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Abstract 

Natural fiber-reinforced bio-epoxy composites have become promising sustainable alternatives to 

conventional synthetic-fiber petroleum-based materials, but are often limited by low fiber-matrix 

interfacial bonding, low thermal stability, and high moisture absorption which limit their application 

in structural applications. These issues are discussed in this work, by carrying out a systematic 

investigation of the synergistic effects of the hybridization of nano-silica particles with alkali-treated 

hemp fibers in a bio-epoxy matrix the composites comprising 05 wt.% nano-silica were fabricated by 

resorting to resin transfer molding with vacuum assistance. Mechanical tests indicated that huge 

improvements had been made with the 5 wt.% nano-silica variant achieving tensile strength of 119.8 

MPa (74% improvement), flexural strength of 148.7 MPa (61% improvement), impact strength of 12.3 

kJ/m2 (98% improvement), and hardness of 97.8 Shore D (25 percentage improvement) versus the neat 

bio-epoxy base. Thermal treatment revealed that the temperature of the onset degradation rose by a 

factor of 66 o C to 358 o C and 22.4-percent weight of char, respectively, after 24 h immersion. This is 

attributed to enhanced interfacial adhesion and correct crack deflection as well as the formation of 

tortuous diffusion pathways that is precipitated by the uniformly dispersed nano-silica. The resultant 

hybrid composites offer one of the avenues through 

which lightweight, high-performance and 

environmentally friendly composites can be 

developed and applied in lightweight, high-

performance and environmental-friendly 

automotive, marine and aerospace structural 

components. 
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INTRODUCTION 

A significant demand in various industries has 

been for sustainable and light-weight structural 

materials in recent years, so as to reduce the 

environmental impact while maintaining the 

structural performance[1] in industries. The 

traditional composites (glass and carbon fibre) are 

strong but are based on matrices made from 

petroleum products, and involve the production of 

a lot of waste and consume a lot of resources[2]. To 

overcome this, the natural fibre-reinforced bio-

epoxy composites have emerged as the eco-friendly 

materials which have renewability, low density and 
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low carbon footprint[3], [4]. Hemp is the most readily available, the highest cellulose content of all 

natural fibers and has high specific strength and makes an attractive material for application as interior 

materials in the automotive, marine and aerospace industries[5], [6]. However, the intrinsic weaknesses 

often exist in the composites, like the low adhesion between fibers and the matrix, high hydrophilicity 

and low heat resistance, which reduce the durability in long-term using of composites and restrict their 

application in load-bearing parts[7], [8]. 

 

Hemp fiber has a number of important benefits as a reinforcer in polymer composites it is 

biodegradable and renewable, and has a limited carbon footprint in comparison with manmade fibers 

such as glass or carbon. Hemp contains high cellulose levels, great specific strength and stiffness (tensile 

strength 650 -850 Mpa, modulus 40-60 Gpa), low density (~1.45 g/cm 3) and vibration damping. Its 

features render it appropriate in applications that are lightweight in the automotive, marine, and 

aerospace industries and also in alignment with sustainability. 

 

A tensile strength and modulus (load bearing capacity), flexural strength and modulus (bending 

resistance), impact strength (toughness and energy absorption) and hardness (surface durability and 

wear resistance) are some important mechanical properties of bio-epoxy composites. These properties 

identify how well the composite can be used in structural applications where it should be able to perform 

under loading of tension, flexure as well as dynamic loading. 

 

The term synergistic effect in hybrid composite can be regarded in context to the combined 

performance of several reinforcements (e.g. hemp fibers + nano-silica) than only the prediction of a rule 

of mixtures of the components may forecast it. This is due to enhanced interfacial bonding, crack 

deflection systems, enhanced dispersion and development of tortuous pathways, which provide more 

mechanical, thermal and moisture resistance attributes than the sum of the parts[9], [10]. 

 

Much research effort has been invested seeking solutions to these problems by changing the 

nanofillers. Some studies have seen improvement with the inclusion of Nano-Silica or Graphene in the 

jute/epoxy system and Micro/macro-silica hybrid reinforcement in the conventional epoxy matrix has 

been explored in other studies[11], [12], [13]. Although this progress has been made, most of the 

previous studies have been done with a single-filler system or petroleum-based epoxy resins, and there 

has been little systematic research of fully bio-based matrices[14], [15]. Moreover, the use of hemp 

fiber is less studied than jute fiber and multi property characterization in composites, derived from a 

given fiber family, of a set of mechanical, thermal, moisture resistance and interfacial properties has 

been rather limited[16], [17]. One of the significant research gaps is the lack of detailed studies of the 

hemp fiber/nano-silica mixture in bio-epoxy systems particularly the processes to produce the 

composites at scale such as VARTM (vacuum-assisted resin transfer molding)[18]. 

 

Thus, in the current research the synergistic effect of the hybridization of nano-silica and the alkali 

treatment of hemp fiber reinforcement in a bio-epoxy matrix (DGEBA + ESO) was systematically 

explored. The nanofiller was prepared by an optimized surface treatment of the fibers and ultrasonic 

dispersion technique The composites with different amounts of nano-silica (0-5 wt.%) were produced 

by applying VARTM method. Mechanical properties (Figure 2 and Figure 4), fracture mechanisms, 

thermal stability and moisture resistance were characterized of the resulting materials. It has much 

synergistic improvement in tensile strength (119.8 MPa, 74% increase), flexural strength (148.7 MPa, 

61% increase), impact strength (12.3 kJ/m², 98% increase), 24 h water absorption (2.4% at 69% 

decrease), and char yield (66°C at 22.4% increase at 600°C). The improvements are believed to be the 

result of the enhanced interfacial bond, effective crack deflection and creation of tortuous diffusion 

pathways as a result of the uniform dispersion of nano-silica particles. 

 

This is a first-of-its-kind experimental realization of hybridization of hemp fibres and nanosilica in a 

fully bio-based epoxy matrix for the scalable production of high-performance sustainable composites. 
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The results provide a clear direction to develop new materials that can replace conventional ones in 

structural and insulating applications, contribute to the circular economy and comply with increasingly 

strict environmental legislations. In the following, materials and methods, a complete results and 

discussion, and implications and future directions will be presented. But, the hybridization of hemp 

fibre with nano-silica in the completely bio-based epoxy matrices is not yet investigated systematically. 

Existing studies have mainly explored the properties of jute fibers, a single-filler composite or the 

conventional petroleum-based epoxy, and fewer studies have evaluated multiple properties of the same 

family of composites. The research has considerable gaps as indicated in (Figure 1). 

 

 
Figure 1. Identifying the issues in hemp fiber and nano-silica reinforced bio-epoxy composite and 

addressing these issues during the present research 

 

The literature reviewed is detailed in section II, methodology is detailed in section III, results and 

discussion is detailed in section IV and the conclusions and possible directions in the future is detailed 

in section V. 

 

RELATED WORK 

Natural fiber-reinforced polymer composites (NFRCs) are a relatively new type of composites which 

are gaining popularity due to its climatic demand and regulation to reduce carbon footprint as the 

traditional synthetic-fiber composites[19], [20], [21]. Natural fibres have a high chance because hemp 

has a considerable amount of cellulose, high specific strength and is renewable many of the researches 

have focussed on jute and flax fibres with epoxy matrix derived from petroleum sources but the hemp 

fibres have not been studied as much as the other fibres[22], [23], [24]. Poor fiber-matrix interface, high 

moisture uptake and poor thermo-oxidative stability are a common issue with such composites that 

restricts their application in structural applications[25], [26]. 

 

Nanofillers Reinforcement of Epoxy Matrices 

In order to overcome the interfacial and mechanical limitation, nanofillers like nano-silica and 

graphene have been extensively studied for their inclusion in the composite. For single filler systems, 

moderate increase in stiffness, hardness and wear resistance by improved stress transfer and crack 
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deflection has been reported[27], [28], [29]. Multi-scale toughening strategies and synergistic 

toughening by combining hybrid micro-nano silica strategies has been shown with the help of crack 

pinning by the microparticles and shear banding mechanism by the nanoparticles however[30], [31], 

the majority of these works used traditional epoxy resins not fully bio-based matrices, which restricts 

the sustainability of these materials[32], [33], [34], [35]. 

 

Hybrid Natural Fiber Nanofiller Composites 

The use of hybrid reinforcement has started to be investigated involving natural fibers and nanofillers 

also the composite of jute and epoxy filled with nano-silica and graphene has also improved tensile 

strength, flexural properties and thermal stability properties significantly [36], [37]. The water 

absorbing capacity and wear resistance property have been reported to be lower in hybrid system with 

sisal or kenaf fibre than other hybrid system [38], [39]. Despite these advances, systematic research to 

understand the mechanical and thermal/moisture-resistance characteristics in a family of composites is 

still limited. In addition, hemp fiber is not explored to the extent as jute and nano-silica hybridization 

in completely bio-based epoxy (DGEBA + ESO) matrix has not been thoroughly investigated [40], [41], 

[42]. 

 

Bio-Based Epoxy Systems 

Bio-epoxy resins are matrices that are based on plant oils and have caused an impression as 

promising. Studies of the bio-epoxy composites filled with micro-silica have revealed good thermal 

aging resistance and insulation properties [43], [44]. But very few of these studies involve nano-scale 

hybridization or natural fibres; thus, there is a huge gap to obtain a balance in the multi-functional 

properties[45], [46]. 

 

The literature thus exposes pointed drawbacks, being generally one or petroleum based, lack of 

characterization of hemp fiber and absence of multi-property characterization of bio-epoxy composite 

based on hemp fiber at scales with scalable processes like VARTM[47]. The present work aims at filling 

these gaps by comprehensively studying the synergistic effects of the hybridized nano-silica and alkali 

treated hemp fiber in bio-epoxy matrix[48], and presents for the first time an experimental 

demonstration of superior mechanical toughness, thermal stability, and moisture resistance. 

 

MATERIALS AND METHODS 

The present research used the followings materials and experimental procedures hemp fibre mats 

(200 g/m 2 plain woven) and a bio-epoxy resin, that was prepared with diglycidyl ether of bisphenol-A 

(DGEBA) and epoxidized soybean oil (ESO) in proportions of 7:3 and nano-silica particles (20 50 nm) 

were used as the main materials. VARTM was used to make composites by treating the hemp fibers 

with alkali and varying concentration of nano-silica (0-5 wt.%) to create the hybrid composites. 

 

Materials 

The hemp fibers used were in the form of 200 g/cm² plain woven mats the bio-epoxy matrix was 

formulated by mixing diglycidyl ether of bisphenol-A (DGEBA) and epoxidized soybean oil (ESO) in 

7:3 weight ratio. The size of the reinforcing nanofiller adopted in this work was the nano-silica particles 

of different average diameters ranging from 20-50 nm. The physical and mechanical characteristics of 

raw materials are given in Table 1. 

 

Table 1. Physico mechanical properties of raw materials 

Material 
Density 

(g/cm³) 

Tensile Strength 

(MPa) 

Tensile Modulus 

(GPa) 
Other Properties 

Hemp fiber 1.45 650–850 40–60 Good natural fiber 

Bio-epoxy resin 1.12 52.3 2.6 Main matrix material 

Nano-silica 2.20 — — Very small particles (20–50 nm) 
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Fiber Surface Treatment 

To remove impurities and convert the hemp fiber mats to make them rougher, the mats were soaked 

in a 5% NaOH solution at room temperature for 2-4 hours washing the treated fibres with distilled water 

until the pH neutral and then drying the fibres at 60°C for 24 hrs. 

 

The dispersion of Nano-silica and Preparation of Composite Fabric 

The bio-epoxy resin was reinforced with a nano-silica particle at four varying weight percentages (0, 

1, 3 and 5 wt percent-resin weight) of the resin weight The vacuum-assisted resin transfer molding 

(VARTM) was used to prepare five composite variants. A closed mold was filled with alkali-treated 

hemp fiber mats (40 wt.%) and infusion was done under a vacuum of -0.9 bar with the nano-silica-

dispersed bio-epoxy resin including hardener. The laminates were allowed to cure at room temperature 

and the process took 24 h after full impregnation. The last laminates were 3.0 to 3.1 mm deep on average 

and had a fiber volume fraction of about 34-35 percentage. Table 2 gives detailed compositions of all 

fabricated composites. Figure 2 shows a schematic of the entire process of fabrication of the step-by-

step fabrication process such as treatment of the fiber, nano-silica dispersion, VARTM infusion and 

curing. 

 

The volume fraction of fibres was determined by: 

 Vf =
ρmWf

ρfWm+ρmWf
  (1) 

 If 𝜌𝑓 and 𝜌𝑚 are densities of fiber and matrix, respectively, then 𝑊𝑓 and 𝑊𝑚 are the weight fractions 

of fiber and matrix, respectively this equation has good accuracy in determining the reinforcement 

volume to predict properties 

 The rule of mixtures was used to estimate the modulus and strength of composite: 

 Ec = VfEf + VmEm   (2) 

  𝜎𝑐 = 𝑉𝑓𝜎𝑓 + 𝑉𝑚𝜎𝑚   (3) 

 

 
Figure 2. Flowchart of fabrication of hybridized nano-silica and hemp fiber reinforced bio-epoxy 

composite 
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The subscripts 𝑐, 𝑓, and m are used to indicate composite, fiber and matrix, respectively the 

expressions serve as a theoretical reference for assessing the synergistic enhancement of the hybrid 

composites. 

 

The composite density was estimated as: 

  ρc = ρfVf + ρmVm   (4) 

This relation can be used to check the actual densities of fabricated laminates and to make sure that 

it is consistent with experimental values. 

 

Mechanical Characterization 

 The tensile properties were determined following ASTM D3039, flexural properties following 

ASTM D790, impact strength following ASTM D256 and hardness following ASTM D785 

 

The stress and strains were calculated as follows: 

 σ =
P

A
  (5) 

 ε =
ΔL

L0
  (6) 

where 𝑃 is the applied load and 𝐴 is the cross-sectional area, these basic definitions form the 

foundation for all mechanical property calculations 

 

Flexural strength and modulus were obtained from three-point bending tests: 

 𝜎𝑓 =
3𝑃𝐿

2𝑏𝑑2   (7) 

 Ef =
L3m

4bd3   (8) 

where 𝑃 is the load applied, 𝐿 is the distance between the supports, b is the specimen width, d is the 

specimen thickness and m are the initial linear portion of the load-deflection curve these equations 

enable comparisons based on the bending performance even with different loadings of nano-silica. 

 

Fracture Mechanics and Thermal characterization 

Fracture toughness and fracture energy were defined as: 

 𝐾𝐼𝐶 =
𝑃𝐶𝑆

𝐵𝑊3/2 𝑓(𝜉)   (9) 

 𝐺𝐼𝐶 =
𝐾𝐼𝐶

2

𝐸
(1 − 𝜈2)   (10) 

In which 𝑃𝐶 is the critical load in the specimen, 𝑆 is the length of the span, 𝐵 and 𝑊 are the dimensions 

of the specimen, E is Young's modulus and 𝜈 is Poisson's ratio. These are the parameters which are used 

to measure crack propagation resistance of a material 

 

Dynamic mechanical analysis (DMA) was used to determine the crosslink density and the following 

was used: 

 𝜈𝑒 =
𝐸′

3𝑅𝑇
  (11) 

 The storage modulus in the rubbery region 𝐸′ is related to the gas constant 𝑅 and absolute 

temperature 𝑇 by the above equation this equation is related to the degree of curing in the bio-epoxy 

matrix viscoelastic behavior. 

 

The glass transition temperature found was: 
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  Tg = Tpeak(tan δ)   (12) 

Thermal stability tests were carried out in a TGA thermometer at 10°C/ min under the condition of 

N2 atmosphere, a summary of the thermal properties is given in Table 4 and Figure 5, the fracture 
surface analysis was done by scanning electron microscopy (SEM) and the functional characteristics of 

the interface and mechanism of fracture (Figure 3) were studied. 
 

Water Absorption Test 

The amount of water absorbed was determined using ASTM D570 the percentage water absorption 

and diffusion coefficient were calculated as: 

  𝑀𝑡 =
𝑊𝑡−𝑊0

𝑊0
× 100   (13) 

 𝐷 =
𝜋ℎ2

16𝑡
(

𝑀𝑡

𝑀∞
)

2
  (14) 

𝑊𝑡 is the wet weight, W0 is the dry weight, ℎ is the thickness of the specimen and 𝑡 is time these 
equations describe the quantities of moisture uptake and moisture diffusion. 

 

Synergistic Improvement Quantification 

The quantification of degree of synergy and percentage improvement was done as follows: 

 𝜂 =
𝑃hybrid−(𝑃hemp+𝑃nano)

𝑃hemp+𝑃nano
× 100   (15) 

% Improvement =
𝑃hybrid−𝑃baseline

𝑃baseline
× 100  (16) 

In order to confirm the results, each experiment was repeated minimum of 3 times in order to carry 

out an in-depth evaluation of the synergistic effect of the hybridized nano-silica and hemp fibers 
reinforcement in bio-epoxy composites. 

 

RESULTS AND DISCUSSION 

The experimental findings indicate clearly the synergistic effect of hybridized nano-silica and hemp 

fiber reinforcements in bio-epoxy composite. The systematically evaluated mechanical properties, 
thermal stability, fracture morphology and water absorption behavior were done at various nano-silica 

loadings (005 wt.%). Table 3 and Figure 2-4 provide the mechanical performance, Figure 3 illustrates 
the fracture mechanisms, Table 4 and Figure 5 give the thermal properties. Table 5 summarize the 

results of the water absorption. 
 

Mechanical Properties 

The mechanical strength of the composite structures made was measured to determine the synergetic 

reinforcement offered by nano-silica hybridization. Table 2 shows the detailed compositions of the five 
variants that are composites. 

 
Table 2. Compositions of the Composites 

Composite Name Hemp Fiber (%) Bio-epoxy (%) Nano-silica (%) Thickness (mm) 

Neat Bio-epoxy 0 100 0 3.0 

Hemp/Bio-epoxy 40 60 0 3.0 

Hemp/Bio-epoxy/1%NS 40 59 1 3.0 

Hemp/Bio-epoxy/3%NS 40 57 3 3.1 

Hemp/Bio-epoxy/5%NS 40 55 5 3.1 

 

The baseline tensile strength and modulus of the neat bio-epoxy were 52.3 MPa and 2.6 Gpa 
respectively as shown in Table 3 and Figure 3 the addition of hemp fibers only enhanced these values 

to 68.7 MPa and 3.8 Gpa respectively. 
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Table 3. Mechanical Properties (Strength & Stiffness) 

Composite Name 
Tensile 

Strength (MPa) 

Tensile 

Modulus (GPa) 

Flexural 

Strength (MPa) 

Impact Strength 

(kJ/m²) 

Hardness 

(Shore D) 

Neat Bio-epoxy 52.3 2.6 68.4 3.8 78.2 

Hemp/Bio-epoxy 68.7 3.8 92.5 6.2 84.5 

Hemp/Bio-epoxy/1%NS 85.4 4.6 112.8 8.1 89.7 

Hemp/Bio-epoxy/3%NS 104.2 5.3 131.6 10.4 94.3 

Hemp/Bio-epoxy/5%NS 119.8 5.9 148.7 12.3 97.8 

 

As we continued to add nano-silica, there was significant improvement. Nano-silica hybrid composite 

of 5 wt.% was found to have tensile strength of 119.8 Mpa (74 percent higher than that of neat bio-

epoxy) and tensile modulus of 5.9 Gpa. Equivalent synergistic benefits were noticed in flexural 

properties (Figure 3b), where flexural strength (61%) and flexural modulus (6.4 Gpa) was observed to 

be 148.7 Mpa and 6.4 Gpa respectively with the 5 wt.% variant. 

 

 
 

 
Figure 3. The mechanical characteristics of the hybridized nano-silica and hemp fiber reinforced bio-

epoxy composites: (a) tensile strength and modulus, (b) flexural strength and modulus 
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Strength and Hardness of Impact 

The effect of nano-silica on hardness and impact strength further attested to the toughening impact 

of nano-silica. Impact strength as shown in Table 3 and Figure 4(a), (b) rose to 12.3 kJ/m 2 in 5 wt.% 

hybrid (98% improvement) as compared to the neat bio-epoxy 3.8 kJ/m 2. Hardness rose from 78.2 to 

97.8 Shore D (25% improvement). These findings suggest that nano-silica is a promising material to 

increase the energy absorption and surface resistance by increasing interfacial bonding and crack 

deflection mechanisms. 

  

A high fiber pull-out and clear crack-deflection were evident in both the nano-silica hybrids of 3 wt.% 

and 5 wt.% with a notable reduction in the fiber pull-out and clear evidence of the crack-deflection 

bridging and matrix shear bands being observed These are highly consistent with the improved 

mechanical properties in Table 3 and Figure 2. 

 

 
 

 
Figure 4. Tensile fracture mechanism (schematic) in the hybridized nano-silica and hemp fiber 

reinforced bio-epoxy composites (a) Neat Bio-epoxy, (b) Hemp/Bio-epoxy 
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Fracture Surface Morphology 

Direct observation of tensile fracture surfaces through morphological analysis gave direct 

information on the reinforcement mechanisms Figure 5 reveals that the follow-up of the neat bio-epoxy 

sample was smooth and brittle fracture with large voids in comparison to the hemp/ bio-epoxy sample 

where a large number of fibre pull-out and debonding discontinuities occurred. 

 

 
Figure 5. Illustration of tensile fracture processes of hybridized nano silica and hemp fiber reinforced 

bio-epoxy composites 

 

Thermal Properties 

Nano-silica incorporation had a significant impact on enhancing thermal stability Table 4 show that 

the onset temperature of degradation decreased by 66 o C (292o C -358o C) between neat bio-epoxy 

and the hybrid (5 wt.%).  

 

The thermal resistance (char formation and barrier effects) was shown by the increase in the char 

yield at 600 o C to 22.4 o C higher than the previous 4.8 o C. The temperature of glass transition was 

also increased to 125 o C as compared to 98 o C and this showed that there was limited movement of 

polymer chains. 

 

Water Absorption Behavior 

A key drawback of natural fiber composites such as moisture resistance was improved as indicated 

in Table 5 and Figure 6, 24 h water absorption reduced to 2.4 per cent in the nano-silica hybrid 5 wt. 

per cent (69 per cent reduction) compared to neat bio-epoxy.  
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Table 4. Thermal Property (Heat Resistance) 

Composite Name 
Onset Temp. 

(°C) 

Peak Temp. 

(°C) 

Char Yield at 

600°C (%) 

Glass Transition 

Temp. Tg (°C) 

Neat Bio-epoxy 292 368 4.8 98 

Hemp/Bio-epoxy 312 385 9.2 104 

Hemp/Bio-epoxy/1%NS 328 402 13.6 113 

Hemp/Bio-epoxy/3%NS 345 415 17.9 119 

Hemp/Bio-epoxy/5%NS 358 428 22.4 125 

  

Table 5. Water Absorption & Wear Resistance 

Composite Name 
Water Absorption (24 

h,%) 

Specific Wear Rate 

(×10⁻⁶ mm³/N·m) 

Coefficient of 

Friction 

Neat Bio-epoxy 7.8 5.9 0.54 

Hemp/Bio-epoxy 5.9 4.2 0.48 

Hemp/Bio-epoxy/1%NS 4.1 3.1 0.41 

Hemp/Bio-epoxy/3%NS 3.0 2.3 0.36 

Hemp/Bio-epoxy/5%NS 2.4 1.8 0.32 

 

The hybrid composites had lower rate of absorption and decreased equilibrium moisture content, 

which was due to tortuous diffusion routes formed by well-dispersed nano-silica particles, which can 

effectively seal off the interfacial voids and prevent the water molecules from penetrating the composite 

structure. 

 

 
Figure 6. The behavior of the hybridized nano-silica and hemp fiber reinforced bio-epoxy composites 

in terms of water absorption with respect to immersion time 

 

The improvements not only increase the long-term durability and dimensional stability of the material 

in humid conditions, but also increase the application of the material in outdoor applications, marine 

applications and structural components where moisture exposure is a major concern. 
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Table 6: compares the results of this research with the outcomes of the previous study 

Property Reported Literature Previous Literature[11], [49] 

Tensile Strength 119.8 MPa 93.8 MPa 

Flexural Strength 148.7 MPa 125.3 MPa 

Impact Strength 12.3 kJ/m² 9.9 kJ/m² 

Hardness 97.8 98.7 

Onset Temperature (°C) 358 355 

Char Yield at 600°C (%) 22.4 21.4 

Water Absorption (24 hours) 2.4% — 

 

Comparison with previous literature 

A comparison with the past studies is presented in Table 6. The tensile strength (119.8 MPa vs. 93.8 

MPa), flexural strength (148.7 MPa vs. 125.3 MPa), impact strength (12.3 kJ/m² vs. 9.9 kJ/m 2), the 

onset degradation temperature (358 o C vs. 355 o C), char yield (22.4 vs. 21.4%) of the current 

hemp/nano-silica/ bio-epoxy system is superior to the previous work. These results confirm the 

originality of the use of hemp fiber with nano-silica in a completely bio-based epoxy matrix and confirm 

that the hybrid method is effective to overcome the main constraints found in previous literature. The 

findings indicate that the proposed composites have a balanced mechanical toughness, thermal stability 

and moisture resistance that can be used in the sustainable structures. 

 

CONCLUSION 

This research has managed to show the synergistic reinforcement obtained through the hybridisation, 

nano-silica particles with alkali-treated hemp fibers, in an entirely bio-based epoxy. The 5 wt.% nano-

silica composites also demonstrated some impressive results, such as tensile strength (119.8 Mpa, 74 

percent), flexural (148.7 Mpa, 61 percent), impact (12.3 kJ/m 2, 98 percent), and water absorption (2.4 

percent) improvements. The thermal stability was also greatly improved where the onset degradation 

temperature increased by 66 o C to 358 o C and the char yield increased to 22.4% the benefits of these 

are due to the enhancement of interfacial bonding, crack deflection and the development of tortuous 

diffusion routes due to uniform distribution of nano-silica. 

 

 The hemp/nano-silica/bio-epoxy composites that were developed provide a high-performance, non-

polluting substitute to traditional synthetic materials that can be used in structure in the automotive, 

marine, and aerospace industries. This paper represents the first complete evidence of such 

hybridization in a completely bio-based system and it is the threshold to more environmentally friendly 

and more durable composite materials. The future studies will concentrate on long-term aging 

behavioral studies and optimization on industrial scale. 

 

REFERENCES 

1. W. Xie et al., “Experimental investigation of normal and oblique impacts on CFRPs by high 

velocity steel sphere,” Compos. B Eng., vol. 99, pp. 483–493, Aug. 2016, doi: 

10.1016/J.COMPOSITESB.2016.06.020. 

2. I. D. Sta Maria, M. W. Lim, and E. Von Lau, “Multiple roles of graphene nanoparticles (GNP) in 

microbubble flotation for crude oil recovery from sand,” Results in Engineering, vol. 11, p. 100271, 

Sep. 2021, doi: 10.1016/J.RINENG.2021.100271. 

3. I. Elfaleh et al., “A comprehensive review of natural fibers and their composites: An eco-friendly 

alternative to conventional materials,” Results in Engineering, vol. 19, p. 101271, Sep. 2023, doi: 

10.1016/J.RINENG.2023.101271. 

4. P. Yadav, C. M. Srivastava, and D. Vaya, “Plant Fibers-Based Sustainable Biocomposites,” 

Handbook of Nanomaterials and Nanocomposites for Energy and Environmental Applications, pp. 

1–36, 2020, doi: 10.1007/978-3-030-11155-7_182-1. 



 

Journal of Polymer & Composites 

Volume 14, Issue 3 

ISSN: 2321-2810 (Online), ISSN: 2321-8525 (Print) 

 

© STM Journals 2026. All Rights Reserved 226  
 

5. D. Shelly, S. Y. Lee, and S. J. Park, “Hemp fiber and its bio-composites: a comprehensive review 

part I—characteristics and processing,” Advanced Composites and Hybrid Materials 2025 8:3, vol. 

8, no. 3, pp. 252-, May 2025, doi: 10.1007/S42114-025-01314-0. 

6. K. Yorseng, S. Mavinkere Rangappa, V. Ayyappan, R. Srisuk, and S. Siengchin, “Bioepoxy based 

advanced lightweight hybrid composites from hemp fibers: Towards greener production,” Journal 

of Building Engineering, vol. 86, p. 108808, Jun. 2024, doi: 10.1016/J.JOBE.2024.108808. 

7. Y. Wu et al., “Synthesis phosphorus–sulfur reactive flame retardant for polyamide 66 with high 

flame retardant efficiency and low smoke,” Polym. Degrad. Stab., vol. 214, p. 110378, Aug. 2023, 

doi: 10.1016/J.POLYMDEGRADSTAB.2023.110378. 

8. C. I. Madueke, O. M. Mbah, and R. Umunakwe, “A review on the limitations of natural fibres and 

natural fibre composites with emphasis on tensile strength using coir as a case study,” Polymer 

Bulletin 2022 80:4, vol. 80, no. 4, pp. 3489–3506, May 2022, doi: 10.1007/S00289-022-04241-Y. 

9. K. Manickaraj et al., “Value-added utilization of agricultural wastes in biocomposite production: 

Characteristics and applications,” Ann. N. Y. Acad. Sci., vol. 1549, no. 1, pp. 72–91, Jul. 2025, doi: 

10.1111/NYAS.15368. 

10. R. Ramasubbu, A. Kayambu, S. Palanisamy, and N. Ayrilmis, “Mechanical Properties of Epoxy 

Composites Reinforced with Areca catechu Fibers Containing Silicon Carbide,” Bioresources, vol. 

19, no. 2, pp. 2353–2370, May 2024, doi: 10.15376/BIORES.19.2.2353-2370. 

11. D. Satish Kumar, N. Lakshmaiya, P. U. M. Rao, G. Velmurugan, and R. Maranan, “Synergistic 

enhancement of jute fiber epoxy composites using hybrid nano-silica and graphene for structural 

and thermal stability,” Results in Engineering, vol. 29, p. 108603, Mar. 2026, doi: 

10.1016/J.RINENG.2025.108603. 

12. R. N. Raja Othman, D. K. Subramaniam, M. F. Abdullah, and K. Z. Ku Ahmad, “Synergistic 

fracture toughening in epoxy composites with hybrid micro- and nano-silica: a new dual-

mechanism model approach,” Journal of Materials Science 2025 60:44, vol. 60, no. 44, pp. 22064–

22086, Oct. 2025, doi: 10.1007/S10853-025-11705-9. 

13. K. K. Khanum, A. Kostalas, S. H. Jayaram, and J. Ulcar, “Synergistic Effect of Nano-Silica and 

Micro-Silica Fillers on the Rheological and Thermal Properties of Epoxy Resins,” IEEE Trans. Ind. 

Appl., vol. 58, no. 5, pp. 6576–6582, 2022, doi: 10.1109/TIA.2022.3186285. 

14. Y. Tasgin, G. Demircan, S. Kandemir, and A. Acikgoz, “Mechanical, wear and thermal properties 

of natural fiber-reinforced epoxy composite: cotton, sisal, coir and wool fibers,” Journal of 

Materials Science 2024 59:24, vol. 59, no. 24, pp. 10844–10857, May 2024, doi: 10.1007/S10853-

024-09810-2. 

15. S. Saha, S. Das, and M. Z. Rahman, “Hybridization in natural fiber composites: Enhanced 

performance and sustainability,” Compos. B Eng., vol. 308, p. 112986, Jan. 2026, doi: 

10.1016/J.COMPOSITESB.2025.112986. 

16. M. Y. Khalid, A. Al Rashid, Z. U. Arif, W. Ahmed, H. Arshad, and A. A. Zaidi, “Natural fiber 

reinforced composites: Sustainable materials for emerging applications,” Results in Engineering, 

vol. 11, p. 100263, Sep. 2021, doi: 10.1016/J.RINENG.2021.100263. 

17. T.-D. Ngo, “Natural Fibers for Sustainable Bio-Composites,” Natural and Artificial Fiber-

Reinforced Composites as Renewable Sources, May 2018, doi: 10.5772/INTECHOPEN.71012. 

18. M. Fei et al., “Hemp fiber reinforced dual dynamic network vitrimer biocomposites with direct 

incorporation of amino silane,” Chemical Engineering Journal, vol. 480, p. 148091, Jan. 2024, doi: 

10.1016/J.CEJ.2023.148091. 

19. M. Puttegowda, “Eco-friendly composites: exploring the potential of natural fiber reinforcement,” 

Discover Applied Sciences 2025 7:5, vol. 7, no. 5, pp. 401-, Apr. 2025, doi: 10.1007/S42452-025-

06981-8. 

20. R. Ahmed, K. H. Manik, A. Nath, J. R. Shohag, J. J. Mim, and N. Hossain, “Recent advances in 

sustainable natural fiber composites: Environmental benefits, applications, and future prospects,” 

Materials Today Sustainability, vol. 32, p. 101220, Dec. 2025, doi: 

10.1016/J.MTSUST.2025.101220. 



 

 

Synergistic Effects of Hybridized Nano-Silica and Hemp Fiber Reinforcement                                     Priya et al. 

 

 

© STM Journals 2026. All Rights Reserved 227  
 

21. S. H. Kamarudin et al., “A Review on Natural Fiber Reinforced Polymer Composites (NFRPC) for 
Sustainable Industrial Applications,” Polymers 2022, Vol. 14, Page 3698, vol. 14, no. 17, p. 3698, 
Sep. 2022, doi: 10.3390/POLYM14173698. 

22. B. Gao, J. Yang, Y. Chen, and S. Zhang, “Oxidized cellulose nanocrystal as sustainable crosslinker 
to fabricate carboxylated nitrile rubber composites with antibiosis, wearing and irradiation aging 
resistance,” Compos. B Eng., vol. 225, p. 109253, Nov. 2021, doi: 
10.1016/J.COMPOSITESB.2021.109253. 

23. A. Vinod et al., “Jute/Hemp bio-epoxy hybrid bio-composites: Influence of stacking sequence on 
adhesion of fiber-matrix,” Int. J. Adhes. Adhes., vol. 113, p. 103050, Mar. 2022, doi: 
10.1016/J.IJADHADH.2021.103050. 

24. J. P. Shebaz Ahmed, S. Sudarsan, E. Parthiban, E. Trofimov, and B. Sridhar, “Exploration of 
mechanical properties of hemp fiber/flax fiber reinforced composites based on biopolymer and 
epoxy resin,” Mater. Today Proc., Apr. 2023, doi: 10.1016/J.MATPR.2023.03.790. 

25. H. Sharma et al., “Critical review on advancements on the fiber-reinforced composites: Role of 
fiber/matrix modification on the performance of the fibrous composites,” Journal of Materials 
Research and Technology, vol. 26, pp. 2975–3002, Sep. 2023, doi: 10.1016/J.JMRT.2023.08.036. 

26. S. mahboubizadeh, A. Sadeq, Z. Arzaqi, O. Ashkani, and M. Samadoghli, “Advancements in fiber-
reinforced polymer (FRP) composites: an extensive review,” Discover Materials 2024 4:1, vol. 4, 
no. 1, pp. 22-, Jun. 2024, doi: 10.1007/S43939-024-00091-9. 

27. R. N. Raja Othman, D. K. Subramaniam, N. Ezani, M. F. Abdullah, and K. Z. Ku Ahmad, “The 
Synergistic Effects of Hybrid Micro and Nano Silica in Influencing the Mechanical Properties of 
Epoxy Composites—A New Model,” Polymers 2022, Vol. 14, Page 3969, vol. 14, no. 19, p. 3969, 
Sep. 2022, doi: 10.3390/POLYM14193969. 

28. U. E. Ozcan, F. Karabork, S. Yazman, and A. Akdemir, “Effect of Silica/Graphene Nanohybrid 
Particles on the Mechanical Properties of Epoxy Coatings,” Arabian Journal for Science and 
Engineering 2019 44:6, vol. 44, no. 6, pp. 5723–5731, Feb. 2019, doi: 10.1007/S13369-019-03724-
X. 

29. N. Ayrilmis, G. Kanat, E. Yildiz Avsar, S. Palanisamy, and A. Ashori, “Utilizing waste manhole 
covers and fibreboard as reinforcing fillers for thermoplastic composites,” Journal of Reinforced 
Plastics and Composites, vol. 44, no. 17–18, pp. 1108–1118, Sep. 2025, doi: 
10.1177/07316844241238507;SUBPAGE:STRING:ABSTRACT;WEBSITE:WEBSITE:SAGE;J
OURNAL:JOURNAL:JRPA;WGROUP:STRING:PUBLICATION. 

30. A. R. Bhat, R. Kumar, and P. K. S. Mural, “Natural fiber reinforced polymer composites: A 
comprehensive review of Tribo‐Mechanical properties,” Tribol. Int., vol. 189, p. 108978, Nov. 
2023, doi: 10.1016/J.TRIBOINT.2023.108978. 

31. J. J. Andrew and H. N. Dhakal, “Sustainable biobased composites for advanced applications: recent 
trends and future opportunities – A critical review,” Composites Part C: Open Access, vol. 7, p. 
100220, Mar. 2022, doi: 10.1016/J.JCOMC.2021.100220. 

32. G. S. Divya and B. Suresha, “Impact of nano-silicon dioxide on mechanical properties of carbon 
fabric reinforced epoxy composites,” Mater. Today Proc., vol. 46, pp. 8999–9003, Jan. 2021, doi: 
10.1016/J.MATPR.2021.05.377. 

33. H. Liu, Y. Yu, H. Liu, J. Jin, and S. Liu, “Hybrid effects of nano-silica and graphene oxide on 
mechanical properties and hydration products of oil well cement,” Constr. Build. Mater., vol. 191, 
pp. 311–319, Dec. 2018, doi: 10.1016/J.CONBUILDMAT.2018.10.029. 

34. M. Ramesh, K. Palanikumar, and K. H. Reddy, “Plant fibre based bio-composites: Sustainable and 
renewable green materials,” Renewable and Sustainable Energy Reviews, vol. 79, pp. 558–584, 
Nov. 2017, doi: 10.1016/J.RSER.2017.05.094. 

35. S. Palanisamy et al., “Tensile Properties and Fracture Morphology of Acacia Caesia Bark Fibers 
Treated with Different Alkali Concentrations,” Journal of Natural Fibers, vol. 19, no. 15, pp. 
11258–11269, Nov. 2022, doi: 10.1080/15440478.2021.2022562. 

36. Z. Zhan, W. Sun, S. Zhang, Q. Wen, H. Zhang, and X. Xiong, “(AlCrMg)x(PO4)y/MgO composite: 
A new thermal protection and insulation material up to 2400°C,” Compos. B Eng., vol. 245, p. 
110198, Oct. 2022, doi: 10.1016/J.COMPOSITESB.2022.110198. 



 

Journal of Polymer & Composites 

Volume 14, Issue 3 

ISSN: 2321-2810 (Online), ISSN: 2321-8525 (Print) 

 

© STM Journals 2026. All Rights Reserved 228  
 

37. A. Heidarzadeh, R. Mohammadzadeh, M. Ahmed, and Y. Pei, “Correlation between local 

mechanical properties and corresponding microstructures in a friction stir processed Monel alloy,” 

Journal of Materials Research and Technology, vol. 24, pp. 5139–5146, May 2023, doi: 

10.1016/J.JMRT.2023.04.123. 

38. D. Chandran, N. H. A. Ngadiman, R. Raviadaran, M. R. Ismail, M. Salim, and O. D. Samuel, 

“Corrosion of copper exposed to water-in biodiesel-diesel emulsion fuel stabilized with 

polyglycerol polyricinoleate emulsifier,” Results in Engineering, vol. 22, p. 102345, Jun. 2024, doi: 

10.1016/J.RINENG.2024.102345. 

39. S. Palanisamy et al., “Tensile Properties and Fracture Morphology of Acacia Caesia Bark Fibers 

Treated with Different Alkali Concentrations,” Journal of Natural Fibers, vol. 19, no. 15, pp. 

11258–11269, Nov. 2022, doi: 10.1080/15440478.2021.2022562. 

40. D. Shelly, S. Lee, and S. Park, “Hemp fiber and its bio-composites: a short review part II—

applications and life cycle assessment,” Advanced Composites and Hybrid Materials 2025 8:5, vol. 

8, no. 5, pp. 388-, Oct. 2025, doi: 10.1007/S42114-025-01414-X. 

41. B. Mylsamy, K. Aruchamy, S. K. Marudhamuthu Shanmugam, S. Palanisamy, and N. Ayrılmis, 

“Improving performance of composites: Natural and synthetic fibre hybridisation techniques in 

composite materials – A review,” Mater. Chem. Phys., vol. 334, p. 130439, Apr. 2025, doi: 

10.1016/J.MATCHEMPHYS.2025.130439. 

42. K. Manickaraj et al., “Improving Mechanical Performance of Hybrid Polymer Composites: 

Incorporating Banana Stem Leaf and Jute Fibers with Tamarind Shell Powder,” BioResources , vol. 

20, no. 1, pp. 1998–2025, 2025, doi: 10.15376/BIORES.20.1.1998-2025. 

43. Oyewole, E. Biggane, D. Webster, L. Gibbon, N. Sarker, and E. Monono, “Performance of 

biocomposite materials made from different epoxidized hempseed and sucrose soyate oils blends,” 

Ind. Crops Prod., vol. 241, Mar. 2026, doi: 10.1016/J.INDCROP.2026.122754. 

44. M. Abdullah, S. Saha, K. Ahmed, M. R. Sarkar, and M. N. Chowdhuri, “Characterization of epoxy-

based natural fiber biocomposites reinforced using coconut coir and sugarcane fibers,” Progress in 

Engineering Science, vol. 3, no. 1, p. 100192, Mar. 2026, doi: 10.1016/J.PES.2025.100192. 

45. Y. Tang et al., “Sustainable biobased composites: From raw materials to recycling,” Compos. B 

Eng., vol. 311, p. 113188, Feb. 2026, doi: 10.1016/J.COMPOSITESB.2025.113188. 

46. S. K. S and S. S. Hiremath, “Natural Fiber Reinforced Composites in the Context of 

Biodegradability: A Review,” Encyclopedia of Renewable and Sustainable Materials: Volume 1-5, 

vol. 1–5, pp. 160–178, Jan. 2020, doi: 10.1016/B978-0-12-803581-8.11418-3. 

47. G. benjamin, C. Amandine, F. Sylvain, and P. Mael, “Characterization of the moisture content 

evolution of a flax/epoxy composite during the steps of an infusion manufacturing process,” 

Compos. Part A Appl. Sci. Manuf., p. 109878, Apr. 2026, doi: 

10.1016/J.COMPOSITESA.2026.109878. 

48. V. Fiore, T. Scalici, D. Badagliacco, D. Enea, G. Alaimo, and A. Valenza, “Aging resistance of bio-

epoxy jute-basalt hybrid composites as novel multilayer structures for cladding,” Compos. Struct., 

vol. 160, pp. 1319–1328, Jan. 2017, doi: 10.1016/J.COMPSTRUCT.2016.11.025. 

49. C. Cheon, I. Hwang, J. H. Kwon, and M. Kim, “Effects of High-Temperature Thermal Aging on 

the Thermomechanical and Surface Flashover Performance of Bio-epoxy Composites,” IEEE 

Access, 2026, doi: 10.1109/ACCESS.2026.3654075. 

 


