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Abstract.  Biodegradable materials are the need for the hour and have no exemption for the automotive 
industry. The proposed work aims to develop a biodegradable green composite using Poly Lactic Acid (PLA) 
as the polymeric matrix, flax fiber fabric as reinforcement, Epoxidized Palm Oil (EPO) as a plasticizer, and 
graphene powder as nano fillers. Using the hot compression technique, the solvent-cast composites with 5% 
EPO and 0.5% graphene nano fillers are fabricated and tested for mechanical strength to suit automobile 
applications. Tensile, flexural, impact tests and inter laminar shear strength analysis were performed and 
compared with the composite laminates made of PLA, PLA-EPO, and PLA-EPO-Graphene. Scanning 
Electron Microscopy (SEM) was used to observe the surface morphology at the rupture part of the tensile 
samples. 

Keywords:  bio-degradable composite; epoxidized palm oil; flax fiber; graphene nano powder; natural fibers; 

poly lactic acid 

 

1. Introduction 
 

The growth of composite manufacturing technology has shown considerable advancements in 

the application of polymer matrix composites in various engineering applications. Even though these 

composites are superior to others due to their flexibility, cost, and ease of fabrication but their non-

biodegradability is a major drawback. During recent decades, the scientific community has been 

looking towards sustainable materials to reduce their impact on the environment, hence developing 

green composites. Biopolymers are compatible with many processing techniques such as injection 

molding, extrusion, compression molding, etc. Biocomposites are made with superior performance 

having high renewable contents and are successfully derived from natural fibers and biobased 

thermosets (Shelly et al. 2025, Liu et al. 2019). Green composites are fabricated by reinforcing 

biopolymers with natural fibers like coir, flax, sisal, bamboo fiber, etc. At the same time, starch and 

Polypropylene (PP), Polystyrene (PS), and Polyethylene (PE) Poly Lactic Acid (PLA) are examples 

of biopolymers used for the Preparation of Green Composites (PMcClements 2024, Sreekumar and 

S. Thomas 2008. The Partially and fully biodegradable combinations of natural fibre like jute, sisal-

reinforced composites have been prepared with the matrices of synthetic polymers like petroleum 

(polypropylene (PP)) or natural, polylactic acid (PLA) resources. Experimental results showed that 
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the tensile and flexural moduli of the PLA composites were higher than respective PP composites 

(Islam et al. 2024, Kandola et al. 2018). 

The mechanical properties of PLA are in comparison with PP, PS, High Density Polyethylene 

(HDPE), Polyamide (PA6) are reported (Farah et al. 2016). The melting point of PLA is less as 

reported (V. Sangeetha et al. 2016) Many works have been reported using PLA as it is inexpensive, 

dimensionally stable, and harder (Wang et al. 2024, Nurul Fazita et al. 2016). 

Several studies on hybrid combinations of natural fibers are reported (Islam et al. 2024, 

Srinivasan et al. 2014). Izod impact strength test results on abaca reinforced polypropylene 

composites showed better fiber–matrix interface enhancement in materials with higher resistance to 

crack formation (Girones et al. 2011). Even though green composites are preferred over polymer 

composites, the lack of proper fiber-matrix adhesion causes the degradation of mechanical 

properties. Another issue spotted with green composites is the hydrophilic nature of the natural 

fibers.  

To overcome these, chemical, physical and biological treatments are done, which include silane, 

acetone, and alkali treatment (Mohammadi et al. 2024, Li et al. 2007). Among the many flax fibers 

as reinforcement in composites, it has gained popularity in automotive applications in recent years 

(Bax and Muussig 2008, Skosana et al. 2025). Composites made of flax fibers with thermoplastic, 

thermoset, and biodegradable matrices have exhibited good mechanical properties compared to 

other natural fibers. Hence a green composite with flax as fiber reinforcement is considered for this 

work.  

Researchers have reported that the mechanical properties of natural fibers and, thereby, matrix 

fiber adhesion can be improved by chemical treatment (Goriparthi et al. 2012, Goda et al. 2024). 

The most preferred chemical treatment is the alkali treatment using sodium hydroxide (NaOH) or 

potassium hydroxide (KOH), which will modify the structure and fiber surface. For this, the natural 

fibers are soaked in a known concentration of NaOH or KOH solution for a specific time. The 

hydroxyl group of fibers is eliminated as it reacts with NaOH to produce water molecules (H-OH). 

Further, Na-O combines with the cell wall of fiber to produce fiber cell-O-Na groups. Here flax 

fibers identified as fiber reinforcement, are treated with 2% NaOH solution at room temperature for 

2 hours (Mabrouk et al. 2024, Chandrasekar et al. 2017). After the stipulated time, the flax fiber 

reinforcement is washed with deionized water to remove NaOH from fibers until the pH value is 

around 7. Later the fibers are dried for 24 hours (Maguteeswaran et al. 2024, Yan et al. 2012). This 

process will not only increase the mechanical properties but also remove its surface impurities and 

increase its adhesion properties. Effects of alkali treatments on bio composites are reported in detail 

(Sahu and Gupta 2020, Pokhriyal et al. 2024). 

Plasticizers are added to the green composite to improve the brittleness and low impact resistance 

of PLA, which is used as resin in the composite (Al-Mulla et al. 2010). Plasticizers like epoxidized 

soybean oil methyl ester (ESOME) undergoes fast biodegradation when it is blended with PLA, and 

results an improvement in brittleness of industrial composting settings (Zych et al. 2021). Research 

has shown Epoxidized palm oil (EPO) is an epoxidized derivative of a mixture of esters of glycerol 

with various saturated and unsaturated fatty acids, will improve thermal stability and enhancement 

of ductility and flexibility for PLA/EPO blended composites (Ali et al. 2016, Kumar and Krishnan 

2021).  

Srinivas, Ananthapadmanabha et al. (2025), Sharma et al. (2019), Valapa et al. (2015) have 

reported that adding nano fillers has improved mechanical properties considerably. Graphene 

provides excellent functional properties by combining the layered structure of clays with the superior 

mechanical and thermal properties of carbon nanotubes (El Aoud et al. 2024, Sharma et al. 2019, 
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Valapa et al. 2015). The addition of 1% graphene nanoparticles in the PLA/EPO blend has increased 

the tensile strength by 26% and impact strength by 73% (Chieng et al. 2012). Influence of number 

of layers of braided flax fabric and loading along warp and weft directions on mechanical properties 

are reported (Kanakannavar and Pitchaimani 2022, Vasile et al. 2024). Hence a green composite 

made of flax fiber fabric as reinforcement material with PLA as the resin has been manufactured and 

tested for its mechanical properties, and the influence of matrix fillers such as EPO, graphene 

nanoparticles are studied are reported. 
 
 

2. Methodology 
 

2.1 Materials 
 
Polylactic acid (PLA) (Grade-3052D) used for matrix was purchased from Nature Tec India Pvt. 

Ltd Chennai, Tamil Nadu, India. The PLA had density of 1.24 g/cm3 and melting point 190 °C, as 

per supplier specification. The flax fiber in the form of balanced bidirectional woven fabric 0°/90° 

with 350 gsm was supplied by DLS Traders, Salem, Tamil Nadu, India. So obtained flax fibers were 

chemically treated as reported in L. Yan, N. Chouw, and X. Yuan 2012. The graphene nano powder 

with outer diameter 10-20 micron and thickness 3-6nm with purity of 96-99% was purchased from 

United Nanotech Innovations, Bengaluru, Karnataka, India. The Epoxidized Palm Oil (EPO) was 

prepared in the Advanced Tribology Lab, College of Engineering Trivandrum, Kerala, India. Teflon 

sheet of thickness 0.5mm to prevent adhering of composite to the mould was supplied by vendor 

from Bangalore, Karnataka, India. Chloroform with a concentration of 99% used as the solvent and 

Sodium Hydroxide (NaOH) used for chemical treatment were supplied by Nice Chemicals Private 

Ltd, Kochi, Kerala, India. Mould with dimensions 310x260x4mm (Mild Steel Plates) for hot 

compressing the composites and Mild Steel Trays of dimensions 310x260x20mm for prepreg 

preparation were fabricated at Government Engineering College, Barton Hill, Thiruvananthapuram, 

Kerala, India. 

 
2.2 Preparation of Epoxidized palm oil (EPO) 
 
The basic principle of the epoxidation reaction of palm oil is illustrated schematically in Fig.1. 

The carbon–carbon double bonds present in the unsaturated fatty acid chains of palm oil react with 

peroxy acids to form epoxy (oxirane) groups, resulting in epoxidized palm oil (EPO). In the present 

study, epoxidation was carried out by initially mixing 100 mL of refined palm oil with 5 mL of acetic 

acid and 3–4 drops of concentrated sulfuric acid (H₂SO₄) as a catalyst. The mixture was manually 

swirled to ensure uniform mixing, after which the required quantity of hydrogen peroxide (H₂O₂) 

was added dropwise under a closed atmospheric condition to generate peracetic acid in situ. The 

reaction mixture was then subjected to constant magnetic stirring and heated at 70 ± 5°C for 4.5 h 

to facilitate the epoxidation of the unsaturated bonds. Upon completion of the reaction, the mixture 

was transferred to a separating funnel, where phase separation occurred, forming a clear aqueous 

layer at the bottom. This lower layer, containing unreacted reagents and by-products, was carefully 

removed. The epoxidized palm oil collected in the upper layer was subsequently washed five times 

with hot deionized water maintained at approximately 70°C to eliminate residual acids and oxidizing 

agents. Finally, the washed oil was dried using an electric heater coupled with a vacuum pump to 

remove traces of moisture, yielding the final epoxidized palm oil (EPO). 
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Fig. 1 Epoxidation reaction process 

 

 

Fig. 2 FTIR spectrum of EPO 

 
 
2.3 FTIR Analysis of EPO 
 
Fig. 2 is the FTIR spectrum of epoxidized palm oil (EPO), which clearly confirms the successful 

epoxidation process performed on palm oil. The presence of prominent absorption peaks at about 

2922 cm⁻¹ and 2853 cm⁻¹ can be assigned to the asymmetric and symmetric stretching vibrations of 

the aliphatic –CH₂ group, which suggests the intact structure of the hydrocarbon backbone in the 

fatty acid chains even after the epoxidation reaction. A prominent peak at about 1740 cm⁻¹ can be 

assigned to the ester C=O stretching vibration of triglycerides. The olefinic C=C-H stretching band 

at about 3006 cm⁻¹ is greatly reduced in intensity, indicating the effective utilization of the carbon-

carbon double bounds in the epoxidation process. More importantly, the occurrence of a distinct 

absorption peak within the region of 820-850 cm⁻¹ due to the epoxy (oxirane) ring vibration offers 

conclusive proof of the presence of epoxy functionality in the palm oil molecule. Moreover, the 

observed absorption band at about 1250 cm⁻¹ corresponds to the C-O-C stretching vibration of the 

epoxy functionality, indicating the efficacy of the epoxidation process. All these spectral features 

serve to collectively verify the process of converting palm oil into epoxidized palm oil and thereby 

justify its use as an ideal bio-based plasticizer and modifier for PLA composite materials. 
 
2.4 Solvent Casting 
 
In solvent casting process shown in Fig. 3, thermoplastic polymer films are formed by dissolving 

the polymer in a solvent, and this solution is used to form a film of the desired shape by using a 

mould. The polymer and solvent are the main components of this system, but additives are also  
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Fig. 3 Solvent Casting (Goriparthi et al. 2012) 

 

 

Fig. 4 Laminate Preparation 

 

 

added. The main advantages of this method are better uniformity in the thickness of layers, good 

flexibility, and better physical properties. As reported (Goriparthi et al. 2012), the strength of the 

composite is improved after the solution casting due to the improvement in fiber impregnation and 

wettability. Moreover, the lack of thermal distortion maintains the fiber strength at higher values.  

 
2.5 Hot Press Compression Moulding Method 
 
In this process (Fig. 4), the preheated moulding material above the melting point, formed and 

cooled in the form of sheets, are kept open in a preheated mould cavity.  

This material is compressed for a known pressure after closing the mould with a top member. 

Here, it is made sure that the applied pressure is uniformly distributed to all areas until the moulding 

material has cured, compression moulding. In this process, the design parameters are the moulding 

time, temperature, and pressure (Hasan et al. 2015).  

 
2.6 Fabrication of Composite Laminates 
 
The composite laminates were fabricated with a constant flax fiber fabric content of 30 wt.%. 

The remaining 70 wt.% comprised the PLA-based matrix, which was selectively modified by the 

addition of 5 wt.% EPO and 0.5 wt.% graphene nanoparticles (with respect to the matrix weight) in 

laminate 3. All laminate configurations were produced with the same flax fiber reinforcement weight 

fraction, and the observed differences in properties arise solely from variations in the matrix 

constituents. The fabrication of three different type of composite laminates shown in Table 1 are 

explained below. 
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Table 1 Types of Laminates 

Sl. No. Laminate Combinations 

1 Laminate 1 (L1) PLA/Flax fiber fabric 

2 Laminate 2 (L2) PLA/Flax fiber fabric with EPO 

3 Laminate 3 (L3) PLA/Flax fiber fabric with EPO & Graphene nano particles 

 

 

Fig. 5 PLA/Flax Composite Preparation; (a) PLA-Chloroform solution; (b) PrePreg Preparation; (c) Prepreg 

sheets after drying; (d) Specimens for Testing 

 
 
 
2.6.1 PLA-Flax Composite 
Green composites are manufactured by solution casting technique by dissolving PLA pellets in 

chloroform (solvent) in the ratio 10:1(v/w) and hot compressed, shown in Fig. 5. Here PLA sheets 

are prepared by dissolving PLA pellets in a known volume (1L) of chloroform by properly stirring 

for a known time (2 hrs.) and poured into an MS tray of dimensions 310x260x20 mm. These PLA 

sheets are allowed to cure by keeping them open for 24 hours at room temperature, and any 

chloroform present will evaporate. Similarly, Flax fiber/PLA sheets are prepared by pouring 

PLA/chloroform solution into another MS tray of the same dimensions. On the PLA/chloroform 

solution, Flax fiber fabric of size 310x260 mm was kept and above this fabric, poured a small amount 

of PLA/chloroform solution and this was also left for evaporation of chloroform for 24 hours. 

Likewise, five layers of PLA and four layers of Flax fiber/PLA prepreg sheets were prepared. A 

decrease in composite performance with an increase in temperature (from 230 °C to 250 °C) and 

process time (from 2−5 min) was reported (Bourmaud et al. 2020). Here these overlapped sheets are 

hot compressed at a pressure of 5 MPa at 180°C temperature for 15 minutes and later allowed to 

cure by keeping it at room temperature for 6 hours. After curing, these samples are made to ASTM 

testing standards. Teflon sheets and silicon grease were used to avoid sticking the matrix in the 

mould during hot compression. The density of the fabricated Laminate 1 was measured using the 

Archimedes principle, and the resulting density was found to be 1.15 g/cm³. 
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Fig. 6 PLA-EPO/Flax Composite Preparation; (a) PLA-EPO/Chloroform Solution; (b) Prepared Specimens 

 
 
2.6.2 PLA-Flax Composite with EPO 
A known amount of PLA pellets and chloroform solvent were taken in a volume beaker in the 

ratio 10:1(v/w). The PLA gets dissolved in the chloroform on stirring over a mechanical stirrer for 

about 2 hours at a slow speed. After the solubilization of PLA, about 5 wt% EPO was added and 

stirred for another 1 hour to form a better PLA/EPO blend solution. The same methodology used for 

manufacturing PLA-Flax Composite is also used here for PLA-Flax Composite with EPO shown in 

Fig. 6. The density of the fabricated Laminate 2 was measured, and the resulting density was found 

to be 1.12 g/cm³. 

 
2.6.3 PLA-Flax Composite with EPO and Graphene Nano filler 
A known amount of PLA pellets were dissolved in the chloroform solvent taken in a volume 

beaker in the ratio 10:1 (v/w). The PLA gets dissolved in the chloroform on stirring over a 

mechanical stirrer for about 2 hours (Porras and Maranon 2012).  

After the solubilization of PLA, EPO of about 5 wt% was added and stirred for another 1 hour to 

form a better PLA/EPO blend solution. At the same time, 0.5% graphene powder was added to 20 

ml chloroform and ultrasonicated in an ice-water bath for 30 minutes. The graphene/Chloroform 

solution is then added drop by drop into the PLA-EPO/Chloroform solution and is stirred for a period 

of 1 hour. Followed by this, PLA-EPO-graphene blend films were prepared by pouring a small 

amount of PLA-EPO-graphene/chloroform solution into an MS tray. The setup was then kept for 24 

hours at room temperature to evaporate chloroform.  

At the same time, Flax/PLA-EPO-graphene blend films were prepared by pouring PLA-EPO-

graphene/chloroform solution into another MS tray. On the PLA-EPO-graphene/chloroform 

solution, Flax fabric of size 310x260mm was kept. Above this fabric, again, a small amount of PLA-

EPO-graphene/chloroform solution was poured, and this was also left for evaporation of chloroform 

for 24 hours. Likewise, five layers of PLA-EPO-graphene sheets were prepared, and four layers of 

Flax/PLA-EPO- graphene prepreg sheets were also prepared. The sheets were stacked alternatively 

inside the mould, and this arrangement was placed in the hot compression moulding machine. Then 

compression was done with a pressure of 5 MPa applied at 180°C temperature for 15 minutes, and 

the composite laminate was left for cooling at room temperature for 6 hours. After cooling, different 

test samples were cut according to ASTM testing standards as shown in Fig. 7. Teflon sheets and  
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Fig. 7 PLA-Flax fiber with EPO and Graphene Composite Preparation; (a) PLA-EPO-Graphene solution; (b) 

PrePreg Preparation; (c) Prepreg sheets after drying; (d) Specimens for Testing 

 

 
Fig. 8 Tensile test failure modes/codes (ASTM D3039, 2008) 

 

 

silicon grease were used to avoid sticking the matrix in the mould during hot compression. The 

density of the fabricated Laminate 3 was measured, and the resulting density was found to be 1.26 

g/cm³. 

 

2.7 Mechanical Characterization of Composites 
 
2.7.1 Tensile Test 
The laminates' tensile strength was measured using the ASTM D3039 standard. The specimen is 

loaded in such a manner that the breakage should occur in the expected region and its necessity 

depends on the localization of the breakage. Mechanics behind the composite failure modes are 

explained in detail (Jones 1975). The important three-part failure mode codes as per ASTM 

definitions are given in Fig. 8. The specimen dimensions were taken as 250x25x4 mm. The ends of  
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Fig. 9 Tensile test specimen with the experimental setup 

 

 
Fig. 10 Flexural test specimen with the experimental setup 

 

 

the specimen were clamped between the jaws. The tensile velocity used during the tensile test was 

5 mm/min, in accordance with ASTM D3039 standards for polymer matrix composites.  

The movement of the jaw offers tensile force on the specimen. This force was recorded with 

respect to the change in gauge length. The tensile test was done on Computerized Universal Testing 

Machine (Make: KALPAK UTM, Model No. KIC-2-1000-C with a maximum load capacity of 100 

kN)). The samples were tested at a loading rate of 5 mm/min. The specimen, which was cut from 

three different types of laminates, was subjected to a tensile test for five samples per laminate to get 

an average value. The tensile test specimens with experimental setup of various laminates are shown 

in Fig. 9. Many researchers (Sakthivel and Ramesh 2013, Alavudeen et al. 2011) showed that 

stacking sequence plays significant role in determining the tensile properties of the composite. The 

factors that influence the tensile response are materials used, methods of material Preparation, fiber 

layer stacking sequence, specimen preparation, specimen conditioning, the environment of testing, 

speed of testing, void content and most importantly the fiber weight fraction. The extensometer used 

here has a gauge length of 25 mm. 

 
2.7.2 Flexural Test 
The force required to bend the specimen along the middle has been measured by imposing both 

tensile and compressive stresses on both sides of the specimen. The test was performed on the  
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Fig. 11 Izod impact specimen with the experimental setup 

 

 
Fig. 12 Typical failure mode in the short beam test (ASTM D 2344, 2006) 

 

 

Computerized Universal Testing Machine (Make: KALPAK UTM, Model No. KIC-2-1000-C with 

a maximum load capacity of 100 kN)). The specimens prepared were of size 127 x 12.7 x 4 mm 

based on the ASTM D790 test standard, and the span length was taken as standard as 64 mm in the 

ratio of 16:1 as per ASTM D 790.  

Three-point bending test was performed with an applied load of 2 mm/min until the specimen 

fractures and broke. The experimental set up of flexural test specimen before and after bending is 

shown in Fig. 10. Here in the test specimen, both compressive and tensile stress will be acting 

simultaneously. The maximum load is recorded either when the maximum strain reaches 0.05 

mm/min or at specimen failure; from the recorded maximum load, the values for modulus of 

elasticity.  

 
2.7.3 Impact Test 
The specimens of size 64x12.7x4 mm conforming to ASTM D256 standard are tested for impact 

strength using an Izod impact test rig; from the impact made by the pendulum on the specimen, the 

impact energy required for crack initiation to the same for breakage of the specimen is plotted. Fig. 

11 shows the test specimens with set up used for the Izod impact test. 

 
2.7.4 Short Beam Test 
Unlike other materials, the complex structure of composites makes the internal stress nature also 

complicated. Here the matrix, the resin, and interlaminar properties have a critical role to play in the 

failure modes. Here a small ratio of width to span (1:3) as per ASTM D2344 has been taken for 

performing the ILSS test. The failure modes in this test method are shown in Fig. 12. 

The interlaminar shear strength (Short beam strength) is obtained by using the expression. 

Fsbs = 0.75
p

bh
 (MPa) 

where p = maximum Load observed during the test (N), b = width (mm), h = thickness (mm) 

The ILSS specimens with experimental setup are shown in Fig. 13. 
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Fig. 13 ILSS specimen with the experimental setup 

 

 
Fig. 14 Stress Vs % Strain variation of composite laminates 

 
 
2.7.5 Scanning Electron Microscopy 
The fracture surfaces of tensile test specimens of PLA/Flax fabric, PLA/EPO Flax fabric and 

PLA/EPO/Graphene Flax fabric specimens were observed by scanning electron microscopy (SEM) 

of model TESCAN VEGA 3 LMU high-performance, Variable Pressure Analytical SEM with LAB6 

having high resolution of 2 nm, along with the most advanced LN2-free high-resolution. Prior to the 

analysis, the specimens were coated with a thin layer of gold to get good conductivity, using a 

Quorum SC7620 sputter coater. 

 
 
3. Results and Discussion 

 
3.1 Tensile Properties 
 

A detailed study of flax fiber-based composites with different combinations was carried out for 

this, and three laminates were prepared as shown in Table 1. The tensile properties of the laminates 

were measured by using the ASTM D3039 standard. In this study, as mentioned earlier, a 

Computerized Universal Testing Machine (Make: KALPAK UTM, Model No. KIC-2-1000-C with 

a maximum load capacity of 100 kN). The specimen clamped is of dimension 250x25x4 mm, and 

the ends of the specimen have been clamped between the jaws so that the breakage is occurring in  
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Table 2 Mechanical Properties of Flax Fiber Reinforced Composites (Experimental results) 

Laminate 

Tensile 

Strength 

(MPa) 

Tensile 

Modulus 

(GPa) 

Flexural 

Strength 

(MPa) 

Flexural 

Modulus 

(GPa) 

Impact 

Energy 

(J/m) 

Short Beam 

Strength 

(MPa) 

L1 23.20 ± 1.12 2.55 ± 0.14 121.86 ± 5.23 2.90 ± 0.18 40.35 ± 2.05 31.25 ± 1.75 

L2 20.30 ± 0.95 1.25 ± 0.08 90.35 ± 4.10 1.30 ± 0.12 33.58 ± 1.85 21.65 ± 1.30 

L3 26.45 ± 1.30 3.20 ± 0.20 132.56 ± 6.10 3.80 ± 0.25 43.69 ± 2.20 35.85 ± 2.05 

 

 

the expected region. The tensile force on the specimen was recorded with respect to the change in 

gauge length at a loading rate of 5 mm/min. The specimen, which was cut from three different types 

of laminates, was subjected to a tensile test for five samples per laminate to get an average value, 

and are shown in Table 2. 
The extensometer used here has a gauge length of 25 mm, and the values obtained for induced 

stress and % strain are plotted and shown in Fig. 14. The initial linear portion of the curve accounted 

for the elastic behavior, and the variation from the linear portion is due to the initiation of a crack in 

the matrix and also accounted for the start of fiber failure.  

As the loading continued, the crack also propagated, leading to the failure of fracture of fiber and 

resulting in fiber failure; the value corresponds to ultimate stress. The ultimate stress value obtained 

for laminate 1 composite is 23.20 MPa, which is high for the same combination composite for fiber 

18.80 MPa as reported in the literature (Kumar and Krishnan 2021). The ultimate stress value is 

attributed to the increased strength due to the interlocking effect of the woven structure of the fabric 

(Girones et al. 2011). The polar oxygen atoms present in the Poly Lactic Acid (PLA), used as the 

resin here, react to the hydroxyl groups in the flax fiber to form hydrogen bonds, which in turn create 

strong bonding (Goriparthi et al. 2012). Some studies reported that non-woven natural fiber 

reinforced composites provides lesser tensile strength as compared to woven mats (Yongli Zhang et 

al. 2013). Even though a wide range of values starts from 21 MPa (Nishino et al. 2013) to 110 MPa 

(Shibata et al. 2003) for tensile strength for the laminate 1 composites has been reported, the value 

obtained as shown in Table 2 for the same composition here of 23.20 MPa falls within the range, 

also an observed value of 2.55 GPa for Young’s Modulus, hence the test procedure is justified. Even 

though the laminate 1 has high strength but it is highly brittle due to the presence of PLA; 

furthermore, laminate 1 is of slow degradation rate.  

In order to overcome these limitations, laminate 2 was prepared by adding 5% EPO to laminate 

1. Anis Nazurah Mohd Nasir et al. (2016) has reported that the addition of chemical reaction 

epoxidized palm oil (EPO) in rubber composites, has increased mechanical properties, including 

lowering of brittle nature. Laminate 2 was tested to tensile strength, and the value was found to be 

20.30 MPa and Young’s modulus value of 1.25 GPa. Even though the tensile strength and Young’s 

modulus values were found to be less when compared with laminate 1, there has been a considerable 

increase in the ductility of the composite It was also noted that there is a change in viscosity due to 

the addition of EPO contributes to the laminate being more flexible.  

Even though the ductility of composite has increased considerably in laminate 2 by the addition 

of EPO but only with a compromise to the tensile strength, which reduces the industry application 

range; hence the strength needs to be enhanced. For this 0.5 % graphene has been added to the 

laminate 2 combinations, hence laminate 3. A tensile test was carried out for laminate 3, and the 

results were plotted. It is seen that there is a considerable increase in the mechanical properties of  
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Fig. 15 Plot of Flexural stress variation of different laminate 

  

 
Fig. 16 Plot of Flexural Modulus variation of laminates 

 

 

laminate 3, especially in the case of tensile strength. For laminate 3 the maximum tensile strength 

value obtained is 26.45 MPa, and Young's modulus value of 3.20 GPa. The reason for this is 

attributed to the better dispersion and spread of the graphene nanoparticle (Valapa et al. 2015); for 

this, SEM images were taken, and analysis will be followed in a later section. In short, from the 

tensile test results, it is evident that by the addition of EPO, there was a significant increase in 

ductility at the expense of tensile strength, as seen in laminate 2, which was compensated by the 

addition of graphene.  

In terms of tensile behavior, the higher density (1.26 g/cm³) of laminate 3 enabled efficient stress 

transfer across the fiber–matrix interface, resulting in the highest tensile strength (~26 MPa). 

Conversely, the lower density of L2 reflects increased free volume due to EPO plasticization, which 

reduced tensile load-bearing capacity despite improved ductility. 

 

3.2 Flexural Properties 
 
Similar to the tensile test three-point bending test for laminates was carried out in Computerized 

Universal Testing Machine (Make: KALPAK UTM, Model No. KIC-2-1000-C with a maximum 

load capacity of 100 kN) as per ASTM test standard D 790-10. Owing to the bending theory, the 

strain rate for the outer layer of the laminates was tested in displacement control mode at a constant 

crosshead speed of 5 mm/min. The span length for the three-point flexural test was selected as 64 

mm according to the specimen thickness.  

The results obtained for the flexural test are recorded in Table 2, and it is seen that flexural 

strength values follow the same trend as that of the tensile test. The current study showed that the 

fabricated composite possesses enough flexural strength for this application. A graph with variation 

of flexural stress and modulus was also plotted, as shown in Figs. 15-16. 
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Fig. 17 Plot of variation of Impact strength of laminates 

 

 
Fig. 18 Inter laminar short beam shear strength for different laminates 

 

 

During the test, no specimen has failed by delamination, and the failure mode shows little or no 

fiber pull-out. The crack always initiates on the tension side of the beam, and the fracture was 

observed in the middle of the specimen. Normally, the modulus is very susceptible to the 

matrix/fiber interfacial bonding. Average values for the ultimate flexural strength and flexural 

modulus for the laminate 1 are 121.86 MPa and 2.9 GPa, respectively, and corresponding values for 

the laminates 2 and 3 are 90.35 MPa, 1.3 GPa, and 132.56 MPa, 3.8 GPa respectively, shown in 

Table 2. 

For flexural strength, laminate 3 demonstrated the maximum value of 132.56 MPa, which is 

attributed to its dense (1.26 g/cm³) and rigid structure that effectively resisted bending deformation. 

The reduced density of laminate 2 (1.12 g/cm³) led to significant loss in flexural strength (90.35 

MPa), while laminate 1 (1.15 g/cm³) showed intermediate performance corresponding to its 

moderate density.  

 

3.3 Impact Properties 
 
The specimens of laminates 1, 2 & 3 conforming to ASTM D256 standard dimensions were 

tested for impact strength using an Izod impact test rig and are plotted in Fig. 17. 

The average impact strength obtained as shown in Table 2 from laminate 1, 2, and 3 is 40.35 J/m, 

33.58 J/m, and 43.69 J/m, respectively. The results show the same pattern as that of the tensile test 

and flexural test conducted. The impact strength value of 40.35 J/m for laminate 1 is in line with the 

literature. The reduction in impact for value for laminate 2 is attributed to the propagation of the 

EPO into the matrix structure and the presence in the interfacial area and also due to the 

intermolecular interaction caused by the PLA. In comparison, the better dispersion and spread of the 

graphene nanoparticle attribute for the increase in impact strength values for laminate 3. The impact  
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Table 3 Comparative evaluation of mechanical properties of PMCs 

Composite System 
Tensile 

Strength (MPa) 

Flexural 

Strength (MPa) 

Impact 

Strength (J/m) 
Source 

PLA/Flax ~50–350 MPa ~60–360 MPa ~600–800 
(Sanivada et al. 2020, 

Sundeep et al. 2022) 

Flax/PP ~30–58 MPa ~53–67 MPa ~25–46 kJ/m² (Sayeed et al. 2023) 

Flax/PP (~30 wt%) ~25–48 ~15–38 — (Wu et al. 2016) 

Flax/β-PP ~25–38 MPa 
~15.5–37.8 

MPa 
N/A (Wu et al. 2016) 

PLA/flax 

(UD, ~30 wt%) 
~177 ~215 — (Sanivada et al. 2020) 

GF/PP 
~200–300+ 

MPa 

~300–400+ 

MPa 
High (Li et al. 2024) 

Epoxy/GF ~227–278 MPa ~225 N/A (Couture et al. 2016) 

PLA/Flax fiber fabric with EPO & 

Graphenenano particles 
26.48 132.56 43.65 Present Study 

 

 

strength of laminate 3 (43.69 J/m) benefited from its higher density (1.26 g/cm³), which facilitated 

better energy absorption and crack-arresting mechanisms through a combination of matrix toughness 

and graphene reinforcement. In contrast, the lower-density of laminate 2 (1.12 g/cm³) exhibited 

inferior impact resistance due to insufficient structural integrity. 

 

3.4 Short Beam Test 
 

The short beam test for determining the interlaminar shear strength of laminates was carried out 

using a three-point bending test, as mentioned in the previous section. The specimen made of 

laminates was aligned to ASTM D 2344-06 standards by keeping the ratio of length to thickness as 

6:1 and width to thickness ratio as 2:1.  

The values obtained as shown in Fig. 18 for short beam strength of laminates 1, 2, and 3 were 

31.25 MPa, 21.65 MPa and 35.85 MPa respectively. Even though all the laminates failed during the 

test due to delamination, the short beam strength values obtained followed the same pattern as that 

of the tensile, flexural, and impact strength, with maximum value for short beam strength obtained 

for laminate 3 due to the even spread and better dispersion of graphite nanoparticles. 

The summary of the mechanical properties obtained for all three laminates for various test are 

given in Table 2. The merit of the developed laminate 3 (PLA/flax fiber fabric with EPO and 

graphene nanoparticles) in terms of performance over current polymeric matrix composites used in 

automobiles will become clear from the following comparison (Table 3). Though the tensile strength 

of the developed composite (26.48 MPa) appears to be lower in comparison to high-performance 

composites GF/PP and epoxy/GF composites used as auto-mobile parts, still it matches with and 

also tends to fall within the range defined by flax/PP composites already being used in non-structural 

and semi-structural auto-mobile parts. It may further be noted that the flax/PP composite possesses 

a high value of Flexural strength of 132.56 MPa as against many flax/PP composites; still, its value 

tends to approach the lower limit of PLA/flax composites; this proves its high resistance against 

flexure and withstands bending loads with effectiveness. Moreover, the high value of Impact 

resistance of 43.65 J/m proves the efficient absorption of foreign bodies and their energies to desired 

levels; also matches with natural-fiber reinforced thermoplastics. 
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Fig. 19 Fractured surface of FLAX – PLA Laminate 

 

 
Fig. 20 Fractured surface of FLAX – PLA-EPO Laminate 

 

 
3.5 Scanning Electron Microscopy (SEM) Analysis 
 
SEM images to observe the surface morphology at the rupture part of the tensile samples of the 

laminates 1, 2, and 3 were taken and are shown in Figs. 19-21. All SEM micrographs presented in 

Figs. 18-20 were acquired using a VEGA3 TESCAN SEM under an accelerating voltage of 15 kV,  
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Fig. 20 Fractured Fig. 21 Fractured surface of FLAX - PLA – EPO-Graphene Laminate of FLAX – PLA-EPO 

Laminate 

 

 

working distance of ~16 mm, and secondary electron (SE) detector. The images were captured at a 

magnification of 100× with a scale bar of 200 µm indicated in each figure. 

The images show the damage caused to the matrix due to the tensile loading; it also shows the 

penetration of resin into the reinforcements and filling the voids, thereby creating good bonding 

between both. The presence of bundled fibers in the laminates 1 & 3 indicates good adhesion within 

the matrix and the fibers. The presence of micro voids in laminate 2 attributed to the reduction in 

strength, as reported in all the tests. However, the clear image of good dispersion with strong bonding 

between the layers of fibers and matrix shown in the laminate 3 supports the higher mechanical 

properties obtained in all the tests performed.  

 
 
4. Conclusions 
 

The incorporation of Epoxidized Palm Oil (EPO) and graphene nano fillers into PLA/flax fiber 

fabric composites significantly enhanced their mechanical performance, positioning them as 

promising biodegradable materials for automotive applications. Compared to the baseline Laminate 

1 (PLA/flax), the addition of 5% EPO in Laminate 2 led to a slight reduction in tensile (−12.5%), 

flexural (−25.9%), and impact strength (−16.8%) due to the plasticizing effect of EPO, which 

improved flexibility but compromised overall strength. However, Laminate 3, which incorporated 

both EPO and 0.5% graphene nanoparticles, outperformed all others, demonstrating an impressive 

13.9% increase in tensile strength, 8.8% increase in flexural strength, and 8.3% enhancement in 

impact strength compared to Laminate 1. These improvements highlight the synergistic effect of 

EPO and graphene, where EPO enhances ductility and graphene reinforces the composite matrix, 

leading to superior load-bearing capability and energy absorption. Thus, Laminate 3 emerges as the 
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most effective and eco-friendly solution, aligning with the pressing demand for sustainable materials 

in the automotive sector. 
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