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Abstract 

In the current research, four different sequential laminates of Jute (J) and Hemp (H) fibers 

reinforced hybrid bio-epoxy composites were developed by using the hand lay-up method.  The 

effect of the layering sequence of laminates was evaluated through mechanical properties such 

as tensile, flexural, interlaminar shear, and impact tests, and physical properties like water 

absorption, percentage void, and density. The stacking sequence showed minor changes in the 

hardness of the composites, while the mechanical performance of the hybrid laminates was 

comparable to the pure hemp laminate. The hybrid composite hemp/jute/hemp showed the 

highest tensile strength of 65.44 MPa, and a similar trend was observed in flexural results. The 

mechanical test results revealed that hybridization with hemp fiber as a skin layer and jute fiber 

as a core layer can improve the tensile and flexural strength, but it will decrease interlaminar 

shear strength. Thermal stability and fracture morphology are analyzed using 

thermogravimetric analysis and scanning electron microscopic images. 

Keywords: Hybrid composite, Hand layup, Thermal Stability, Void content, Water absorption, 

Hemp/Jute.  

1. Introduction 

There is always an increase in concern for global conservation due to hazardous effects caused 

by the disposal of synthetic materials. In this regard, scientists, industries, and academicians 

have shown interest in the effective use of environment-friendly plant-based fibers as a 

replacement for synthetic fibers and plastics to reduce the carbon footprint. These plant-based 

natural fibers possesses many remarkable properties like low cost, low density, availability, 

considerable mechanical strength, good thermal insulation, electrical resistivity, and an 

ecofriendly nature [1]. Currently, there are many natural fibers identified and are used in 

versatile, lightweight structural applications such as automobile, aerospace, construction, etc. 
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There are also various commercially available plant fibers like hemp, jute, sisal, kapok, cotton, 

ramie, coir, bamboo, pineapple leaf fiber, etc., which are commonly used in versatile 

applications like ropes, bags, textile, houseware, automobile, industrial and interior small 

lightweight structures in aerospace industries [2]. However, there has always been a quest to 

identify new resources of raw materials with optimum qualities to meet the demand for raw 

materials. Some recently identified plant fibers include Leucas Aspera, Cardiospermum 

halicababum, Saccharum bengalense, and Tridax procumbens [3].  

Alongside their advantages, plant fibers have limitations like low biocompatibility, low 

strength compared to synthetic fibers, irregular size/diameter, high moisture sensitivity, 

inability to withstand high temperature, and prone to bacterial/fungal attacks. There are various 

strategies like chemical treatment, changes in orientation, the addition of coupling agents, 

hybridization, etc., that are employed to overcome the limitations and to enhance the 

mechanical properties of natural fiber composites [4]. There are various chemical and surface 

treatments like alkali, silane, NaCl, corona, laser, etc., which are used to improve the 

biocompatibility and mechanical strength of the natural fibers when used as reinforcements in 

composites [5,6]. The mechanical properties of the natural fiber composites depend on various 

factors like matrix, reinforcement, bonding nature/interaction, and chemical composition of 

fiber/polymer. The properties of natural fibers depend on the type of fiber, chemical 

composition, part of the plant/tree from where fiber is extracted, mode of extraction, and 

geological location. [7] Many researches state that the use of single fiber as reinforcement 

increases the mechanical strength of composites based on governing factors like the type of 

reinforcement, fiber-loading, fiber modification, matrix type, wettability, and nature of 

bonding. However, in many cases, the lower mechanical property of the single fiber composite 

can be overcome through hybridization [8]. In hybrid natural fiber composites, the negative 

aspect of one fiber is neutralized by the positive aspect of other fiber. For instance, hemp fiber 
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is observed to be more brittle and tough when compared to jute fiber, while the jute fibers have 

good elongation when compared the hemp fibers. Hence, when hemp and jute fibers are used 

together as a hybrid laminates, there is a reduction in the brittleness and improvement in the 

mechanical strength of the composite. Thus, hybridization plays a major impact in improving 

the mechanical performance of natural fiber-based polymer composites.  

There are various types of natural fiber reinforcements in polymer matrices namely short fiber, 

long fiber, random orientation, unidirectional, woven fabric, micro-fillers, etc [6]. In research, 

when neat polylactic acid (PLA) matrix was hybridized with sisal and hemp fibers, the tensile 

and flexural strength was improved to 36.86 MPa and 94.83MPa, respectively. The values are 

higher than neat PLA [8]. In another research, Yusoff et al., [9] determined the hybridization 

of PLA with kenaf-bamboo-coir improved the tensile strength to 187 MPa by 20% and 78% 

higher when compared to PLA/bamboo/coir and PLA/kenaf/coir composites, respectively. 

This is higher compared to hybrid bamboo-coir and kenaf-coir PLA composites.  

Among the various types of reinforcements, the woven fabric reinforcement is feasible, having 

good structural integrity in manufacturing lightweight structures. Many researches show 

hybridization of the woven fabric enhances the structural property of polymer composites. 

Venkateshwaran [10] hybridized the banana fibers with sisal fibers in epoxy matrix, in which 

50:50 wt% of banana and sisal fibers showed a tensile strength of 18.66 MPa. It was marginally 

higher than the banana-epoxy composite having a tensile strength of 16.12MPa. It was also 

confirmed that 16 wt% of total fiber loading ensured optimum performance, and a further 

increase in fiber loading hindered the mechanical performance due to improper interfacial 

adhesion. Peanut oil-cake cellulose fibers were chemically treated and used as fillers in 

pineapple/flax epoxy hybrid composite. It was observed that the addition of modified fillers to 

the hybrid composite improved its mechanical properties. It was also found that 30% of 

pineapple/flax fibers with 2% fillers enhanced both the tensile and flexural strengths by 49.74% 
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and 34.28% respectively [11]. In research, bidirectional jute and flax were hybridized in the 

epoxy matrix. The results revealed hybrid composite with flax as skin layer and jute as core 

improved the tensile strength compared to pure jute-epoxy composite [12]. In another research, 

John et al. hybridized glass fibers and sisal in the polyester matrix. The result showed that 

silane treated hybrid composite with 50/50-sisal/glass fiber has a higher tensile strength of 

28.91 MPa that was comparable to neat glass fiber reinforced composite having a tensile 

strength of 33.86 MPa [13]. Recently, jute fibers were hybridized with synthetic Kevlar. The 

composite having the sequence of Jute/Kevlar/Jute/Kevlar and 1.5% silica filler showed the 

maximum tensile strength, which was 76.35% higher than that of pure Kevlar composite [14]. 

Hybridization of natural fiber also have impacts in the water absorption behavior of the 

composites. When sisal fibers were hybridized with glass fibers, the composite with sequence 

glass/sisal/glass/sisal/glass showed the highest water resistance rate compared to other hybrid 

composites. It was also found that hybridization improved the tensile, flexural, and impact 

strengths by 23%, 29%, and 46%, respectively [15]. 

Presently, many hybrid composites involve combinations like natural-synthetic fibers, natural 

fibers-synthetic fillers, and natural fillers-synthetic fibers. It is seen mostly composites were 

prepared using synthetic polymers, where few were based on fully biobased materials. In 

various research, jute and hemp fabrics are used separately with various polymer matrices and 

also with the combination of various other fibers in the composite formulation, but a 

combination of jute and hemp using bio-epoxy matrix has not been explored. The current 

research focuses on the development and fabrication of jute/hemp hybrid composite for 

lightweight structural applications. The composite laminates are subjected to mechanical 

testing to determine the influence of the stacking sequence on tensile, flexural, interlaminar 

shear, and impact resistance. The void %, thermal stability, and water absorption behavior of 
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the laminates are investigated to discover the best performing sequence and to determine its 

application suitability.  

2. Materials and methods 

2.1.Materials 

Jute and hemp fiber mats are supplied by the Anakaputhur weaver’s association, Chennai, 

India. The matrix, green epoxy (SR Greenpoxy 56®), and hardener (SD Surf Clear®) are 

supplied by Sicomin Epoxy Systems, France. The Green epoxy comprises 50-58% bio-based 

carbon content from plants. The matrix mix weight ratio of epoxy and hardener was 100:37 

grams and requires a curing time of 24 hours at normal atmospheric pressure at room 

temperature 30º C. The chemical properties of the jute and hemp fibers are analyzed through 

chemical analysis. Kurschner and Hoffer's method is used to estimate the cellulose weight %. 

The hemicellulose and lignin weight % are measured according to NFT 120-008 and APPITA 

P11s-78, respectively. The density of the fibers is measured using pycnometer experimentation 

(toluene). Figure 1 shows the macroscopic images of the jute and hemp mat fibers. The 

properties of the fibers are presented in table 1, while the properties of the matrix are presented 

in Table 2.  

 

Figure 1 a) Hemp fiber mat b) Jute fiber mat 
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Table 1 Properties of fiber [16,17] 

Properties Hemp Jute 

Cellulosea 70.2±10.4 wt% 63±8.6 wt% 

Hemicellulosea 13.9±5.9 wt% 16.3±4.3 wt% 

Lignina 21±4.7 wt% 13±5.1 wt% 

Moisturea 10.8±1.1 wt% 12.6±1.4 wt% 

Densitya 1.52±0.13 g/cc 1.41±0.11 g/cc 

Tensile strengthb 830±56MPa 596±70MPa 

Elastic modulusb 64±3 GPa 12±3 GPa 

Fiber Mat 

construction® 
Weft and Warp Weft and Warp 

Fiber Mat (GSM)® 160 160 
aAs measured, bAs obtained from Literature 

Table 2 Properties of Matrix 

Properties SR Greenpoxy 56® SD Surf Clear® Cured matrix 

Tensile strength - - 51 MPa 

Youngs modulus - - 3.3 GPa 

Glass transition - - 78˚C 

Aspect/Color Clear liquid Clear liquid 
Clear 

transparent 

Viscosity (mPa·s) @ 20 

°C 
1400 60 - 

Density @ 20˚C 1.198 g/cc 0.958 g/cc 1.193 g/cc 

2.2.Manufacturing principle and composite designation 

All the composite laminates were manufactured using the traditional hand layup process. Two 

flat smooth steel plates of dimensions 300x300x5mm were considered as the upper and lower 

dies. A steel mold with an inner cavity dimension of 250x250x3mm was made to maintain a 

constant volume in laminates. Silicone spray was used as a releasing agent. Initially, the mold 

was kept over a flat die; and care was taken to ensure perfect contact. Initially, a layer of 

silicone spray was coated to facilitate the easy removal of laminates. The matrix was prepared 

by mixing SR green epoxy 56 (resin) and SD Surf clear (hardener) in a 100:37 ratio. Firstly, a 
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layer of the matrix was coated using a roller over the die, and then the fiber mat layer was 

placed on it., over again a layer of the matrix was applied. A similar procedure was carried out 

for all the successive layers to manufacture the composite. Finally, the top die was placed over 

the mold, and a 25 kg load was applied to maintain the even thickness of the composite. Care 

was taken to ensure complete wetting of the fiber mats to prevent the formation of air bubbles. 

The setup was allowed to cure for 24 hours at room temperature of 30˚C at normal atmospheric 

pressure. After 24 hours the composite laminates were removed from the setup and set for post-

curing in a hot air oven at 60˚C for 24 hours. During the post-curing process, care is taken the 

composites were held between two steel plates to ensure flat and stable dimensions. Post curing 

increases matrix-fiber cross-linking by rearranging polymer chains, curing the uncured matrix, 

and releases internal stresses developed during the polymerization of the matrix. The 

designation and sequences of the laminates are presented in Figure 2.   

 

Figure 2 Designation of composites Schematic representation a) H/H/H b) J/J/J c) H/J/H 

d) J/H/J; I Cross section- H/H/H (f) Cross section-J/J/J (g) Cross section-H/J/H (h) Cross 

section- J/H/J (i) Laminated flexural specimens 
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2.3. Physical analysis 

The physical analysis was carried out to measure the density, void content, and hardness of the 

composite laminates. The experimental density ρe of the composites was determined through a 

simple water immersion test according to ASTM D792-07, the specimen mass must be 1 to 10 

grams and the sample dimension used for the test is 25mm x 25mm x 3mm.  Five samples were 

tested for the consistency of results and the average is reported. The theoretical density ρt was 

calculated according to the equation 𝜌𝑡 = [𝑤𝑓 + 𝑤𝑚] [(𝑤𝑓 𝜌𝑓⁄ ) + (𝑤𝑚 𝜌𝑚⁄ )]⁄ . Where wf and 

wm represent the weight of fiber and matrix (grams), respectively; ρf, and ρm represents the 

densities of fiber and matrix in g/cc. The void content of the laminates is determined according 

to ASTM D2734-70, using the equation 𝑣𝑣 = (𝜌𝑡 − 𝜌𝑒) 𝜌𝑡⁄ . Where ρt and ρe represent the 

theoretical and experimental densities, respectively. The hardness of the laminates is measured 

according to ASTM D2240-86 using shore D hardness tester (Rex Durometers, Model OS-1) 

having an intender diameter of 1.27mm and a maximum load of 5kg. Twenty readings were 

taken at random spots, and the average values are reported. Weibull analysis was performed 

for hardness values to test the satisfactory significant level of the results. 

2.4.Mechanical property 

Tensile test was carried out according to ASTM D3039, with specimen dimensions of 

115x19x3mm and gauge length of 50mm. Flexural test was performed according to ASTM 

D790 with dimensions 90x10x3mm and a span length of 60mm. Flexural strength and flexural 

modulus were calculated according to the equation 𝜎 = 3𝑓𝑙 2𝑏𝑑2⁄  and 휀 = 𝑙3𝑓 4𝛿𝑏𝑑3⁄  , 

respectively.  The short beam test is used to analyze the composite’s interlaminar shear strength 

(ILSS). The test was according to ASTM D2344 with specimen dimensions 60x10x3mm and 

a span length of 30mm. ILSS strength was calculated according to equation 𝜎 = 3𝑓 4𝑏𝑑⁄ . 

Where, f=force in (N), l=length, b=width, d=thickness and δ=displacement, were all 
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dimensions in mm respectively. The tensile, flexural, and short beam tests were performed 

using a universal testing machine (UTM) (Model: Comtech tensile testing machine M1 type) 

with a load cell of 2500 kgf. The tendency of the composite to absorb energy was analyzed 

using the Charpy Impact test according to ASTM D256 with sample dimensions of 

63x12.7x3mm using the Charpy impact test setup. Five notched samples of each specimen are 

tested for repeatability and the average value is reported. 

2.5.Morphological properties 

The fracture morphology of the tested specimens was studied using scanning electron 

microscopic images. High-resolution images were captured using the FEI Quanta 450 scanning 

electron microscope in a high vacuum mode at 10 kV. 

2.6.Thermogravimetric analysis 

Thermal stability of the hybrid laminates is analyzed using thermogravimetric analysis, TGA 

2 (Model: Mettler Toledo TGA/DSC 3 + HT/1600, Switzerland). A sample of 5-6 mg was 

placed in an alumina crucible with a reference, and the test was carried out by measuring the 

rate of weight loss from 30˚C to 600˚C at a heating rate of 10˚C/min. The test was commenced 

in a controlled environment with a nitrogen flow rate of 60ml/min. 

2.7.Water absorption 

The tendency of the hybrid laminates to absorb moisture was analyzed via a water absorption 

test, according to ASTM D5229-92. The samples were prepared in the dimensions of 

50mmx50mmx3mm. The prepared samples were immersed in a water bath for 60 days at room 

temperature (30ºC), and the rate of weight change was measured at periodic intervals. Where 

the weight of the sample is measured every hour for the first 24 hours, every 5 hours for the 

next 5 days, every day for the next 10 days, and finally one time per 7 days for the next 45 

days. The % of water absorption was calculated according to equation 𝑤% =
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 [(𝑤1 − 𝑤0) 𝑤0⁄ ] ∗ 100. Where w0 is the initial weight of the sample and w1 its weight after 

immersion.  

3. Results and Discussion 

3.1. Physical analysis 

Table 3 Volume, weight, and void fraction (δt – Theoretical density, δe – Experimental 

density) of various composite 

Composite 

Designation 

Volume fraction (%) Weight fraction (grams) Density (g/cc) Void  

Hemp Jute Bio epoxy Hemp Jute Matrix  ρt ρe  vv % 

HHH 23.68   76.08 27.82   72.17 1.252±0.028 1.221±0.023 2.3±0.41 

JJJ   21.51 78.31   23.23 74.18 1.221±0.019 1.187±0.016 2.7±0.93 

HJH 15.9 7.17 76.92 18.55 7.45 72.87 1.243±0.026 1.211±0.024 2.3±0.64 

JHJ 7.94 14.34 77.7 9.27 15.49 73.6 1.235±0.018 1.194±0.016 2.9±0.59 

Neat - - 100 - - 100 1.191±0.011 1.185±0.015 1.9±0.16 

Weight fraction, volume fraction, density, and % void of the developed composites are 

presented in table 3. It is observed, composite H/H/H showed a density of 1.221±0.019 g/cc, 

which is higher compared to other composite laminates. The density of the hybrid laminate 

H/J/H is 1.211±0.024 g/cc which is 1.02 times and 1.01 times higher than that of the pure jute 

and hybrid J/H/J composite. From table 3, the experimental density is slightly lower than the 

theoretical density which is due to the heterogeneous property of plant fiber and voids present 

in the composites. The occurrence of voids depends on factors like entrapment of air during 

matrix preparation, interfacial bonding, wettability of fibers, and the hybrid fiber-matrix 

interaction [18]. The % void of the pure hemp composite is almost similar compared to H/J/H, 

and the void content in J/H/J is slightly higher than in the pure jute composites. Void contents 

influence to have noticeable effects on the mechanical performance of the laminated 

composites. The less void content in pure hemp and hybrid H/J/H reveal good interfacial 
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adhesion and excellent compatibility of hemp fibers compared to jute fibers. This is due to the 

low moisture % in hemp compared to jute, as inferred from table 1.  

 

Figure 3 (a) Shore D hardness (b) Weibull Plot for hardness 

Figure 3 (a) presents the hardness results of the pure and hybrid composite laminates. It is 

observed that hardness values for pure hemp, pure jute, and neat epoxy composites are 84.12, 

76.57, and 69.23 respectively. In neat epoxy, the lower hardness is due to the absence of 

reinforcements within the material. While the lower hardness of jute fibers could be due to 

higher amorphous content which traps moisture, and the polysaccharides that act as a 

plasticizer, thus reducing the hardness of the pure jute composite. It is also noticed that there 

is not much difference in the hardness of the hybrid laminates and the pure hemp composite. 

The hardness of H/J/H is 82.84, which is 1.02 times higher than that of J/H/J 80.61. The hybrid 

laminates show higher hardness values compared to that of the pure jute fiber composites. A 
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similar phenomenon is observed in the findings of Vijay Chaudhary et al [19]. Higher hardness 

values of the pure hemp composite are attributed to the higher density of hemp fibers and lower 

void in the composites. It may be due to the restriction offered by the reinforcements preventing 

the indenter to intend the composite and due to the hardness of matrix and reinforcement acting 

together.   

Figure 3 (b) shows the Weibull distribution plots for 20 hardness values of laminated 

composites. It is observed that the scale value for the composites H/H/H, J/J/J, H/J/H, and J/H/J 

are 84.75, 77.11, 83.37, and 81.17 respectively, which is approximately equal to the average 

hardness values presented in figure 3 (a). The P-value of all samples is greater than 0.05 which 

signifies null hypothesis H0, as there is no significant difference between the hardness of the 

specimens between the composites. Each composite has 95% significance satisfactory levels 

between hardness values of the samples. 

3.2.Mechanical performances 

3.2.1. Tensile properties 

 

Figure 4 a) Tensile stress-strain graph b) Tensile modulus 

The influence of stacking sequence on tensile strength and modulus of the composite laminates 

are presented in Figure 4 (a & b). It is observed that the hybrid H/J/H composite shows the 

lower deformation, exhibiting the highest tensile strength of 65.44±5.91 MPa when compared 
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to other laminates and is 1.25 times higher than the hybrid J/H/J composite (52.43±6.12 MPa). 

The tensile strength of the pure hemp and pure jute composites are 56.18±4.26 MPa and 

47.44±6.35 MPa, respectively. From the stress-strain curves of figure 4(a), it is observed that 

the tensile strength of pure hemp and hybrid J/H/J composite is almost similar, but the 

hybridization with the core hemp layer slightly increased the tensile strength. There is a good 

stress transfer from the matrix to fibers during the application of tensile load. The High strength 

hemp fibers are supported by the jute fibers by restricting failure, while the jute fibers restricted 

failure by increasing the elongation.  This was attributed to the high cellulose content in hemp 

and high amorphous content in jute. This phenomenon was in accordance with areca/jute/glass 

fiber reinforced epoxy composites, where high strength jute fiber as skin layer and areca as 

core layer increased the tensile strength [20]. From figure 4(a), the lower strain in hybrid H/J/H 

compared to J/H/J is attributed to the higher elastic modulus of hemp fiber compared to jute 

which can be inferred from Table 1.  However, the strain of H/J/H is increased compared to 

pure hemp composite, which is due to the presence of jute as the core layer. The higher 

amorphous content in jute acts as a plasticizer helping to elongate during the application of 

tensile load. The tensile strength of neat epoxy is 44.45±3.62 MPa, and it is noticed that all the 

composites exhibited higher tensile strength when compared to neat epoxy. This is because of 

better interaction and good stress transfer between fiber and matrix as evident from the SEM 

images. There is an increase in the tensile strength and tensile modulus of jute-hemp hybrid 

laminates, which is because of the low strength of jute fiber compared to hemp, and the low 

elongation of hemp fiber comparing to jute fiber are substituted by the high strength and high 

elongation of another fiber.  

The tensile modulus of the laminated composites is presented in figure 4(b). It is observed, 

pure hemp composite exhibits the highest tensile modulus of 1.87±0.15 GPa, which is 1.14 

times higher than that of the hybrid H/J/H composite 1.63±0.17 GPa. The higher stiffness 
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nature of the hemp fiber increases the tensile modulus, while in hybrid composite H/J/H with 

jute as core layer shows an improvement in strain due to the presence of higher hemicellulose 

content, thus lowering the modulus. It was in accordance with the studies on dwarf green 

coconut fibers, where stiffness was reduced due to higher hemicellulose % [21]. The higher 

tensile modulus in pure hemp composite is due to the high stiffness of hemp fibers, resulting 

in good stress transfer due to good interfacial bonding between hemp fibers and the matrix as 

evident from the SEM images and the interlaminar shear strength.  It is seen that the tensile 

modulus of the hybrid composite J/H/J and pure jute composites are 1.11±0.145 GPa, and 

0.86±0.162 GPa, respectively. The neat epoxy exhibited the lowest tensile modulus of 

0.74±0.092 GPa. The lower tensile modulus in J/H/J and J/J/J is due to the higher amorphous 

constituent, lower cellulose content, and higher elongation of jute fibers when compared to 

hemp fibers. 

3.2.2. Flexural properties 

  

Figure 5 a) Flexural strength b) Flexural modulus 

Figures 5 (a & b) show the ultimate flexural strength and flexural modulus of the laminated 

composites. It is observed that flexural strength follows the same trend as tensile strength. The 

ultimate flexural strength of the hybrid composite H/J/H is 121.20±7.4 MPa which is 1.13 times 

higher compared to the hybrid J/H/J hybrid composite (106.56±6.5 MPa), while the flexural 
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strength of pure hemp and pure jute laminates are 105.51±5.7 MPa and 91.87±6.9 MPa, 

respectively. A considerable improvement in the flexural strength is observed through the 

hybridization of jute and hemp in the epoxy matrix. In the case of neat epoxy figure 5 (a), the 

flexural strength and flexural modulus are comparatively very low due to the absence of 

reinforcements. The higher strength in hybrid H/J/H is due to the presence of high strength 

hemp as skin layers, that withstand both compressive and tensile forces during the application 

of flexural load. The core jute layer provides a good stress transfer preventing failure, thereby 

increasing the flexural strength. This was similar to the findings on changing the stacking 

sequence in jute/kenaf hybrid composites, where high strength kenaf used as skin layer 

increased the flexural strength [22]. Another reason for higher flexural strength may be due to 

the presence of jute as a core layer that prevented the fracture growth to the adjoining hemp 

fiber. This phenomenon is because the low wettability nature can stop the crack propagation to 

the adjoining layer. This is in tandem with the findings of Idicula [23], where banana/sisal 

hybrid polyester-reinforced composites, where the higher volume of high strength fiber 

increased flexural strength. 

In the case of hybrid J/H/J, the presence of high strength hemp fiber as the core layer increased 

the flexural strength and was comparable to pure hemp composite. However, the hybrid J/H/J 

composite exhibited a flexural modulus of 2.64±0.21 GPa which is 1.31 times lower compared 

to the pure hemp composite (3.48±0.17 GPa) but it is 1.38 times higher than the pure jute 

composite (1.91±0.26 GPa). The presence of high cellulose % and low hemicellulose % in the 

hemp fiber increased its flexural modulus as evident from table 1. It is also tandem with the 

findings of Naruemon Sumrith et al, where the alkali-treated water hyacinth/bio-epoxy 

composite higher flexural strength and modulus due to higher cellulose % [24]. The lower 

moisture content in hemp fiber as seen in table 1 increased the interfacial bonding and enabled 

good stress transfer between the fiber and matrix [20]. While the neat epoxy exhibits a flexural 
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modulus of 1.32±0.12 GPa. From figure 5 (b), it is observed, the flexural modulus of all the 

laminates follows the same trend as the tensile modulus. Hybrid H/J/H composite has the 

second-highest flexural modulus of 3.32±0.19 GPa, which is almost similar and comparable to 

pure hemp composite. The reduction in flexural modulus in H/J/H composite is due to the 

presence of low stiff jute at its core that leads to elongation before failure. However, it exhibits 

the highest flexural strength compared to other laminates. Similarly, in a previous study when 

high stiff coir fibers were reinforced with oil palm fibers, there was an increase in flexural 

modulus concerning an increase in the percentage of high stiff coir fibers [25].  

3.2.3. Short beam test 

 

Figure 6 Interlaminar shear strength 

The interlaminar shear strength of the pure and hybrid composite laminates is presented in 

Figure 6. The pure hemp composite shows the highest interlaminar shear strength of 5.04±0.33 

MPa, which is 1.24 times higher than that of pure jute composite 4.03±0.43 MPa. This is 

because the low moisture content in hemp fibers resulted in forming better interfacial bonding 

with the matrix compared to the jute fibers as evident from SEM images in figure 8 (a and b). 

From the results, it is observed the interlaminar shear strength of the hybrid composites is very 

low compared to the pure fiber composites. The phenomenon is because the hybridization 

decreased interlaminar shear strength, due to various governing factors like the difference of 
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interfacial bonding in different fibers, the difference in stress transferability between the 

different layers, differences in fiber diameter, the difference in the strength of each fiber, and 

chemical structure of the fiber [26]. Similar results were observed in hybrid jute/kenaf/E-Glass 

epoxy composite. Where the composite with a single type of fiber showed higher interlaminar 

shear strength compared to the hybrid composite due to increased interfacial adhesion. From 

figure 6, it is noted that the neat epoxy shows the lowest ILSS of 2.35±0.29 MPa which is due 

to the absence of reinforcements, thus resulting in the quick fracture during the application of 

shear load. 

Interlaminar shear strength of the hybrid laminate H/J/H is 3.13±0.52 MPa, while hybrid 

laminate J/H/J exhibits 2.97±0.35 MPa. The higher strength in H/J/H when compared to the 

J/H/J laminate is due to the presence of high-strength hemp fibers as skin layers. The high-

strength hemp fibers were able to withstand more load compared to jute before failure through 

delamination between the laminates. In the case of J/H/J, the jute fibers present in the skin layer 

start to delaminate faster compared to H/J/H composites. However, both the hybrid laminates 

show almost similar results due to the presence of different fibers at neighboring layers which 

inhibits different bonding behavior compared to one another. A similar trend was observed 

when sugar palm and flax fibers were hybridized in the epoxy matrix [27].  

3.2.4. Impact behavior 

 

Figure 7 Impact strength of different hybrid composites 
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The impact strength of all the composite laminates is presented in Figure 7. The impact strength 

of the neat epoxy composite is 1.9±0.11 kJ/m2 which is the lowest compared to the other 

composites. This phenomenon is because of the brittle nature of the epoxy specimen and there 

are no reinforcements to strop the crack propagation which led to failure during the application 

of impact load. The impact strength of pure hemp and pure jute composites were 2.51±0.23 

kJ/m2 and 5.86±0.35 kJ/m2, respectively. Hybrid composites H/J/H and J/H/J exhibited impact 

strength of 2.80±0.29 kJ/m2 and 3.73±0.24 kJ/m2, respectively. The pure jute composite shows 

the best performance when compared to pure hemp and other hybrid composites. Pure hemp 

composite has the lowest impact resistance due to the presence of high stiff hemp fibers having 

high cellulose % and low hemicellulose % as inferred from table 1. High impact resistance in 

the pure jute composite is due to the low stiffness nature caused by the presence of high 

amorphous constituents, supported by high moisture content as noted in table 1. High 

amorphous content like hemicellulose and high strain in jute fibers enables more energy 

absorption during the application of impact load. This was in accordance with the flax fiber 

reinforced polypropylene composites, in which the composite with lower stiffness offered more 

impact resistance compared to high stiff chemically modified fibers [28]. From SEM image 

figure 8 (b & d), shows improper bonding with voids present in the pure jute and J/H/J hybrid 

composites, this phenomenon increases the damping effect by stopping the crack prolongation 

and thus increasing impact resistance of the composite [29]. 

The lower impact resistance of hybrid composite is due to the presence of high stiff hemp fibers 

leads to sudden failure during the application of impact load. In the case of hybrid H/J/H 

composite, brittle fracture occurs due to the presence of a high percentage of stiff hemp fibers. 

This is confirmed from the tensile stress-strain graph, where the H/J/H composite shows less 

strain compared to the J/H/J composite. The hybrid composite J/H/J showed better performance 

compared to H/J/H because jute as skin layers was able to absorb more energy before failure 
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by the plasticizing and damping effects of the amorphous constituents present in it. A similar 

trend was observed in jute/hemp/flax hybrid epoxy composites, where jute fibers absorbed 

more energy compared to hemp. However, the hybridization of hemp with jute has a 

considerable improvement in energy absorption when compared to the hybrid H/J/H composite 

[19]. 

3.3.Morphological characterization 

Fracture morphology and fiber-matrix interaction of the tensile tested specimens are studied 

using scanning electron microscopic images. Figure 8 (a-d) shows the fracture morphology of 

all the tensile tested composites. Figure 8 (a) reveals pure hemp composite has good interfacial 

adhesion between the fiber and matrix. Hemp fibers revealed good wettability when compared 

to the jute fibers, which may be due to the presence of less moisture content compared to jute 

as evident from table 1. Pure hemp composite shows brittle failure due to fiber-breakage, fiber-

tear, and higher modulus of the hemp fiber in the matrix. The hemp fibers were not able to peel 

out due to good fusion occurred between the matrix and fiber, thus leading to good stress 

transfer. However, some fiber pullout is visible that is comparatively lower than pure jute 

composite. Some smaller voids are also visible which is comparatively lower than other 

composites as evident from table 3. In pure jute composite figure 8(b), the tensile failure 

occurred through fiber-pullout and fiber-tear. The pure jute composite shows debonding of 

fiber-matrix due to improper bonding which is caused by high moisture content in jute 

compared to hemp as inferred from table 1 chemical analysis. The matrix fracture pattern 

indicates poor stress transfer and the presence of voids near the fiber reduces the tensile strength 

and but increased the impact resistance. 
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Figure 8 Fracture morphology of tensile specimens a) H/H/H b) J/J/J c) H/J/H d) J/H/J 

In hybrid composite H/J/H from figure 8 (c), the failure occurs through matrix crack and fiber 

breakage. The nature of matrix failure in hybrid H/J/H shows brittle failure, thus indicating 
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good stress transfer during the application of tensile load. The SEM image in figure 8 (c) also 

shows limited void due to the good interaction between matrix and fiber. This phenomenon led 

to increased tensile modulus and is comparable to the pure hemp composite. The occurrence 

of matrix debonding in hybrid composites is due to the variable adhesion property of different 

fibers at alternate layers. This results in the reduction of ILSS strength in hybrid H/J/H 

composite when compared to pure fiber composites. However, it is higher than J/H/J, due to 

the presence of more hemp fiber that is stiffer than jute. The composite J/H/J, figure 8 (d) shows 

matrix debonding with fiber tear and pullout. An irregular matrix failure mode is seen in the 

J/H/J composite which is due to the presence of high jute content and voids preventing brittle 

failure. However, there is a good stress transfer and with hemp as the core layer, the tensile and 

flexural strength is increased compared to the pure jute composites. 

3.4.TGA behavior 

Table 4 Thermal properties of hybrid composites 

Composite 

designation 

T Initial 

(˚C) 

Wt loss 

% 

T On set 

(˚C) 

Wt loss 

% 

T Final 

(˚C) 
Wt loss % 

Thermal 

stability 

(˚C) 

Char 

residue 

(Wt %) 

H/H/H 117.25 0.993 292.75 7.013 428.75 71.076 320.32 13.499 

J/J/J 103.51 1.694 286.75 8.051 412.25 73.028 313.75 12.487 

H/J/H 113.25 1.233 295.52 7.688 422.25 71.388 318.56 13.313 

J/H/J 108.75 1.575 291.25 7.841 417.34 72.473 316.84 12.746 

Neat Epoxy 137.27 0.892 281.12 6.122 408.44 80.953 307.66 08.052 

The thermal stability of all composites is influenced by the matrix and reinforcement present 

in them. Thermal stability curves of hybrid composites compared to pure hemp and pure jute 

composites are shown in Figure 9 (a-d). From the thermograms, it is observed the initial 

degradation of epoxy with the fiber occurs in the range of 210-240 ºC which is due to fiber 

bonding with the matrix. This was similar to the findings in the study of empty palm and jute 

fiber-based epoxy composites [30]. The initial decomposition temperature, final degradation 

temperature, and char residue are presented in Table 4.  
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Figure 9 TGA/ DTG traces for different hybrid composites a) H/H/H b) J/J/J c) H/J/H d) 

J/H/J (e) Neat epoxy; (f) TGA-comparison curves 

The initial degradation starts from 100-130 ºC due to the decomposition of moisture and wax 

present in the fiber. At this stage, there is a higher weight loss of 1.69% for J/J/J composites 

followed by J/H/J 1.57%.  This is similar to the temperature range of moisture and wax 

degradation, as shown in the studies related to Vachellia farnesiana fibers [31]. The next stage 

of degradation occurs in the range 170-250ºC, in which the glycosidic linkages between 

cellulose, hemicellulose, and lignin break down. The degradation of amorphous constituents 

like hemicellulose and lignin occurs at this stage. Similarly, J/J/J composites showed more 
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degradation due to less thermal stability of their amorphous contents. Finally, the final 

degradation occurs due to the degradation of cellulose at the range of 270-430 ºC. It is seen 

that the onset, offset and char residue are higher in H/H/H followed by H/J/H which is due to 

the presence of high thermally stable cellulose compared to other amorphous substances. Char 

residue of H/H/H is 13.49% which is 0.92 times higher than in J/J/J, 0.99 times higher than in 

H/J/H, and 0.94 times higher than in J/H/J composites. From table 4, it is noted that the neat 

epoxy shows the lowest thermal stability of 307.66ºC, which is comparatively lower than the 

fiber-reinforced composites and is evident from the TGA comparison figure 9(e). This 

phenomenon is because the absence of cellulose fibers as reinforcement increases the 

nucleation within the material and thus lowering the thermal stability as evident from figure 9 

(e). The final char residue of neat bio epoxy is 8.052%. 

3.5.Water absorption behavior 

The moisture absorption property of all the composite laminates is analyzed through the water 

absorption test according to ASTM D5229-92. The moisture resistance property of the natural 

fiber composite is governed by factors like the type of fiber, fiber volume fraction, void content, 

environmental temperature, humidity, and bonding. Figure 10 shows the water absorption 

properties of the pure and hybrid composite laminates. From figure 10 it is observed that, the 

moisture content in the composite increases with an increase in soaking time. A similar trend 

was reported in previous studies where water intake properties were investigated on jute fiber 

reinforced unsaturated polyester composites [32]. It is observed that initially, all composites 

absorb water at a very high rate for the first 6 days. On the 6th day, the pure jute composite 

shows the highest moisture intake of 11.61% followed by the jute hybrid J/H/J composite of 

9.92%. Pure hemp composite absorbs 9.26% followed by the hemp hybrid H/J/H composite 

with 9.01% but the water absorption of pure hemp and H/J/H composite are almost similar.  
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Figure10 Water absorption property 

After the 6th day, water intake slows down and there is a gradual linear uptake of water until 

the 42nd day. High-water intake in jute fibers is due to the presence of high amorphous contents 

like hemicellulose which is hydrophilic and is highly prone to moisture. Additionally, high 

void content in pure jute and the hybrid J/H/J composite resulted in increased water intake. The 

matrix protects the reinforcements from environmental damages. However, long exposure of 

the composite to a moisturized environment causes the fibers to swell and causes micro-cracks 

in the matrix. Finally, the water fills the micro-cracks and increases the weight of the composite 

[33]. On the 28th day, pure hemp and the hybrid H/J/H composite absorbs 10.56% and 10.12% 

of moisture, respectively. Pure jute and the hybrid J/H/J composite absorb 12.86% and 11.56%, 

respectively. On the 42nd day, the pure hemp composite absorbs only 11.12% followed by the 

hybrid H/J/H composite with 10.34%. But pure jute and hybrid J/H/J composite show the 

highest water absorption of 13.89% and 12.34%, respectively. After the 42nd day, it is noted 

that the water level gets saturated and the weight remains constant for all the composites, thus 

the curves follow a straight line.  Further, it is seen that hybridization increases water resistance 

in jute and hemp hybrid composites. Similar behavior was recorded in the banana and sisal 

hybrid composites [10]. Theoretically, lignin in the fibers is hydrophobic preventing the fiber 
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from hydrothermal degradation. Hence, hybridization of hemp with jute with high lignin 

content reduces water intake compared to the pure fiber-reinforced composites. 

Conclusions 

The influence of stacking sequence on the hybridization of jute/hemp/green-epoxy was 

investigated for its physical, mechanical, thermal, and fracture morphology. It is concluded that 

the hybrid composite performs better when compared to the pure fiber-reinforced composites 

and neat epoxy composites. It is because the negativity of one fiber is neutralized by the 

positivity of another fiber. The presence of high-strength fibers like hemp in the skin layer 

increases the tensile strength of the hybrid composites. Similarly, hemp fibers as the skin layer 

opposed the flexural load, and jute as the core layer prevented the failure of the composite. 

However, the interlaminar shear strength is higher for both the pure epoxy and the pure hemp 

composite; this is due to the absence of reinforcements for the pure epoxy, and the presence of 

similar types of fibers for the pure hemp composite. The impact results conclude that the 

reinforcements with higher amorphous and moisture content improved the impact resistance. 

The thermogravimetric analysis concludes that the thermal stability of all the fiber-reinforced 

composite is almost similar. However, the presence of natural fibers as reinforcements showed 

a considerable improvement in the thermal stability of composites when compared to the neat 

epoxy specimens. The moisture absorption test concludes that the hybridization plays a major 

role in the moisture resistivity of the composites. Finally, the results conclude that the 

hybridization of natural fiber and altering the staking sequence of fibers will have a substantial 

influence on the mechanical behavior of the natural fiber composites. Nevertheless, reinforcing 

the matrix with natural fibers will improve the thermal stability considerably.  
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Future Scope 

In the future, the mechanical performance of the best-performing composite will be subjected 

to the durability test (accelerated weathering) through varying environmental conditions. Due 

to thermal limitations, chemical treatments and surface modifications can be employed to 

improve the thermal stability of the composites. This in turn also may increase the mechanical 

performance. The composite will also be subjected to creep and fatigue analysis to assess the 

application suitability. Hence in the future through further developments, hybrid composites 

can be adopted in lightweight structural applications in industries to maintain an eco-friendly 

environment and sustainability.  
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