from each other due to the increase in the molecular vibration until they reach the glass-transition temperature; here, the energy is absorbed, dissipated as heat and there is an expansion of the volume of the material, decreasing the mechanical properties and increasing the energy dissipation. The interface lowers the energy dissipation, because the interface is able maintain this energy and transfers it to the fibers. Hence, it is expected that higher energy will be dissipated for the neat resin due to the absence of the fiber/polymer interface. Figure 2c shows that the storage modulus ate two distinct temperatures (at glassy and elastomeric states). It should be noted that there is a considerable decrease in the temperature of the properties due to an increase in the internal energy of the systems, which leads to an increase in the molecular motion of the polymeric chains. The E′s at 140 °C are quite similar for all materials studied, showing that the energetic state is very similar for all composites, while in the glassy state, the reinforcement effect is more easily observed. The storage modulus also increases with the volume fraction (Figure 2d) due to higher restrictions imposed on the molecular chain mobility.



The storage modulus curves were used to estimate the reinforcement coefficient (using the E′ curves) and the constrained region (using the tan δ curves). The extraction of the data was obtained using OriginLab 9.0 Program. The coefficient of reinforcement (    C   r    ) (Equation (1)) was estimated, considering that the modulus values do not start at the same starting point. Also, since the reinforcement effect is usually obtained in the elastomeric state [46], the     C   r     parameter standardizes the curves and helps to visualize the behavior of the curves. It is noteworthy to mention that for high-modulus structural composites, the reinforcement effect is observed at the glassy state [46] (in this case, so much energy is stored in the glassy state that a rupture of the specimens occurs when the temperature exceeds the glassy state and considerable molecular motion takes place), but for most natural fiber-reinforced composites, the main difference is observed at the elastomeric state [4]. This is due to the fact that the natural reinforcement is softer than the polymeric matrix and hence no considerable reinforcement effect is observed in the glassy state while in the Tg region; the fibers act as a “non-thermally labile” crystallite, restricting the molecular movement of the amorphous chains of the epoxy resin. Hence, the decrease in the modulus is smoother from the glassy state to the elastomeric state.


    C   r   =            E   g       E   r         c o m p o s i t e             E   g       E   r         e p o x y   r e s i n      × 1000  



(1)




where     E   g     is the storage modulus obtained at 40 °C (glassy state) and     E   r     is the rubbery (elastomeric) modulus obtained at 160 °C. The lower the difference between the modulus of two distinct regions, the lower the     C   r     value.



When the sample passes from the glassy to the elastomeric region, the energy dissipation occurs faster in a short time interval. If the polymer/matrix interface is strong, the maximum peak height is reduced because the interface retains a great portion of energy. If the interface is weaker, a higher dissipation maximum is observed because the stress transferring is not effective and a huge portion of the energy is not retained at the interface. This can be quantified using the constrained region (  C  ), as demonstrated in Equation (2) [46]:


  C = 1 −      1 −   C   0     × W     W   0       



(2)




where     C   0     and     W   0     are the volume fraction of the constrained region and the energy loss fraction of the epoxy resin, respectively.     C   0     is assumed to be zero for epoxy, while     W   0     is the   t a n δ   area of the epoxy. W is the energy loss fraction of the composite at the tanδ peak maximum given by   W =   ( π t a n δ  /  π t a n δ + 1 )    , i.e., the area under the curve. Table 3 presents the results of the glass-transition temperature and the constrained region obtained from the tanδ curves.



The reinforcement coefficient is lower for the HSH composite and higher for the FS1 composite. Lower values indicate a lower difference between the glassy and the elastomeric states at 40 °C and 160 °C, which is indicative of a higher coefficient of reinforcement. This parameter is independent of the initial values of the storage modulus, i.e., a higher modulus at the glassy state did not reflect a higher or lower Cr. In other words, Cr indicates the capacity of the composite in maintaining the reinforcement effect as the molecular motion of the polymeric chains considerably increases when the temperature passes from the glassy to the elastomeric region.



Regarding Table 2, it is noted that the glass-transition values differ from each other by ~3 °C, which can be considered quite constant. The constrained region is higher for the SB and SHS (0.74 and 0.72, respectively) composites when compared to others. The constrained region is lower for the FS1 (0.65) composite. Higher values are indicative of the immobilized regions’ increase and a decrease in the overall molecular mobility. It is also important to mention that there is not a trend among the composites regarding the storage modulus values at the glassy state, the glass-transition temperature and the constrained region, i.e., a higher E′ is not indicative of a higher Tg and a higher constrained region. It should be noted that the higher the storage modulus at the glassy state, the higher the dissipation energy at Tg (due to the higher the energy stored) and hence the lower the constrained region. In other words, the constrained region is directly dependent on the thermal mechanical history of the composite. Phenomenologically, a higher E′ in the glassy state means that a higher amount of energy is required to deform the amorphous polymeric chains, promoted by the type of arrangement that causes a more effective stress transfer though the composite interface. It is noteworthy to mention that the E′ response is from the polymeric matrix and that variations are attributed to how the fiber arrangements and/or polymer/fiber interface interferes in the polymer chain mobility. In general, a higher modulus in the glassy state means that more energy is stored in this region, and as the temperature increases and passes though the glass transition, more energy is dissipated as heat. If the energy dissipation occurs in a short time interval, the modulus loss is usually higher, occasionally leading to a rupture of the composite. In cases where the energy dissipation occurs in a wider temperature range, it can be assumed that the material does not present a fragile behavior but a ductile behavior instead. In these cases, the number of differences between the modulus in the glassy and elastomeric states is lower.




4. Conclusions


This study focused on hybrid silk/flax composites, exploring their quasi-static mechanical properties and dynamic mechanical thermal properties (DMTA). The search for the combination of eco-friendly products with satisfactory mechanical properties has driven researchers to explore innovative combinations of materials. In this investigation, silk and flax fibers were artfully combined in various configurations, yielding eight distinct composites. The focus was on understanding the intricate relationship between structure and properties, while building upon the existing work of Liu et al. [38].



The primary findings of this study shed light on the remarkable synergistic effects achieved through the strategic arrangements of flax and silk fibers. This combination resulted in the creation of tailor-made composites that offered both cost-efficiency and high-performance characteristics. These insights promise to play a crucial role in advancing the field of natural fiber composites, particularly in the context of hybrid materials and their applications.



The mechanical properties revealed a range of behaviors among the composites, with flax-reinforced variants exhibiting higher Young’s moduli than pure silk-reinforced composites. These variations were attributed to different composite configurations and the quality of matrix/fiber interfaces. The manner in which stress is transferred between the amorphous polymeric chains and fibers at these interfaces played a significant role in determining the overall mechanical properties. These findings underscored the critical role of interface quality and fiber resistance governing composite behavior.



Dynamic mechanical thermal analysis further elucidated the properties of these hybrid composites. Parameters such as the reinforcement coefficient (Cr) and constrained region were examined. The Cr highlighted the capacity of composites to maintain their reinforcement effect as molecular motion within the polymeric matrix increased. Meanwhile, the constrained region offered insights into the immobilized regions and molecular mobility within the composite.



Overall, this study represents a valuable contribution to the field of natural fiber composites. It not only corroborated and expanded upon existing research but also offered fresh perspectives on the structure–property relationship in these hybrid materials. These insights have the potential to drive innovation in the development of eco-friendly and high-performance composite materials for various applications, ranging from automotive components to biomedical devices. As the world continues to prioritize sustainability, the pursuit of such hybrid materials holds great promise for the future of materials science and engineering.
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Scheme 2. Schematic representation of the reinforcements and matrices used in [37]. 
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Scheme 3. Schematic representation of different configurations of the composites studied in this work. 
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Figure 1. Tensile mechanical properties of the composites studied. (a) Stress–strain curve, (b) specific Young’s modulus and specific strength, (c) breaking energy and (d) modulus and strength vs. volume fraction. This figure was obtained under kind permission from [37]. 
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Scheme 4. Schematic representation of the stress transferring of (a) alternatively disposed layers and (b) in-block layers composite. In the cases above, a rapid stress transfer is visualized in both cases at a specific time, leading to similar Young’s modulus values. In the case of FS family, the stress transfer is similar to the upper section of figure (b) in all composites, increasing the capacity to store energy and increasing the modulus. The red lines represent the stress transferring speed. The grey circles represent silk fibers while the orange circles represent the flax fibers. 
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Figure 2. Dynamic mechanical thermal analysis of the composites studied: (a) storage moduli curves, (b) tan δ curves, (c) storage modulus compared at two distinct temperatures (glassy and elastomeric states) and (d) storage modulus values at two distinct temperatures plotted against the fiber-volume fraction. This figure was obtained under kind permission from [37]. 
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Table 1. Epoxy resin and composites studied in this work. The same nomenclature was used from the original study.
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	Composite
	Vtotal

(Fiber Volume Fraction)

(%)
	Vsilk

(Silk Fiber Volume Fraction)

(%)
	Vflax

(Flax Fiber Volume Fraction)

(%)





	Silk reinforced/SB
	50
	50
	0



	Silk/flax hybrid fiber reinforced-FS1
	48
	20
	28



	Silk/flax hybrid fiber reinforced-FS2
	51
	15.3
	35.7



	Silk/flax hybrid fiber reinforced-FS3
	47.5
	10
	37.5



	Silk/flax hybrid fiber reinforced-HSH
	52
	29.7
	22.3



	Silk/flax hybrid fiber reinforced-SHS
	51
	38.2
	12.8



	Silk/flax hybrid fiber reinforced-SHI
	51
	35
	16



	Flax reinforced/FF
	48
	0
	48



	Pristine epoxy resin
	0
	0
	0










 





Table 2. Tensile mechanical properties for the epoxy resin and the composite studied.
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	Composite
	Young’s Modulus (GPa)
	Tensile Strength (MPa)
	Tensile Breaking Strain (%)





	Silk-reinforced/SB
	5.90 ± 0.4
	113.7 ± 2.4
	6.6 ± 0.1



	Silk/flax hybrid fiber-reinforced-FS1
	12.8 ± 0.2
	170.2 ± 3.5
	4.1 ± 0.0



	Silk/flax hybrid fiber-reinforced-FS2
	20.7 ± 0.8
	236.4 ± 6.3
	3.5 ± 0.1



	Silk/flax hybrid fiber-reinforced-FS3
	22.2 ± 0.2
	246.7 ± 11
	3.1 ± 0.0



	Silk/flax hybrid fiber-reinforced-HSH
	15.2 ± 0.2
	187.6 ± 5.5
	3.2 ± 0.0



	Silk/flax hybrid fiber-reinforced-SHS
	11.2 ± 0.5
	153.2 ± 2.1
	3.3 ± 0.0



	Silk/flax hybrid fiber-reinforced-SHI
	12.2 ± 0.0
	165.3 ± 0.9
	3.8 ± 0.0



	Flax-reinforced/FF
	11.8 ± 0.1
	153.2 ± 0.1
	3.8 ± 0.0



	Pristine epoxy resin
	3.00 ± 0.1
	73.40 ± 0.2
	16.1 ± 0.7










 





Table 3. Glass-transition temperature and constrained region for the studied composites.





