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Abstract
The present work deals with analyzing the effect of silicon dioxide on mechanical 
and thermal stability of hybrid polymer composite. Compression molding is adopted 
to develop the hybrid composite with constant 0.5  wt.% of graphene and varying 
wt.% of silicon dioxide (2, 4 & 6 wt.%). Modified hummers method is used to syn-
thesis graphene by chemical exfoliation of graphene from graphite flakes. Mechani-
cal properties of developed composite is investigated using tensile, flexural, impact 
and interlaminar shear testing follow by fracture surface analysis of tested samples. 
Thermal stability is examined by thermogravimetric analysis and functional group 
confirmation is carried out using Fourier transform infrared spectroscopy (FTIR). 
Investigation over mechanical properties of fabricated composite reveals that addi-
tion of silicon dioxide up to 4  wt.% depicted higher flexural and tensile strength. 
Increment in silicon dioxide percentage improves the toughness of composite. FTIR 
results confirms the presence of asymmetric stretching vibrations due the after effect 
of hybrid fillers. Thermogravimetric analysis results depict that incorporation silicon 
dioxide increases the activation of energy of matrix from ~ 24.2 to 31.5 kJ/mol.
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Introduction

Nowadays, heavy metals and homogeneous materials have been replaced by more 
flexible and adaptable polymer matrix composites (PMC). These PMCs have low 
density, high specific strength, and improved stiffness that are extensively employed 
in a variety of applications, including partition boards, roof tiles, the packag-
ing industry, and the acoustics of aircraft, boats, and automotive interiors, etc., In 
recent decades, it has been depicted that basic and functional behavior of polymer 
matrix composites depends on the quality of fibers used [1–3]. Fibers can be mainly 
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classified as synthetic fibers and natural fibers. Many researchers work on natural 
fibers by considering its environmental benefits. Conversely, quality and character-
istics of natural fibers are based on factors like climate, soil conditions, and specific 
species [4, 5]. This variability make it challenging to achieve consistent strength and 
also tends to have high moisture absorption that results in material failure [6–9].

Synthetic fibers such as glass fibers are more durable and resistant to wear and 
tear compared to most natural fibers. They can withstand heavy loads, making them 
ideal candidates for fabricating products for structural application. Epoxy is a ther-
mosetting-based polymer that has greater toughness and chemical stability [10]. As 
a result, it is frequently used as a matrix material to make polymer matrix compos-
ites. Furthermore, it is less expensive than other polymers like polyester and vinyl. 
To enhance the mechanical behavior of matrix (polymer) in composite systems, 
glass fibers are utilized as reinforcement [11–14]. Among the available synthetic 
fiber such as carbon and aramid-based fibers, glass fibers are mostly preferred due 
its lower cost. Conversely, the glass fiber-based composite has a brittle property due 
to the inclusion of cross-linked monomers. These facts were overcome by adding the 
carbon and oxide based fillers materials [15–18].

In recent past carbonaceous such as different forms of CNT (SWCNT, MWCNT), 
graphene (GO, GNS, GNP) and oxides such as  TiO2,  SiO2, are used by research-
ers to improve the thermomechanical behavior of polymer composite [19–21].  SiO2 
is the primary component of glass. Its amorphous form is used to produce various 
types of glass for windows, containers, optical lenses, and electronic displays. Silica-
based materials are widely used in ceramics and refractory applications due to their 
high melting point, hardness, and thermal stability [22–24]. There are few researches 
in related to the usage of graphene and  SiO2 are filler materials as follows. Kavimani 
et al. adopted compression molding method to develop polymer matrix composite 
with bio-reduced graphene oxide (BGO) as the filler (0.3, 0.6 and 1 wt.%). Inves-
tigation on mechanical behavior reveals that addition of BGO improve the impact, 
tensile and flexural strength up to 80%, 18% and 55%, respectively. Conversely, 
increase in BGO in polymer composite shows a negative impact on the  strength 
[25]. Hand layup method is utilized by Gara et al., to fabricate laminated compos-
ites by adding different percentages of reduced graphene oxide (rGO) viz. 0, 3, 6 & 
9 wt.% at room temperature and study the mechanical properties. Results depicted 
that addition of rGO up to 6 wt.% improve the impact, tensile and flexural strength 
further increment in rGO showcase decremental trend except for the impact strength 
[26]. Glass fiber-reinforced polymer composite was developed by Turaka et al. by 
adding hybrid fractions of multi-walled carbon nanotubes and graphene nanopar-
ticles. Enhancement in compressive modulus, flexural strength, and modulus of a 
composite up to 298%, 62%, and 205% were achieved by them by adding hybrid 
fillers up to 0.2 wt.%. However, further addition of hybrid filler results in decreases 
in mechanical properties due to clustering effect [27]. Megahed et  al. investigate 
the effect of silica and carbon nanofiller addition on epoxy glass fiber composite. 
Observed that addition of 1 wt.% nanofiller delivers 57% and 28% improvement in 
tensile modulus and impact strength. Shaorong and co-workers observed that usage 
of Silicon dioxide and titanium dioxide improves the interaction between fiber and 
epoxy matrix [28].
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Improvement in flexural strength and flexural modulus 1.36  Gpa (76.4%) and 
85.3 Mpa (20.8%) was observed by them, while incorporating hybrid fillers up to 1.95 
wt. %. Also found that impact strength of developed composite increased by two to 
three times compared with base matrix. Anjum et al. observed that flexural and impact 
strengths of epoxy glass from 221 to 260  Mpa and 2.63 to 3.84  J/m, respectively, 
while adding 5 wt.% silicon dioxide. Likewise, addition of 7.5wt.% of silicon dioxide 
improves the flexural strength and impact strength of composite up to 471 Mpa and 
3.84 J/s, respectively, while adding with epoxy composite. However, increase in sili-
con dioxide showcase decremental trend in tensile strength of composite [29]. Shokrieh 
et al. investigate the effect of hybrid graphene nano sheet (GNS) and carbon nano fibers 
(CNF) on epoxy hybrid composites with equal wt.% of 0.5%. Observation states that 
flexural strength improved up to 123 MPa. When the addition of 0.5 wt.% of hybrid 
filler with the epoxy composite, flexural strength increases up to 11.81% while com-
pared with pure epoxy composite [30].

Various weight percentage of nano silicon dioxide (1, 2 & 3  wt.%) was used by 
Thamer Alomayri and co-workers to improve mechanical behavior of geopolymer com-
posites. They observed that addition of nano  SiO2 up to 2 wt.% improve the compres-
sive and flexural strengths up to 46.26% and 91.85%. Herein, addition of nano SiO2 
up to 2  wt.% in geopolymer composites revealed maximum impact strength further 
addition decreased the strength [31]. Singh et al., enhance the mechanical properties 
of epoxy composites by adding  SiO2 nanoparticles up to 4 wt.% in epoxy composites. 
Perceived that tensile strength increased by 30.57% and flexural strength improved up 
to 17%, and 76% increment flexural modulus. Further observed that addition of by  SiO2 
above 4  wt.% results in loss of mechanical characteristics [32]. Polyurethane based 
composite is fabricated by Hu et al. by incorporating SiO2 filler (2 wt.%). Investiga-
tion on compressive characteristics and dynamic impact test reveals that the static and 
dynamic compressive yield strength has been improved by 216.15% and 190.68% [33]. 
Based on available literatures it can be depicted that addition of hybrid filler in fiber-
reinforced composite to improve its mechanical and thermal properties. Incorporation 
of graphene into polymer matrix, can significantly enhance the mechanical properties 
of the resulting composite, providing increased strength, toughness, and durability. 
Likewise, addition of  SiO2 can help to minimize the shrinkage and warpage tenden-
cies of polymers during composite processing. Further, it enhance the thermal stabil-
ity and flame retardant properties while using it a filler material. Hence, the combina-
tion of graphene and  SiO2 is believed, that it can lead to a synergistic enhancement of 
mechanical properties, providing a composite with superior strength, toughness, and 
improve overall thermal performance. However, usage of graphene and silicon dioxide 
in hybrid form and its interaction effect are yet to be evidenced. To fill this research 
gap, an attempt has been made to understand the combined effect of graphene and sili-
con dioxide filler on thermomechanical properties of epoxy glass fiber composite.
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Materials and method

In this work, epoxy resin (LY556) with hardener (HY951) procured from seenu & 
co, Coimbatore, Tamilnadu, India is used as the matrix. Glass fiber (200GSM) is 
used as reinforcement to improve the mechanical property. Graphene oxide is syn-
thesis by modified hummer’s method [34]. Silicon dioxide with average particle of 
12–20 µm is purchased from synthesis green chem pvt.ltd. Based on available litera-
ture, addition of graphene oxide up to 0.5 wt.% delivers better strength. Likewise, 
addition of silicon dioxide up to 6 wt.% shows improved strength; further increment 
decreases the composite strength [35–37]. Hence, in this research, a constant wt.% 
of graphene oxide at 0.5 wt.% and varying wt.% of silicon dioxide (2, 4, & 6 wt.%) 
is used as filler materials to improve the mechanical and thermal behavior of base 
matrix.

Fabrication of composite

Compression molding technique is adapted to fabricate the polymer composite. Dur-
ing the fabrication process required quantity of glass fiber was cut and placed inside 
the mold and the mixture of a matrix (Epoxy and 10 wt.% of hardener) and fillers 
were added with reinforcement at 90 °C temperature and 14 Mpa pressure used to 
extract composite plate and placed 8 h inside the mold [38, 39]. Table 1 describe the 
composition of polymer composite specimen.

Material characterization

Each cured composite plate was cut as per ASTM standards to test the mechani-
cal properties such as tensile, flexural and impact tests with five specimens in each 
combination. Tensile tests were performed as per the ASTM D3039 standard [3] 
by a universal testing machine at room temperature, the tensile strength, Young’s 
modulus and elongation of the specimen were evaluated from the stress versus strain 
curve. Flexural tests were performed as per the ASTM D790 standard by a univer-
sal testing machine (Dak system Inc.) at room temperature at the head velocity of 
10 mm/min. The three-point flexural testing technique is used to evaluate the flexural 
strength and flexural modulus. Impact tests were performed as per the ASTM D256 
standard by impact tester digital model at room temperature at a 135-degree release 
angle of a pendulum. ASTM D2344 standard is used to carry out interlaminar shear 

Table 1  Composition of 
developed composite

Specimen Glass fiber 
(wt.%)

Epoxy (wt.%) Graphene 
(wt.%)

SiO2 (wt.%)

1 40 60 0 0
2 37.5 60 0.5 2
3 35.5 60 0.5 4
4 33.5 60 0.5 6
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strength test for fabricated composite. In this work, the average of all the evaluated 
results was used for its statistical reliability. The samples used for testing is shown in 
Fig. 1.Scanning electron microscope (SEM) machine used understand the fractured 
surface morphology of tested composite plate. Bruker Alpha 11, Fourier transform 
infrared spectroscopy is used to confirm the function group presence. NETZSCH, 
STA 2500 regulus thermal simulator is used to perform thermogravimetric analysis 
on developed composite to understand its thermal stability Si–O–Si.

Results and discussion

FTIR of developed composite

Figure 2 show the FTIR of filler reinforced composite containing 6 wt.% of silicon 
dioxide. Strong peak near 1050  cm−1 and 800  cm−1 is related to stretching vibration 
of Si–O–Si bond in the  SiO2 network. Broad peak at 1050  cm−1 infer the asymmetric 
stretching vibrations of Si–O–Si and Si–O–H bonds. Weak peak at 960  cm−1 implies 
symmetric stretching vibration of Si–OH bonds these peaks confirm silicon diox-
ide presence. FTIR peak at 1516  cm−1 is commonly associated with the stretching 
vibration of aromatic ring (C=C bonds). The peak at 1609  cm−1 confirm the pres-
ence of C=N Stretching is related to graphene; The FTIR peak at 2876  cm−1 is typi-
cally associated with the stretching vibration of aliphatic C–H bonds. It indicates the 

Fig. 1  a–d Composite specimens a 0 wt.% filler b 2 wt.% filler c 4 wt.% filler d 6 wt.%
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presence of sp3 hybridized carbon atoms bonded to hydrogen in aliphatic hydrocar-
bon chains. These functional groups facilitate crosslinking reactions, leading to the 
formation of strong interfacial bonds and further enhance the intermolecular interac-
tions that assist in improving the strength of the developed composite [40–42].

Tensile strength of the composite

Figure 3a, b illustrates the impact of fillers on the tensile behavior of the compos-
ite and displays the image of the tensile specimen after testing. It is evident that 
the addition of filler demonstrates a significant improvement in tensile strength 
from 0.08 to 0.256 kN/mm2, which is three times higher than that of the base matrix 
materials. This improvement is likely attributed to the combined effects of silicon 

Fig. 2  FTIR of composite with and without addition of fillers

Fig. 3  a Tensile strength of composite b Image of specimens after tensile tests
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dioxide and graphene. Graphene, with its high surface area and excellent compat-
ibility with both polymers and glass fibers, plays a crucial role. The addition of 
graphene to the composite enhances the interfacial bonding between the polymer 
matrix and the glass fibers. This enhanced interfacial bonding results in better stress 
transfer between the matrix and the fibers, consequently leading to an improved ten-
sile strength. Furthermore, the inclusion of silicon dioxide contributes to the load-
bearing capacity, aiding in the more even distribution of stress across the composite. 
This reinforcement effect enhances the load transfer between the glass fibers and 
the matrix, resulting in an improved tensile strength. Additionally, an increase in 
silicon dioxide reduces the likelihood of fiber-matrix debonding and fiber pull-out, 
thereby enhancing the overall integrity and tensile strength of the composite.[43, 
44]. The presence of graphene and silicon dioxide enhances the ability to form an 
effective barrier network. This barrier effect inhibits crack propagation and hinders 
the growth of cracks originating from the glass fibers. However, the addition of filler 
beyond 4 wt.% results in a decreasing trend in strength, potentially due to poor wet-
tability (insufficient bonding).

Flexural strength of the composite

The influence of silicon dioxide on flexural strength, along with the tested composite 
specimen, is shown in Fig. 4a, b. It is evident that the addition of silicon dioxide 
enhances the flexural strength of the base resin matrix from 313 to 561 MPa. The 
combined effect of graphene and silicon dioxide improves the interfacial bonding 
between fibers and resin, facilitating effective load and stress transfer and ultimately 
leading to an enhanced flexural strength. These hybrid fillers are uniformly dispersed 
throughout the matrix, preventing the formation of voids and reducing porosity in 
the composite. The overall increase in composite density contributes to improved 
crack resistance and toughness during flexural conditions. Acting as additional load-
bearing elements alongside glass fibers, these hybrid fillers play a vital role in load 
transfer and stress distribution during flexural loading, effectively reinforcing the 
developed composite. The presence of silica and graphene particles enables them 
to endure applied loads before transferring them to fibers, thereby increasing the 

Fig. 4  a Flexural strength of composite b Image of specimens after flexural tests
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flexural strength of the composite [37]. These hybrid fillers possess a high modulus 
of elasticity, being inherently rigid and resistant to deformation. This characteris-
tic enhances the flexural modules of base matrix from 11.5 to 29.7 GPa. The rigid 
nature of the fillers helps resist bending and maintain the composite’s shape under 
flexural loads, resulting in an increase in flexural modulus. Similarly, the inclusion 
of fillers in GFRP composite restricts the deformation of the matrix under bending 
loads. These rigid fillers impede the movement of polymer chains, reducing the pol-
ymer’s tendency to deform easily. This restriction on matrix deformation contributes 
to an increase in the flexural modulus of the fabricated composite [45, 46].

Impact strength of developed composite

Figure 5a, b showcases the effect of fillers on impact strength and the tested spec-
imens of the composite. During testing conditions, increase in addition of filler 
from 2 to 6 wt.% helps in absorbing and dissipating energy, reducing the risk of 
sudden fracture and increasing the impact strength up to 10.3 J/m. The obtained 
results align well with those reported by Naveed Anjum et al., [29] who observed 
that increasing the addition of silicon dioxide up to 7.5  vol.% led to a 3.8  J/m 
increase in impact strength of epoxy glass fiber composites. In our study, addition 
of silicon dioxide up to 6 wt.% resulted in an impact strength of 10.3 J/m. This 
significant improvement could be attributed to the synergistic effects of hybrid 
fillers, namely graphene and silicon dioxide. Hybrid graphene and silica fillers act 
as crack arrestors during impact loading, impeding crack propagation by blunt-
ing and deflecting cracks, preventing them from propagating through the compos-
ite.[47]. The inherent rigidity of fillers allows them to absorb impact energy and 
distribute it more uniformly throughout the composite, thereby reducing stress 
concentrations and enhancing impact strength. Similarly, the addition of fillers 
hinders crack paths and promotes crack deflection, with silica particles assisting 
in limiting the extent of damage caused by the impact load. This controlled crack 
propagation improves impact strength by preventing cracks from propagating rap-
idly [48, 49]. Furthermore, the addition of silica particles helps limit deformation 

Fig. 5  a Impact strength of composite b Image of specimens after impact tests
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in the polymer matrix, aiding in maintaining its shape and structural integrity 
during impact loading. This improved dimensional stability contributes to better 
impact resistance of the composite [50, 51].

Interlaminar shear strength of developed composite

From Fig.  6 it can be shown that increasing silica dioxide increase the shear 
strength of the developed composite. It might be due to the affect effect of hybrid 
fillers it has high surface area and improve the bonding between matrix and rein-
forcement. Addition of filler from 2 to 4 wt.% improves load transfer across the 
interface, thus increasing the interlaminar shear strength up to 28  MPa. These 
fillers assist in effective distribution and transfer stresses between the layers of 
composite more effectively, resulting in improved interlaminar shear strength. 
The addition of silica dioxide can help reduce microcracking within the compos-
ite. Microcracks can initiate at the interfaces between the epoxy and glass fibers, 
weakening the material. By enhancing the interfacial adhesion it can reduce the 
propensity for micro cracking. Silica dioxide can also contribute to the toughness 
of the composite. When the developed composite is subjected to shear forces it 
improves the toughness and can resist delamination and deformation more effec-
tively, leading to higher interlaminar shear strength. However, higher loading of 
silica reduces the flow ability of epoxy resin during the fabrication process. This 
can result in incomplete wetting of glass fibers, inadequate resin impregnation, 
and poor interfacial bonding, thus strength decreases. Xu Zhaohong and Zhao 
Haojie noted a consistent pattern of both increase and decrease in interlaminar 
shear strength when introducing silicon dioxide (0 to 9 vol.%) into a polymethyl 
methacrylate matrix [52].

Fig. 6  Effect of  SiO2 on inter-
laminar shear strength
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Fracture surface of tensile samples

The fracture surface of the composite, shown in Fig.  7a, d, offers insightful 
observations under varying loads. In Fig.  7a, the presence of pullouts signifies 
that glass fibers within the composite fail to reach their maximum loadbearing 
capacity. This indicates suboptimal interfacial bonding, resulting in lower tensile 
strength. When subjected to stress, cracks may initiate and propagate around the 
fibers or particles. Importantly, the reinforcing elements may not fully fracture; 
instead, they may partially or entirely pull out from the matrix material, leading to 
debonding at the fiber/matrix or particle/matrix interface. Figure 7b underscores 
the crucial role of silica in establishing connections between the glass fibers and 
the matrix. This facilitates the transmission of tension and shear forces through 
bridges formed by the fillers. Moving to Fig.  7c, a distinctive river-like pattern 
emerges under high-stress conditions. This pattern suggests that the composite 
undergoes shear forces exceeding its strength, resulting in a brittle failure fracture 
[45]. Matrix cracking is observed, depicting the occurrence of brittle failure.

Fig. 7  Fracture surface of composite with a 0 wt.% b 2 wt.% c 4 wt.% d 6 wt.%
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When the material is subjected to a load, the matrix undergoes localized stress 
concentrations, resulting in the formation of cracks within the polymer matrix itself. 
These cracks propagate through the matrix material and can ultimately lead to the 
overall failure of the composite. Surface notifications indicate fiber breakages, likely 
caused by excessive loads. During testing conditions, the fibers experience stresses 
that surpass their tensile strength. These stress concentrations significantly amplify 
the local stresses experienced by the fibers, leading to their fracture. Debonding is 
also inferred, potentially due to the incompatibility between the fillers and matrix 
materials. X-ray mapping of the composite is shown in Fig.  8a–d it confirms the 
presence of fillers. In this mapping, the dark violet color represents carbon, and the 
light color exposes the presence of silicon.

Thermal stability of developed composite

Thermal stability and activation energy of composite can be infer using thermo-
gravimetric analysis as shown in Fig.  9. It can be depicted that addition of filler 
from 2 to 6 wt.% decrease the weight loss and improve the stability of base matrix 
from 396 to 514 °C. Herein, degradation initiates after 289 °C and for base matrix 
the thermal degradation occur near 248  °C. For the developed composite 45% of 
degradation occur between the temperature ranges from 289 to 510 °C. However, in 

Fig. 8  a–d EDS/X-ray mapping of composite
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case of base matrix 50% degradation completes before reaching 440 °C, the shifting 
in thermal stability might be the after effect of graphene and silica addition. Incor-
porated of these hybrid filler in matrix forms a network that inhibits the transfer of 
heat. This thermal barrier effect helps to reduce thermal conductivity, limiting heat 
flow and increasing the thermal stability composite. Large surface area of graphene 
allows for effective heat transfer across the material. By enhancing heat dissipation, 
the addition of graphene helps to maintain a stable temperature distribution within 
the composite, reducing the risk of thermal degradation this fact be further infer 
from the graph that degradation of composite are stable form 420 to 859 °C. Sil-
ica exhibits relatively low coefficient of thermal expansion that undergoes minimal 
dimensional changes with temperature variations. This fact reduces the mismatch in 
thermal expansion between the silica filler and matrix [53]. This reduced thermal 
expansion mismatch helps minimize the generation of thermal stress and improves 
the overall thermal stability of the composite. Increasing addition of silica results in 
improvement in activation of energy from ~ 24.2 to 31.5 kJ/mol. Increase in activa-
tion energy is represent the presence of energy barrier that must be overcome for 
thermal decomposition. The higher the activation energy, the less likely it is for ther-
mal degradation reactions to initiate. This indicates a higher level of thermal stabil-
ity, as the material requires a higher temperature or a longer exposure time to reach 
the activation energy threshold for decomposition. Increase silica addition increase 
the activation energy that depicts thermal degradation reactions require more energy 
to initiate [53]. This might be the reason for increase thermal stability of composite.

Conclusion

Graphene and silicon dioxide filler reinforced epoxy glass fiber composite is fabri-
cated using compression molding. The developed composites are tested for mechan-
ical and thermal stability. The attained results are as follows:

Fig. 9  Thermo-gravimetric 
analysis of developed composite
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1) Addition of silicon dioxide up to 4 wt.% improve the tensile strength of matrix 
from 0.08 to 0.25 kN/mm2 and its flexural strength from ~ 313.5 to 561.5 Mpa.

2) Increase in silicon dioxide increases the impact strength and ILSS up to 10.3 J/m 
and 28 MPa.

3) Occurrence of fiber pull out and debonding are notified in fracture surface of 
composite that reveals the occurrence interfacial failure.

4) Thermal analysis result depicts that 50% degradation occur after reaching 859 °C 
and 29.3% improvement in activation energy.

5) This developed composite can be used in structural and roofing sheet applications.
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