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Abstract: Glass fabric/polymer composites are widely used in various industrial applications due to their lightweight, exceptional strength, and fatigue resistance. Graphene nanoplatelets, a recently developed type of carbon material, stand out as unique nanofillers due to their 2D quantum confinement and expansive surface area within a polymer matrix. These features make them more effective than traditional carbon nanofillers at enhancing a range of properties. In this study, 3-weight % of graphene nanoplatelets with epoxy resin were used for investigation by varying sonication durations (0, 20, 40, and 60 min) using an ultrasonic bath sonicator. The laminates were made using the hand layup technique followed by compression molding to reduce the void content. Mechanical and dynamic mechanical characteristics of the fabricated nanocomposites were investigated. Tensile strength, Tensile modulus, and Flexural modulus were increased by 12.63%, 10.76%, and 32.55%, respectively, when the sonification duration was 40 min. The dynamic mechanical analysis at 1, 5, and 10 Hz frequencies to study the viscoelastic behavior of samples. From dynamic mechanical analysis, the sample with a 40-min sonication duration was observed to have better properties than the other samples.
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1  Introduction

A wide variety of materials have been utilized in the design and manufacturing of numerous engineering applications. These materials vary from those that have been available for centuries (copper, cast iron, brass) to those that have only recently been developed (composites, ceramics, high-performance steel, etc.) [1,2]. A composite material comprises two or more synergistic microconstituents that differ in physical form or chemical composition. Their main advantage is that they combine the properties of their substances, resulting in mechanical behavior that is superior to that of the initial materials [3–5]. Suitable glass fiber orientation and compositions resulted in the desired characteristics and functionality of Glass Fiber Reinforced Polymer (GFRP) composites comparable to steel, with larger tensile strength than aluminum and lower relative density than steel [4,6]. The polymer composites are reinforced with nanofillers as platelets with thicknesses of the order of 10–9 m. Because of the longer interfacial area between the nanofillers and the polymers, polymer nanocomposites have distinct physical and mechanical properties. Various nanofillers added are Graphene, Graphene Oxide, Carbon nanotubes, etc. Graphene nanoplatelets comprise layered 2-D graphene sheets with excellent electrical, thermal, and mechanical properties [7]. Graphene nanoplatelets are newly developed carbon materials. Graphene nanoplatelets are unique nanofillers because of their 2D quantum confinement and high surface area in a polymer matrix, making them superior to conventional carbon nanofillers in their capacity to adjust most properties [1,8]. The mechanical performance of fiber-reinforced epoxy composites was improved when GnPs were included into the polymer matrix [9,10].

Carbon nanomaterials have been recognized for developing massive agglomerates because of their large surface area and significant van der Waals forces. Therefore, dispersing these substances in a viscous media, such as in polymer solutions is a difficult task. Poor dispersion of carbon nanomaterials diminishes their effectiveness as reinforcement by reducing crosslinking density and causing nanoparticle slippage under load. This results in a decline in the composite properties compared to the neat matrix [11]. The dispersal method has a major impact on the structure of GnPs leading to the development of residual strains and defects in composites [12]. Sonication is one of the most frequent methods for dispersing graphene nanoparticles. The sonication method is widely used in two forms: sonication bath and probe sonication; it changes the morphology of the graphene, giving it a wrinkled application [9,13,14]. Dynamic mechanical analysis is one of the most efficient methods for investigating the mechanical characteristics of materials, as it allows for the study of rheology at various temperatures, frequencies, or loadings. These experiments in practice can determine storage modulus, loss modulus, Tan D, and glass transition temperature (Tg). Many amorphous polymers are hard and stiff below this temperature but soften once they reach it [15,16]. In this work, an attempt was made to study the dynamic mechanical analysis of GnPs/GFRP composite by varying the sonication durations in the preparation of the GnPs reinforced epoxy resin, and 3 weight % of GnPs was taken for various sonication durations because of its better mechanical properties [17].

2  Experimental Section

2.1 Materials

A bidirectional glass fiber mat of 360 g/m2 was used as reinforcement in this study. The matrix material, bisphenol-A-based epoxy resin (LY556) with 1.15 to 1.20 g/cm3 density at 25°C and hardener (HY951) with 0.95 to 1.05 g/cm3 density at 25°C was used to fabricate the laminates. The glass fabric, resin, and hardener were purchased from Javanthee Enterprises, Chennai, India. In addition, with bisphenol-A-based epoxy resin, the GnPs (grade C-300) with 300 m2/g surface area, relative density of 2 to 2.25 g/cm3, particle size of less the 2 µm in length, and few nm thickness were added to satisfy the base of the nanocomposite. The graphene nanoplatelets (GnPs) were purchased from Sigma-Aldrich Chemicals Private Limited, Banglore, Karnataka, India.

2.2 Methods

2.2.1 Fabrication of Graphene nanoplatelets/Glass fabric/Epoxy nanocomposite

Graphene nanoplatelets (GnPs) reinforced epoxy resin was prepared with 3 wt% GnPs. Initially, after adding GnPs to the epoxy resin, a mechanical stirrer was used for 25 min to improve the homogeneity of the nanoparticles in the polymer resin [10]. Agglomeration can still happen at the nanoparticle-resin interface, even after mechanical stirring. Because of the weak interface between GnPs and epoxy, no transfer of load to the nanofiller is possible. Because of this, nanofillers act as stress concentrators, which results in nano-mechanical composites being less effective. To enhance the dispersion of nanoparticles in the resin, sonication was used here. Sonication is the process of sending sound waves of high frequency through a combination of discrete elements to blend them [18]. So, the GnPs added epoxy resin is prepared through a sonication process. Sonication reduces the size of the clusters when the GnPs are mixed into the matrix material [19,20]. Here, a sonication bath was employed so that the present research work can be easily adapted to large-scale industries. In this study, the Sonication duration for preparing GnPs reinforced resin was varied as 0, 20, 40, and 60 min. The other parameters in the sonication bath, such as power and frequency, were kept at 100 W and 28 KHz, respectively. As per the manufacturer’s recommendation, the prepared GnPs/epoxy resin was combined with the hardener at a weight ratio of 10:1. Then, a mechanical stirrer was used to mix the resin for 5 min to ensure homogeneity. Four-layer bidirectional E-glass fabric of 360 m2/g was used as reinforcement for the laminate preparation. The hand layup method was used to fabricate the laminates, which were then subjected to a compressive load of 5 kg to improve compaction. The laminates were kept at ambient temperature for 24 h to allow for drying and bonding [21]. The diagrammatic representation for the preparation of the resin, laminate fabrication, pictorial representation of the inner structure, and testing specimens preparation is illustrated in Fig. 1. Here, the GnPs are homogenously distributed into the glass fabric/epoxy nanocomposites.
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Figure 1: Illustration of GnPs/glass fabric/Epoxy nanocomposite fabrication

a) GnPs of 3 percentage weight ratio to epoxy is measured.

b) Mechanical stirring of the GnPs added resin for 25 min at 200 rpm.

c) Sonication of GnPs mixed resin at various durations like 20, 40 and 60 min.

d) Mixing of hardener into the sonicated resin and manual stirring for 5 min.

e) Fabrication of 4-layer bidirectional glass fiber (360 gsm) with GnPs mixed resin by using Hand Layup Technique.

f) The pictorial representation of the inner structure of the GnPs/glass fabric/epoxy laminates is illustrated.

g) Specimens for Mechanical Characterization and Dynamic Mechanical Analysis.

2.2.2 Mechanical Characterization

In this investigation, a computerised Universal Testing Machine with a 50 kN load cell was used. In accordance with the ASTM 3039/3039M standard [22], with the following dimensions: 126 mm × 13 mm × 1.8 mm using a water jet machine. The test was conducted with a test speed of 2 mm/min with a gauge length of 50 mm. End tabs were used since the specimen thickness was less than 2 mm, as recommended by the ASTM Standard. As per the ASTM D790-03 std [23], flexural testing specimens were cut with the following dimensions: 126 mm × 13 mm × 1.8 mm using water jet machining. With a span length of 52 mm, the 3-point flexural test was conducted at a test speed of 2 mm/min.

2.2.3 Dynamic Mechanical Analysis (DMA)

This analysis primarily uses the storage modulus, loss modulus, and loss factor to identify the viscoelastic properties of a material. It characterizes the relation between stress and strain in the elasticity area. The mechanical properties like tensile strength, flexural strength, tensile modulus, and flexural modulus were studied for the various GnP percentages with various sonication durations, and from the observations, it is decided that the laminate with 3% GnPs will have optimal mechanical characteristics in comparison with other combinations [17]. The dynamic mechanical analysis of Graphene nanoplatelets (GnPs)/GFRP composite was performed with a HITACHI DMA7100 machine. In this study, four samples with 3% graphene nanoplatelets and the time spent for the sonication during the preparation of the GnPs/epoxy resin were taken as 0, 20, 40, and 60 min. The rectangular specimens for DMA were prepared as per ASTM D5023 std. and taken for analysis [24]. The specimens were tested in three-point bending mode by varying the temperature range from 25°C to 160°C at 1, 5, and 10 Hz frequencies.

3  Results and Discussion

By varying the sonication period, composites with glass fabric and GnPs reinforcement were produced. The samples were examined in accordance with ASTM standards. The study that looked at how the duration of the sonication affected the composite’s viscoelasticity is discussed below.

3.1 Tensile and Flexural Behaviour of Graphene Nanoplatelets/Glass Fabric/Epoxy Composites

Fig. 2 presents the Stress-Strain curves from tensile testing, offering a visual depiction of the material’s response under tension. These curves elucidate critical mechanical properties such as elasticity, yield strength, and ultimate tensile strength. Analyzing these graphs helps in assessing the material’s suitability for various engineering applications. Fig. 3 illustrates the impact of sonication duration on the mechanical behaviour of the 3% GnPs/glass fabric/Epoxy nanocomposites. The process of sonication is instrumental in improving the bonding between GnPs and the matrix material. Tensile strength progressively rises to 12.63% as the sonication duration increases from 0 to 40 min, and the pattern reverses from 40 to 60 min sonication duration. In general, higher dispersion of nanofillers inside the polymer matrix is achieved with longer sonication periods. There’s usually a maximum duration for sonication, after which excessive sonication can cause filler agglomeration or damage, which could reduce mechanical qualities. As the sonication time increases from 0–40 min, the agglomerates of the nanofiller are broken down to ease the dispersion of the fillers [25]. Better dispersion creates more effective load transfer channels, which can improve mechanical qualities like modulus and tensile strength. The primary reason for this improvement is that the load transfer and stress distribution are more effectively achieved due to improved dispersion and interfacial adhesion between the nanofillers and the polymer matrix. Better dispersion can increase the strength of the composites by lowering the possibility of weak spots and stress concentrations in the material. Because of their large surface area and significant van der Waals forces, GnPs tend to aggregate into large clusters with an increase in duration beyond an optimum value [26,27]. Sonication initially helps in reducing the agglomeration till 40 min of sonication, and the GnPs begin to be fractured with longer sonication. Tensile modulus progressively rises up to 14.35% with the increase in sonication duration from 0 to 60 min. Flexural strength gradually decreases to 12.05% when the sonication duration increases from 0 to 60 min. Sonication modifies the surface morphology of GnPs, which in turn affects the flexural properties of nanocomposites. During sonication, the surface structure of GnPs is transformed from planer to wrinkled [12,20]. Due to the wrinkled surface, there are areas of significant tension concentration when a vertical bending force is applied. As the duration of sonication increases, the wrinkly surface of GnPs becomes sharper, resulting in a decrease in flexural strength. Flexural modulus increases up to 32.55% with the progressive rise in sonication duration from 0 to 40 min, and the pattern reverses from 40 to 60 mm sonication duration. A similar kind of observation was also observed in various studies [28,29].
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Figure 2: Stress-Strain curves of the 3 wt% GnPs/GFRP laminate prepared using various sonication duration (a) 0 min, (b) 20 min, (c) 40 min and (d) 60 min
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Figure 3: Effect of sonication duration on the mechanical properties of the 3 wt% GnPs/GFRP laminate

3.2 Dynamic Mechanical Analysis

An essential tool for characterising polymer nanocomposites is dynamic mechanical analysis or DMA. It evaluates mechanical characteristics such as viscoelasticity, damping, and stiffness, revealing the effects of nanofillers on overall performance. It assesses filler dispersion, an essential component of reinforcing effectiveness. Given that these composites behave differently depending on the environment, DMA is essential for measuring characteristics at various temperatures and frequencies.

3.2.1 Effect of Sonication Duration on Storage Modulus (E′)

Storage modulus (E′) represents the ability of the polymer material to store energy during the loading cycle and is related to the stiffness of the material. Fig. 4 illustrates the effect of temperature on the storage modulus for the sample of 3% GnPs at 1, 5 and 10 Hz frequencies. The storage modulus (E′) plot has four distinct regions (Glassy, Transition and rubbery and finally the viscoelastic) as the temperature rises. The composite structure is extremely rigid in the first stage because the molecules are tightly packed together. In the second stage, it was observed that polymeric chain motion occurs above the glass transition temperature (Tg) in the second glass transition phase, resulting in a lower storage modulus (E′). The movement in the polymeric chain will influence the stiffness and reinforcement/matrix bonding. In the third stage, due to the increased polymeric chain movement at the elevated temperature, there was no significant variation in E′ (rubbery plateau) [30]. Because most of the polymer chains freeze at lower temperatures (>60), stiffness significantly decreases in glassy regions of the composites, where E′ has its peak value [31]. Furthermore, it was noticed that E′ increased as the frequency increased from 1 to 10 Hz. Sonication has a significant influence, as evidenced by the rise in E′ at all frequencies. A dramatic decrease in storage modulus for the composites above the Tg was observed in the transition region. This could increase the molecular mobility caused by composite softening, which reduces stiffness at higher temperature [32]. In the elastic zone, where long polymer chain movement occurs, a smaller change of frequency can possibly be identified at elevated temperatures. At its lowest value, E′ was nearly constant. The frequency could become ineffective because it is unable to influence the motion of polymer chains at higher temperatures. Storage modulus rises with frequency in the following sequence in all cases: E10Hz > E5Hz > E1Hz. The rise in storage modulus with frequency was observed because polymer composite segments have less relaxation time for increasing the frequency. An additional cause for this outcome could be that the movement of polymer chains is lesser at higher frequencies, which increases stiffness, i.e., storage modulus [32,33]. Further, from the plot, the increase in the sonication time up to 40 min increases the crosslinking, which attribute to the increase in storage modulus values [34].
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Figure 4: Effect of sonication duration on storage modulus of 3 wt% GnPs/GFRP laminate at (a) 1 Hz (b) 5 Hz (c) 10 Hz

The effectiveness coefficient (C) of nanofillers was calculated to check the adhesion effectiveness and can be represented below:


C=EG′/ER′(Composite)EG′/ER′(Resin)

where EG′ and ER′ are the storage modulus values in the glassy and rubbery region, respectively. The C value was calculated at the c and 100°C. Table 1 shows the maximum value of C obtained for the samples without sonification, and the lowest value is observed for 40 min of sonication time. The lower the value of C, the better the adhesion between filler and matrix. It is significant to note that the packing of the polymer chains and the strength of the intermolecular forces are the main factors influencing modulus in the glassy state [33]. This shows that an increase in the sonication duration of up to 40 min increases the interface and, thereby, the modulus.
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3.2.2 Effect of Sonication Duration on Loss Modulus (E′′)

When comparing various systems at the same strain amplitude, the loss modulus E″ is a measurement of the energy lost as heat per cycle of sinusoidal deformation. It is the imaginary portion of the complex modulus and shows the viscous reaction of the materials as a result of the motion of the composite’s molecules. Loss modulus is the viscous response of the material and is more sensitive to the molecular movement. Fig. 5 illustrates the effect of temperature on the E” for the sample of 3% GnPs at various frequencies. At higher temperatures, the loss modulus curves reach a maximum and afterwards begin to decline, indicating that the polymer chains can move freely. Fig. 6 shows that at temperatures below the glass transition, the loss modulus peak values decrease with increasing sonication duration. Also, it was observed that with an increase in time, the loss modulus plot also broadens till 40 min of sonication time, and then it starts to narrow down. This broadening of the plot increases the glassy region because the fibres’ surrounding matrix differs physically from the remainder of the matrix, fibre, matrix, and immobilized polymer layer matrix [35]. Tg of viscous material is also a very useful parameter. Tg values derived from the highest peak of E′′(T) plot at various frequencies can be seen; E″ rises until it reaches its Tg and then goes down. E′′ increases as frequency increases. Additionally, as the frequency increased, the peak of the E″(T) plot was shifted to a higher temperature with a higher Tg value. Tg value increase with frequencies could explain the lower mobility of polymer chains at higher frequencies. Furthermore, the flow duration of the composite materials was shorter at high frequencies, increasing the value of E″. These findings are consistent with previous findings [36]. The loss modulus curve widening indicates a larger order range. A more widespread or elevated glass transition behaviour could result from improved limitations on the amorphous phase. Different physical states in the matrix around the fibre prevent molecules from moving freely, similar to an interlayer effect, which causes additional transitions.
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Figure 5: Effect of sonication duration on loss modulus of 3 wt% GnPs/GFRP laminate at (a) 1 Hz (b) 5 Hz (c) 10 Hz
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Figure 6: Effect of sonication on TanD of 3 wt% GnPs/GFRP laminate at (a) 1 Hz (b) 5 Hz (c) 10 Hz

3.2.3 Effect of Sonication Duration on Loss Factor (TanD)

The loss factor (TanD) is the proportion of scattered and stored energy, i.e., TanD = E″/E′. The greater the Tan delta peak, the more and more energy is lost, resulting in significant non-elastic deformation, and it is also related to the impact resistance of the material. When the reinforcement is incorporated into a matrix, damping is influenced. Because of the increased viscoelastic energy dissipation in the matrix material, shear stress concentrations at the reinforcement ends are mostly to blame. A further explanation might be the fibre’s elasticity. The TanD vs temperature of the sample with frequencies of 1, 5, 10 Hz is depicted in Fig. 6. In the sample without sonication, the value of Tg can be observed from the highest peak of the TanD plot at different frequencies. When the frequencies increase, the TanD value increases, and the Tg value increases. The Fig. 6 shows the damping properties of the nanocomposite, TanD is proportional to the ratio of energy dissipated to energy stored, called the loss tangent or damping factor. The decrease in loss factor values indicates an improvement in the interfacial bonding of composite materials. The interface adhesion decreases as the damping at the interfaces increases. The fibre primarily controls the strain such that there is less strain at the interface, which is thought to be the more dissipative part of the composite. The plot shows that the loss factor value decreases with an increase in the sonication duration. Also, observed that the sonication process widen the plot until 40 min duration. Hence, in a composite reinforced with nano fillers, inefficient packing occurs at lower sonication duration. As a result, there are more matrix-rich areas, which makes it simpler for the bonding to break at the interface. The adjacent fillers and fibres will stop the growth of cracks when the fibres are packed closer together. The polymer system’s nature can be inferred from the tan delta peak’s magnitude. The glass transition temperature without sonication is 80°C, and the Tg value slowly increases with the increase in the sonication time and reaches a maximum of 90°C at 40 min sonication due to enhanced interface bonding due to the proper distribution of the filler in the matrix [32]. Sonication also increases the crosslinking between the molecules, and the addition of fillers restricts the free movement of it. Further increasing the duration of sonication to 60 min results in the creation of hot spots and has a plasticising effect. Other than those of the constituents, the molecular movements in the interfacial area typically contribute to the material’s damping [24].

4  Conclusion

Graphene nanoplatelets (GnPs) reinforced glass fiber/bisphenol-A-based epoxy nanocomposite laminates with 3 wt% GnPs content (of epoxy) were developed. The sonication duration for the GnPs/bisphenol-A epoxy resin preparation varied: 0, 20, 40, and 60 min. Mechanical characterization revealed that a sonication duration of 40 min yielded the best results, demonstrating enhancements in the nanocomposite properties. Specifically, there was a 12.63% increase in tensile strength, a 10.76% increase in tensile modulus, and a 32.55% increase in flexural modulus. Dynamic mechanical analysis further supported these findings, indicating a beneficial effect of sonication; the highest improvements were noted in the storage modulus (E′) above the glass transition temperature (Tg) with 40 min of sonication. Additionally, the loss modulus curve became broader at this duration, suggesting improved adhesion at the interface, and the glass transition temperature shifted from 85.08°C to 93.39°C.
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Table 1: The value of effectiveness C

S1. no. Sonication time (Min) C

1 0 0.94
2 20 0.91
3 40 0.87
4 60 0.89
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