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INTRODUCTION  
 

ynthetic and biopolymer-based materials play a role because of their many valuable properties. These polymers, such 
as epoxy resins polyimides and polyethylene, are known for their excellent strength-to-weight ratio, especially when 
compared to conventional materials like metals and ceramics [1-2]. The shift towards eco materials is necessary as 

petroleum resources become scarce and environmental pollution concerns grow. Nanocomposites have been widely 
S 
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considered and studied by the researchers. Scientists are exploring different techniques to ensure that nanofillers are evenly 
distributed within the holding matrix for practical applications. With their extraordinary reliability and remarkable structural, 
electrical, and mechanical properties, polymer-based composites are demonstrated to be promising materials for a wide 
range of technical applications [3-6]. In materials science, it's fascinating to see how more significant quantities of GNP and 
amine-functionalized graphene nanocomposites can significantly improve mechanical properties compared to non-
functionalized graphene material. Compared to raw epoxy, the amine-functionalized nanocomposites exhibited enhanced 
tensile strength but were relatively more delicate. There is a consequence of GNPs aggregation [7]. Graphene, a crystalline 
carbon allotrope, has a two-dimensional (2D) honeycomb structure of sp2 hybridized carbon atoms in a single monolayer 
sheet. According to all measurements, it is the universe's thinnest yet most potent material. Graphene has shown significant 
characteristics in terms of mechanical strength, ultra-large surface area, heat conductivity, fast electron mobility, and high 
current density, being the lightest and thinnest sp2 carbon nanomaterial. Because of their properties, perfect graphene 
applications are nanodevices and nanocomposites [8]. A study by Chang [9] examined the effect of carbon and glass fiber-
reinforced composites and the addition of MWCNTs. Adding MWCNTs resulted in a substantial enhancement in both 
tensile strength (34.7%) and flexural strength (22.16%). In a research study, Ayatollahi et al. [10] examined the impact of the 
aspect ratio of MWCNT on the electrical and mechanical properties of epoxy/MWCNT composite plates. The aspect ratio 
has been found to affect the electrical and mechanical properties of nanocomposite materials greatly. Smaller MWCNTs 
have shown to possess significantly better qualities in this regard. 
Nevertheless, according to a study by Wong et al. [11], the higher concentration of MWCNTs in polystyrene resin negatively 
impacts the tensile strength, tensile modulus, and failure strain. Therefore, it is crucial to determine the ideal weight 
percentage of nanoparticles to be incorporated into the resin system. This will significantly improve the mechanical 
properties of the composite materials. GNPs are a great option because they are cost-effective and can be produced in large 
quantities [12]. 
Our research focuses on studying the impact of hybrid nanofillers on the mechanical and fracture properties of Epoxy-PLA 
composite. The nanocomposites are studied by preparing epoxy-PLA composites with varying concentrations of hybrid 
fillers. Experimental results were compared with the findings from numerical analysis to investigate the impact of filler 
addition on tensile and bending strength. 
 
 
EXPERIMENTAL DETAILS 
 

Materials 
 blend of an epoxy resin (Lapox-L12 and K6 hardener) and PLA added in the ratio of 80:20 is used as a matrix in 
this study. The epoxy and hardener were procured from Atul India Ltd, Gujarat, India. Additionally, the PLA 
granules are obtained from Nature Tech India Pvt. Ltd. The filler materials employed in this study are provided in 

Tab. 1, comprising SiO2, GNPs, and MWCNTs. 

 
Characteristic Property SiO2 GNPs MWCNTs 

Diameter (nm) 10-20 - 25 

Thickness (nm) - 3-6 - 

Length/width (µm) - 5-10 10 

Density (g/cm3) 2.4 0.24 0.24 

Tensile Strength (MPa) 100 5000 5000 

Tensile Modulus (GPa) 70 1000 1000 

Poisson coefficient 0.15 [13] 0.19 [14] 0.3125 [15] 

Purity (%) 99.5 > 99 > 99 

 

Table 1: Properties of nanofillers.  
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Preparation of nanocomposites 
For this study, a total of nine distinct nanocomposite samples were created. Fig. 1 depicts the procedure for fabricating 
nanocomposites. The PLA solution was prepared by dispersing PLA granules in a Tetrahydrofuran (THF) solution [16-17] 
and stirring it for 24 hours. The PLA solution was then combined with preheated epoxy and continuously stirred for 24 
hours. The fillers were subsequently incorporated into the PLA-epoxy solution, which had undergone manual mixing for 
approximately 5 minutes before undergoing cold bath sonication at 40 kHz for approximately 50 minutes. After sonication, 
the K-6 hardener was added to the filler-loaded solution and gently swirled for five minutes. Finally, the resulting solution 
is cast into a mold and left to cure for 24 hours at room temperature. The composition of the nanocomposites prepared is 
provided in Tab. 2. 
 

 

Figure 1: Nanocomposites preparation steps. 
 

Serial No. 
Specimen  

Code 

Epoxy, 
wt.% 

PLA, 
wt.% 

SiO2 
wt.% 

GNPs 
wt.% 

MWCNTs 
wt.% 

1 PE 80 20 - - - 

2 ESG1 79.9 20 0.05 0.05 - 

3 ESG2 79.8 20 0.10 0.10 - 

4 ESG3 79.7 20 0.15 0.15 - 

5 ESG4 79.6 20 0.20 0.20 - 

6 ESM1 79.9 20 0.05 - 0.05 

7 ESM2 79.8 20 0.10 - 0.10 

8 ESM3 79.7 20 0.15 - 0.15 

9 ESM4 79.6 20 0.20 - 0.20 

Table 2:  Composition of Epoxy-PLA blends and their nanocomposite. 
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COMPOSITE CHARACTERIZATION TESTS 
 
Fourier transform infrared (FTIR) spectroscopy  

he FTIR was conducted with a Perkin Elmer System series 2000 spectrophotometer, covering a wavenumber range 
from 3900 to 500 cm-1. This was done to characterize the functional groups in SiO2, MWCNTs/GNP loaded 
nanocomposites. 

 
X-ray diffraction (XRD) spectroscopy 
The XRD analysis of the epoxy composites (PE, ESG1, and ESM1) was conducted using a Rigaku SmartLab diffractometer, 
scanning from 5⁰ to 90⁰ at 2⁰ per minute.  
 
Tensile test 
The tensile strength of the different specimens was evaluated using a Tinius Olsen UTM with a load cell capacity of 10 kN, 
following the guidelines of ASTM D 638 [18]. The experiments were conducted with a crosshead speed of 3 mm/min. Fig. 
2 provides the specifications of the tensile specimen. A total of 5 samples were tested in each category, and the tensile 
strength was determined by calculating the average result. 
 
Flexural test 
The flexural strength was evaluated using a 3-point bending test according to the ASTM D 790 [19] using  Tinius Olsen 
UTM (10kN capacity) with a 3 mm/min crosshead speed. The dimensions of the flexural specimen are shown in Fig. 2, 
with a span length of 80 mm. Five samples were tested within every category, and the average value was used to determine 
the flexural strength of the composite samples. 
 
Impact test 
The Izod impact test was conducted on an unnotched specimen using a pendulum impact tester (Zwick/Roell Hit 50p 
model) according to ASTM D4812 [20]. The test was performed with a calculated theoretical impact velocity of                  
3.458 m.s-1. Fig. 2 illustrates the dimensions of the specimen employed in this test. 
 

 
 

Figure 2: Dimensions of specimens for mechanical testing. 
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RESULTS AND DISCUSSIONS 
 
FTIR findings 

ig. 3 depicts the FTIR spectra of three different materials: PE, ESG1, and ESM1. In the PE sample, peaks at                 
2931 cm-1, signifying C-H stretching, and at 2964 cm-1, indicating -CH2 stretching vibration can be observed. 
Furthermore, the strength of specific peaks in PE decreases due to the interaction between the epoxy groups and 

the PLA COOH groups [21]. 
Aside from the spectra in the PE composite, two additional characteristics are seen in ESG1 and ESM1 composites. First, 
a stretching signal at around 1050 cm-1 develops, which matches Si-O-Si stretching. Second, a prominent peak at 2900 cm-

1 shows C-H stretching. A C=C stretching peak is also found at roughly 1600 cm-1, confirming the presence of carbon-
based nanofillers, notably GNP and MWCNT [22-23]. This shows that the fillers and matrix material interact more 
effectively. These findings indicate the spectroscopic changes and interactions within the investigated materials. 

 

 
Figure 3: FTIR spectra of PE, ESM1 and ESG1. 

 
XRD findings 
The XRD patterns of the pure PE, ESG1, and ESM1 are presented in Fig. 4. The PE sample displayed broad peaks around 
2θ = 20⁰, indicating the amorphous nature, and a notable peak at 2θ = 22.44⁰ [24], pointing to the epoxy's semi-crystalline 
regions. The ESM1 sample exhibited characteristic MWCNTs peaks at 2θ = 26⁰ and 42⁰, along with a SiO2 peak at 2θ = 
26.6⁰ [25], which confirms the effective incorporation of these nanofillers into the composite, contributing to its semi-
crystalline structure. The ESG1 samples exhibited a prominent peak at 2θ = 26⁰, suggestive of high-quality graphene sheets, 
and a similar peak at 2θ = 26.6⁰ [26]. All samples showed a typical broad peak at 2θ = 20⁰, representing the amorphous 
phase and semi-crystalline epoxy peak at 2θ = 22.44⁰. 
 

 
 

Figure 4: XRD spectra of PE, ESM1 and ESG1. 
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(a) (b) 

 
(c) (d) 

  
(e) (f) 

 

Figure 5: (a) Stress-strain curves of ESG1-4 compared with PE blend (b) Stress-strain curves of ESM1-4 compared with PE blend           
(c) Tensile strength of PE and ESG1-4 samples (d) Tensile strength of PE and ESM1-4 samples (e) Tensile modulus of PE and ESG1-
4 samples (f) Tensile modulus of PE and ESM1-4 samples. 
 
Tensile test results 
The stress-strain curves of nanocomposites loaded with GNPs and MWCNTs are depicted in Figs. 5(a) and 4(b) 
correspondingly. Fig. 5(c)-5(f) presents the tensile strength and modulus of nanocomposites. The tensile strength of the PE 
sample was found to be 23.07 MPa, whereas the tensile strength of ESG1, ESG2, ESG3, and ESG4 was observed to be 
30.61 MPa, 16.48 MPa, 14.18 MPa and 13.07 MPa respectively. An increase in strength was observed in ESG1, whereas 
nanocomposites loaded with higher concentrations exhibited a lower strength than PE composite. The PE composite had 
a tensile modulus of 1100 MPa. The tensile modulus of ESG1, ESG2, ESG3, and ESG4 was observed to be 1600 MPa, 
1260 MPa, 1270 MPa, and 1100 MPa, respectively. ESG1 exhibited the highest tensile modulus at 1600 MPa, indicating that 
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the 0.1 wt% filler content results in the highest stiffness among the tested composites. The ESG1 material demonstrated a 
significant 33% enhancement in tensile strength and a 46% rise in tensile modulus. 
ESM1, ESM2, ESM3, and ESM4 exhibited tensile strengths of 19.22 MPa, 12.61 MPa, 21.35 MPa, and 25.68 MPa, 
respectively. Notably, ESM4 demonstrated an 11.31% increase in tensile strength, while ESM1, ESM2, and ESM3 exhibited 
lower strengths than PE. The tensile moduli of the nanocomposites ESM1, ESM2, ESM3, and ESM4 were 1050 MPa,       
1388 MPa, 1450 MPa, and 1500 MPa, respectively. Significantly, ESM4 exhibited a considerable 37% augmentation in 
modulus. The impact of the fillers on the tensile strength and tensile modulus of the composites was found to be minimal. 
Composites loaded with GNP and MWCNTs displayed distinct mechanical responses when subjected to tensile forces. 
Except for ESM4, which exhibited a marginal 11% increase in strength, the incorporation of MWCNTs and SiO2 adversely 
impacted the tensile strength of the epoxy-PLA composite. Interestingly, there was a significant enhancement of up to 37% 
in the tensile modulus. Similarly, in composites loaded with GNP, only ESG1 demonstrated a higher strength (33%) than 
PE composite, while there was a notable increase of up to 46% in modulus. Once again, it should be noted that the 
correlation between filler content and tensile qualities, precisely strength and modulus, does not adhere strictly to a linear 
connection. The increase in strength and modulus of the nanocomposites can be attributed to the utilization of fillers with 
high strength and modulus. 
Epoxy nanocomposites loaded with 0.1 wt% GNP outperform MWCNTs at the same weight. This is likely due to GNPs 
having higher specific surface area and increased nanofillers-matrix adhesion due to their rough surface. These factors lead 
to better stress transfer and higher tensile strength. In contrast, MWCNTs have a 1-dimensional tubular structure, which 
makes stress transfer more challenging compared to the planar structure of GNPs. The potential for aggregation and less 
effective interfacial adhesion in MWCNTs results in lower tensile strength and modulus improvements. [27-28]. 
 
SEM analysis 
The purpose of the SEM analysis was to study the dispersion of fillers in the matrix and to observe the filler-matrix 
interaction [29-30]. The SEM analysis was carried out on the fractured samples from the tensile test. Fig. 6 shows SEM 
micrographs of the pure epoxy-PLA blend and their nanocomposites. 
Fig. 6(b)-(e) shows SEM micrographs of GNPs nanocomposites. The fracture surface of the pure Epoxy-PLA (Plain) 
specimen depicted in Fig. 6(a) has a smooth texture, suggesting a typical brittle fracture pattern. Notably, no obvious cavities 
can be found on the surface of these produced materials. In contrast, the surfaces of the GNP-loaded samples (Fig. 6 (b)-
(e)) seem rough, and cleavage planes are visible. Notably, the cleavage planes in the ESG1 samples are smaller than those in 
the ESG2, ESG3, and ESG4 samples. A higher number of cleavage planes equates to more sites capable of absorbing 
fracture energy, thus improving resistance to crack propagation.  
As a result, the ESG1 had increased tensile strength and modulus comparable to SiO2 and MWCNTs loaded 
nanocomposites (Fig. 6(f)-6(i)). The surface of ESM4 is rougher and has more cleavage planes than PE and other 
comparable nanocomposites. As a result, ESM4 has increased tensile strength and modulus. 
The GNPs-loaded composites generally show finer and more numerous cleavage planes than MWCNTs composites, 
indicating better stress transfer and energy absorption. The planer structure of GNPs facilitates better interaction with the 
matrix, leading to higher tensile properties.   On the other hand, MWCNTs, with their 1D tubular structure, show less 
defined features and potentially lower dispersion efficiency, resulting in varied mechanical enhancements [27-28]. 
 
Flexural test results 
The flexural strength of nanocomposites loaded with  GNPs and MWCNTs is depicted in Figs. 7(a) and 7(b) 
correspondingly. The results showed that adding fillers significantly influenced the flexural strength of the nanocomposites. 
The bending strength of the PE composite was found to be 51.7 MPa. The flexural strengths of ESG1, ESG2, ESG3, and 
ESG4 were 64.14 MPa, 49.16 MPa, 29.47 MPa, and 49.60 MPa, respectively. Adding a small amount (0.1 wt%) of SiO2 and 
GNPs enhances flexural strength significantly compared to PE, suggesting effective reinforcement. However, an increase 
to 0.2 wt% results in a slight decrease, potentially indicating an optimal filler concentration. At 0.3 wt%, a significant drop 
in strength suggests an excess of fillers causing matrix disruption. Finally, at 0.4 wt%, the flexural strength remains similar 
to 0.2 wt%, implying that a saturation point may have been reached, highlighting the importance of precise filler content 
control for tailored material properties. 
The flexural strengths of ESM1, ESM2, ESM3, and ESM4 were 37.66 MPa, 32.82 MPa, 39.27 MPa and 69.71 MPa 
respectively. ESM4 exhibited an increase in strength by 37 %, whereas ESM1-ESM3 composites exhibited lower strength 
than PE samples. Epoxy nanocomposites loaded with GNPs outperform MWCNTs due to their higher specific surface 
area and better matrix adhesion, leading to more efficient stress transfer. The 1D structure and potential accumulation of 
MWCNTs result in less effective interfacial adhesion and lower tensile strength improvements. 
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Figure 6: SEM images of fracture surfaces from tensile tests of (a) PE (b) ESG1 (c) ESG2 (d) ESG3 (e) ESG4 (f) ESM1 (g) ESM2 (h) 
ESM3 (i) ESM4. 
 
 

 
 

Figure 7(a):  Flexural strength of PE and ESG1-4 samples. Figure 7(b):  Flexural strength of PE and ESM1-4 samples. 
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Impact test analysis 
Fig. 8 displays the impact strength results for the pristine Epoxy/PLA blend and their nanocomposites. The introduction 
of various fillers had a noteworthy influence on the impact resistance of these Epoxy/PLA nanocomposites. The initial 
impact strength of the PE blend was measured at 50.56 J/m. 
Within the group of GNP composites, ESG1, ESG3, and ESG4 displayed impact strengths of 80.31 J/m, 69.41 J/m, and 
64.98 J/m, respectively. All GNP-loaded composites, except for ESG2, exhibited higher impact strength than the PE 
composite, with ESG1 achieving the highest strength within this category. 
On the other hand, the MWCNTs-loaded composites exhibited a distinct behavior when compared to the GNP-loaded 
composites. ESM1, ESM2, ESM3, and ESM4 composites showed impact strengths of 53.27 J/m, 29.05 J/m, 27.54 J/m, 
and 60.57 J/m, respectively. Similar to the tensile and flexural results of GNPs, loaded composites exhibited higher impact 
strength compared to MWCNTs added composites 
 

 
 Figure 8(a):  Impact strength of PE and ESG1-4 samples Figure 8(b):  Impact strength of PE and ESM1-4 samples 

 
 
SIMULATION STUDIES  
   

tudies using simulation employ finite element (FE) analysis [31-32] to forecast mechanical properties, which are then 
confirmed through experimental findings. 
 

 
Creating a material and three-dimensional model 
A comprehensive two-step FE simulation methodology was adopted to thoroughly evaluate the influence of hybrid filler 
particles (SiO2/GNPs and SiO2/MWCNTs) on composite properties, employing an effective hybrid technique [17, 21, 33-
34]. Fig. 9 illustrates the procedural framework of this simulation approach.  
 
Step 1: In the first step, a representative volume element (RVE)of the nanocomposite is created in the Material designer 
module of ANSYS Workbench using the properties and weight fractions of the matrix and fillers (either GNPs or 
MWCNTs). The elastic constants of nanocomposite are obtained from this step. 
 
Step 2: Again, using the RVE approach, the properties of the hybrid nanocomposites are determined by utilizing the 
established nanocomposite properties (From Step 1) as a revised matrix material, termed the effective matrix, and SiO2 as 
filler material. The final properties of the hybrid nanocomposites are thus determined through this process of dual 
integration.  
 
The three-dimensional model for the simulation of tensile and flexural tests was created using CATIA V5, following the 
dimensions provided in Fig. 2. 
 

S 
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Figure 9:  Procedure to determine properties of hybrid nanocomposite  

 
Mesh generation and boundary conditions 
Tensile and flexural models were meshed with Hex20 elements, as shown in Figs. 10(a) and 10(b). The boundary conditions 
applied to simulate the tensile and flexural test are shown in Figs. 11(a) and 11(b), respectively. One edge of the specimen 
is clamped securely when conducting tensile tests while axial force is applied to the other end. On the other hand, in flexural 
tests, the specimen is loaded at the center and supported at both ends.  
 

  
(a) (b) 

Figure 10 (a) Tensile specimen after Meshing (b) Flexural specimen after Meshing 
 

  
(c) (d) 

 
Figure 11: Boundary conditions for simulation of (a) Tensile specimen (b) Flexural specimen. 
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SIMULATION RESULTS 
 

he simulation was carried out under boundary conditions resembling those observed in the experimental outcomes. 
The maximum force values withstood by the specimen until failure were utilized as a reference for evaluating the 
simulation methods 

When the S1 specimen was subjected to an axial force of around 1150 N in a tensile test, the equivalent von Mises stress 
closely matched the experimental data, as illustrated in Fig. 12(a), consistent with the physical test plots (Fig. 5(a)). Similarly, 
in simulating a 3-point flexural test for the S1 specimen, a vertical load of 17 N was applied at the center, with the 
corresponding variation of equivalent stress depicted in Fig. 12(b). Tab. 3 compares the tensile and flexural strengths for all 
specimens derived from experimentation and FE simulation. The disparities between the experimental and simulated tensile 
and flexural strengths were within 11%. 
 

 
(a) 
 

 
(b) 

 

Figure 12: Max. equivalent stress in the S1 specimen under (a) Tensile load (b) Bending load. 
 
 
CONCLUSIONS 
 

his study investigated the influence of incorporating SiO2/GNPs and SiO2/MWCNTs on the mechanical properties of epoxy-
PLA composites. The composites were prepared with varying concentrations of hybrid fillers (0.1 to 0.4 wt. % for each filler) 
using a combination of bath sonication and hand-casting techniques. The results demonstrated that ESG1, with a composition 

of 0.05 wt% SiO2 and 0.05 wt% GNPs, exhibited significant enhancements in tensile, flexural, and impact strength with increases of 
33%, 24%, and 59%, respectively, compared to the epoxy-PLA blend. However, higher filler concentrations did not consistently perform 
satisfactorily in all tests. However, ESM4 (0.5 wt% SiO2 + 0.2 wt% MWCNTs) showed a noticeable improvement in tensile, flexural, 
and impact strength, increasing 11%, 34%, and 20%. Epoxy nanocomposites with GNPs exhibit higher tensile strength than those with 
MWCNTs due to better stress transfer from higher specific surface area and improved matrix adhesion. At the same time, MWCNTs 
face challenges like potential agglomeration and less effective interfacial adhesion. The experimental results were corroborated by 

T 

T 
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numerical analysis, showing a close agreement in the tensile and bending strength of the nanocomposites. Overall, the study highlights 
the potential of hybrid fillers to enhance the mechanical properties of epoxy-PLA composites, with optimal filler content vital for 
maximizing these improvements.  

 

Serial No. 
Specimen 

Code 

Tensile strength (MPa) Flexural strength (MPa) 

From 
simulation 

From 
experimental 

results 

Variation in 
results (%) 

From 
simulation 

From 
experimental 

results 

Variation 
in 

results (in 
%) 

1 PE 23.87 23.07 3.47 52.87 51.7 2.26 

2 ESG1 30.73 30.61 0.39 49.69 49.17 1.06 

3 ESG2 17.97 16.48 9.04 63.10 64.15 1.64 

4 ESG3 15.28 14.18 7.76 30.00 29.47 1.80 

5 ESG4 15.78 13.07 10.79 49.66 49.62 0.08 

6 ESM1 21.33 19.22 10.98 18.62 18.83 1.12 

7 ESM2 14.67 12.61 8.41 17.59 16.41 7.19 

8 ESM3 23.15 21.35 8.43 19.35 19.63 -1.43 

9 ESM4 27.88 25.68 8.57 36.08 34.86 3.50 

 

Table 3: Comparison of Tensile and Flexural strengths of all specimens obtained from experimentation and FE Simulation. 
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