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Abstract

:

The usage of basalt fiber in the engineering industries has gained significant interest due to its characteristics such as alkali resistance and enhanced mechanical properties. Similarly, E-glass-fiber-reinforced composites have been widely used in the fabrication of electrically resistive industrial components such as switches, circuit panels, and covering cases. In the present study, the tensile, flexural, thermogravimetric, and low-velocity impact characteristics of various percentages of basalt/E-glass-fiber-reinforced polymer composites fabricated via vacuum-assisted resin transfer molding were investigated. The results show that a higher volume percentage of basalt (39%) significantly enhances the impact resistance up to 45% with a moderate improvement in flexural properties. The higher the vol % of E-glass (40%), the more the tensile and flexural properties are increased, i.e., 185 N/mm2 and 227.87 N/mm2, respectively. It is concluded that by choosing the optimum hybridization method, impact resistance and other mechanical properties can be improved significantly. The thermogravimetric analysis results show that PC313534 (35 vol % basalt and 34 vol % E-glass) possesses the lowest decomposition temperature of 381.10 °C. The results from the present study indicate that the polymer composite fabricated in the present study is suitable for applications where higher structural-load-resistive properties are required.
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1. Introduction


Basalt is mined and melted with no additives to fabricate filaments or fabrics. But not all basalts can be filamented, as its mineral and chemical levels differ by geographical area. A research report published by the Fraunhofer Institute for Microstructure of Materials and Systems, Germany, says that basalt fibers are a real alternative to glass fibers and carbon fibers. Birkner et al. [1] fabricated a novel silicatic polymer matrix that contains mineral glass fibers and basalt. The composite fabricated through the twin polymerization method demonstrated that 25% stiffness and 260% storage modulus increases can be gained from this material. Research from Bauer et al. [2] evaluated the performance of basalt fibers supplied by seven different companies in terms of crystallites, fiber chemistry, diameter distribution, and the occurrence of defects. The notable point from the authors is that mechanical strength is reduced by crystallites that act as defects in the fibers. Wolter et al. [3] investigated carbon-, glass-, and basalt-hybridized polybenzoxazine composites and reported that the inclusion of basalt increases the flame resistance characteristics. The interest in using composite materials in the construction industry and in marine, defense, and aerospace applications has increased considerably over the past few decades due to the materials’ strength, tailorability, and strength-to-weight ratio. The crucial parameters such as the thickness of laminates, fiber type, sequence of fiber laminates, boundary conditions, and resin matrix determine the impact response of fiber composites under varying loads. To this end, fiber hybridization provides tailored characteristics such as mechanical, electrical, and thermal properties with respect to primary and secondary reinforcements.



A study on flax- and basalt-fiber-reinforced vinyl ester resin matrix hybrid composites conducted by Fragassa et al. [4] reported that improved mechanical properties were obtained when basalt fibers were located in the outermost layers of the laminated composites. Masoud et al. [5] evaluated the impact of thickness in a basalt–Kevlar composite and reported the impact resistance of the composites. A study from Malik et al. [6] reveals that basalt rocks are the best to use in blast-resistant structural design as they have high compressive and fatigue resistance. Boria et al. [7] investigated flax- and basalt-reinforced thermoset vinyl ester composite for its impact resistance characteristics, and the authors observed 60% increase in impact resistance. A similar study conducted by Sarasini et al. [8,9] reported the post quasi-static impact test results of basalt–carbon-fiber-reinforced composites.



Zivkovic et al. [10] evaluated the impact energy and moisture absorption of basalt- and hybrid-flax-reinforced composites. Soares et al. [11] reported the advantages of reinforcing unsaturated polyester matrix with basalt fibers, where the variation in the distribution of the fiber–resin matrix showed reduced mechanical properties. Yuan et al. [12] evaluated the interfacial bonding and shear stress effects on basalt-fiber- and steel-fiber-reinforced concrete and reported that the use of steel fibers along with basalt fibers is better for concrete applications. Ferrante et al. [13] investigated and reported the low-velocity impact resistance of a basalt–glass fiber–aluminum composite. A study by Lapena et al. [14] reported that basalt fiber–glass fiber hybridization increased tensile strength by 45% and interlaminar shear strength by 11%. A study by Atmakuri et al. [15] on hybridization with basalt, E-glass, and graphite reported that hybrid fillers are better than single fibers. Also, they reported that basalt fibers have higher strength than glass fibers. Plappert et al. [16] reported the effect of surface modification using epoxysilane for the improvement of the fiber–matrix interface. Nayan [17], Vijayan et al. [18], and Natarajan et al. [19] revealed that the mechanical properties of laminated composites can be improved by managing the stacking sequence and arrangement of the fibers. Omid Sam-Daliri [20] developed glass fiber particle (1.75 mm filament)-reinforced polypropylene and assessed the mechanical properties through filament testing, and reported that the process methods and parameters significantly impact the properties of short-fiber-reinforced composites. In a similar vein, Yundong Ji [21] examined the flexural behavior of siloxane-modified epoxy/phenolic composites reinforced with glass fiber after heating. They reported that the addition of phenylpropylsiloxane-modified epoxy increased the room-temperature flexural strength by 70% and the post-heat flexural strength by 115%. In contrast, phenolic composites with dimethylsiloxane-modified epoxy exhibited a 44% reduction in room-temperature flexural strength, but a 117% increase in post-heat flexural strength.



In contrast, Yunfu [22] employed a unidirectional approach to examine the Weibull parameters of the material under different initial strain rates (25, 50, 100, and 200 s−1) and six temperatures (Ω25, 0, 25, 50, 75, and 100 °C). The study found that the tensile strength increased linearly by approximately 49.1% within the strain rate range of 1/600–200 s−1, while the toughness increased significantly (about 109.7%) when transitioning from quasi-static loading (1/600 s−1) to dynamic loading (25 s−1). There has been a surge in the use of polymer composites in a variety of technical sectors. On the other hand, the long-term service performance of such materials under harsh circumstances is still not well known, which hinders the development of designs that are both safe and economically efficient [23]. To enhance the physical and mechanical attributes of the material, Mario [24] conducted immersion experiments by combining carbon and basalt fiber. Throughout the experiment, it was discovered that FRP-LVL exhibits enhanced mechanical properties after being immersed in water for 48 h, particularly when bonded with PVAc adhesive. The PVAc-CF sample exhibited superior performance, with a 19% reduction in thickness swelling.



To this end, the authors of this research article aimed to investigate the stacking sequence of basalt–E-glass-reinforced polymer composite and report the characteristic effects of hybrid fiber reinforcement. Although research on various hybrid polymer composites has gained significant interest in the past decade, studies on basalt/E-glass-reinforced epoxy matrices still remain limited. Mechanical behavior such as flexural, tensile, and low-velocity impact properties and the thermal stability of the composite are presented and discussed.




2. Materials and Methods


2.1. Sample Preparation


Plain-woven E-glass and basalt-220.1270.P fabrics with areal densities of 240 g/m2 and 160 g/m2, respectively, were purchased from CF Composites, Mumbai, India, while the epoxy polymer matrix bi-component LY 556 and hardener W152 LR were purchased from a local supplier. The properties of the epoxy resin, basalt, and E-glass fabrics, as received from the supplier, are summarized in Table 1 and Table 2.



Plain bidirectional woven basalt and glass fabrics were used in the proposed research in order to limit the laminate’s slipperiness and delamination [25]. The epoxy resin and hardener were mixed and homogenized in a standard ratio of 3:1 in the pre-processing stage. The hybrid polymer composites with varying volume fractions of basalt and E-glass fibers (300 mm × 300 mm mold size) were fabricated using the vacuum-assisted resin transfer molding process (VARTM). Prior to the fabrication, wax was applied onto the base of the mold plate as a release agent. The basalt fiber fabric and E-glass fiber fabrics (300 mm × 300 mm) were arranged manually in the open mold one over the other up to the desired thickness of 3 mm. Once the fabrics were stacked, peel ply and breather fabric were placed over the stack and the entire setup was sealed using a polythene bag and sealant tape. The epoxy resin mixture was then allowed to flow through the fabric layers at a pressure of 0.1 bar. A vacuum pump at the pressure of 0.1 bar transferred the resin matrix from the reservoir and allowed the resin to flow through the fabric layers; excess resin was collected in a catching pot. Once the resin had evenly spread, the fabricated laminate was cured at room temperature for 24 h followed by heat treatment in a hot oven at 50 °C for 2 h.



For ease of understanding, the basalt fiber fabric and E-glass fiber fabric were designated as B and G, respectively. The fiber fabrics were stacked in the sequence of B-G-B-G-B-G-B-G-B, symmetric about neutral axis, where the basalt fiber fabric made up the outer layer with the E-glass fiber fabric in the core. The fiber–matrix volume fractions of different hybrid configurations were calculated using Equation (1).


   V f  =     W B & G    ρ  & G          W m     ρ m    +    W B  +  W G     ρ B  +  ρ G       



(1)




where: f—fiber, m—matrix, W—weight, ρ—density, B—basalt fiber, G—E-glass fiber.



Table 3 summarizes the thickness of the laminates and the various volume fractions of the basalt/E-glass/epoxy polymer configurations. Designation PC303040 refers to the polymer composite (PC) with 30 vol. % of epoxy matrix, 30 vol. % basalt, and 40 vol. % of E-glass. The specimens were then cut using water jet machining for various mechanical tests as per ASTM standards. Figure 1 shows a schematic representation of the stacking and fabricated samples.




2.2. Method of Research


Uniaxial tensile test specimens were prepared as per the ASTM D638 standard [26] and tests were performed using a servo-controlled universal testing machine (Instron 8801) Norwood, MA, US with a speed rate of 0.001 to 1.000 mm/min, ±100 kN (22,500 lbf) axial force capacity, and patented dynacell load cell feature compensation for inertial loads caused by heavy grips and fixtures. Three samples were tested in each configuration to measure the tensile strength, yield strength, and ductility. Flexural specimens, as per ASTM D790 (80 mm × 13 mm × 3 mm) standards [27], were tested using the same machine at a cross head speed of 4 mm/min. In order to analyze the effect of impact load on the specimens in both horizontal and vertical conditions, both Izod and Charpy tests were conducted. An Izod test, as per ASTM D256 [28], and a Charpy test, as per ASTM D6110 [29], were conducted using an AIT-300N impact tester with 600 mm of pendulum swing, 18.7 kg striking hammer weight, and up to 10 m/s of impact velocity. Field-Emission Scanning Electron Microscopy (FE-SEM) was used to analyze the fractured samples to understand the failure due to load at different magnifications. Thermogravimetric analysis was performed (model: PerkinElmer 2.0, TGA 4000, optimized with Pyris Software) at a maximum temperature of 600 °C in order to calculate the mass changes with respect to the raise in temperature.





3. Results


3.1. Tensile Test


Figure 2 shows the ultimate tensile stress and percentage strain values of all five configurations upon tensile loading at a 0.1 s⁻¹ strain rate. PC323929 (E-glass fiber: 29 vol. %) has the lowest tensile strength of 103.61 MPa, while PC303040 (E-glass fiber: 40 vol. %) has the highest tensile strength of 185.19 MPa. The results show that the strain to corresponding tensile stress varies gradually over an increase in the volume of E-glass fiber. The 78.73% improvement in tensile strength can be attributed to the reinforcing effect of the E-glass fiber; when polymer composites are subjected to loading, the glass fibers act as load carriers to transfer the load from the matrix along the fibers [25]. Long-Cheng Tang et al. [30] reported that neat epoxy possesses about 66 MPa tensile strength, which is around 300 % lower than PC303040. This, in turn, results in uniform stress distribution and, hence, the enhanced strength of the composite. It is also noteworthy that a higher reinforcement of basalt into the matrix restricts the tensile ability of the composite. A loss of ductility was also observed in PC323929 (basalt 39 vol. %) where it was nearly 83% lower in strength than PC303040, which could be due to the lower Si content in the basalt. The current research findings are different from some published results [31] where either basalt fibers or E-glass fibers were used. Though these authors reported that the tensile strength of basalt-fiber-reinforced epoxy composite is higher than that of E-glass-fiber-reinforced composite, the combination of basalt and E-glass fabrics with different proportions along with the epoxy matrix greatly impacts the stiffness of the basalt fabrics. The hybrid composite results in a higher resistance to pulling forces before the material succumbs to that force [30].




3.2. Flexural Test


Figure 3 shows the flexural strength of the composites with varying filler compositions. From Figure 3, it can be seen that PC303040 (E-glass 40 vol. %) showed the highest bending strength of 227.87 MPa and the highest bending strain of 3.39%. The reported flexural strength of the composite is ≈128% higher than neat epoxy, which has a flexural strength of 99.88 MPa. In fact, it can be observed that all composites exhibited higher flexural strength than neat epoxy. The reported flexural strength was attained at the maximum filler content of E-glass fiber (i.e., 40 vol. %), but at the lowest concentration of basalt fiber, i.e., 30 vol. %. An increase in the basalt fiber content in the polymer reduced the flexural properties of the composite. This could be due to excess fiber content, which restricts excellent interfacial adhesion and tends to be non-homogeneously distributed, which, in turn, leads to agglomeration. The agglomeration of the fiber results in defects in the internal structure and counteracts the function of the fiber to reinforce the polymer matrix, thus decreasing the strength. Xiane Xiao [32] reported the flexural strength of neat epoxy (81 MPa), which is included in Figure 3 for comparison.




3.3. Low-Velocity Impact Test


Figure 4 shows the test procedure and broken samples after Izod and Charpy impact testing, while the corresponding results are summarized in Table 4. The energy absorption of the laminates gradually increased with the increase in the basalt fiber reinforcement. Similarly, the Charpy impact testing revealed that the hybrid laminate with 39 vol. % basalt showed better energy absorption than the other laminates. During Izod impact testing, the energy of the pendulum is transferred to the polymer composite being tested, and part of this energy is consumed during fracture. The fracture cumulatively undergoes the energy dissipation mechanism due to fiber–matrix interactions such as sliding, debonding, or fiber pull-out. In the present study, the Izod test results show that the higher reinforcement of basalt fiber exhibits better impact energy absorption capability. The 10 vol. % basalt fiber used as reinforcement in the polymer composite improved the Charpy and Izod impact energy absorption by 40–50% and 60–70%, respectively.



It can be postulated that uneven surfaces with striations in basalt fiber may enhance interfacial bonding between the fiber and the polymer matrix. Moreover, SEM images of fractured surfaces (discussed in Section Fracture Surface Analysis) indicate significant debonding and pull-out of fibers, both of which represent an energy dissipation mechanism that can lead to the enhanced impact strength at higher basalt fiber contents. On the other hand, it was noticed that there is lack of impact energy absorption in composite reinforced with 35 vol. % basalt fiber, which may be due to the void or fiber peel-off that may have occurred during the testing or pre-processing stages.




3.4. Thermogravimetric Analysis


Figure 5 shows the Thermal Gravimetric Analysis (TGA) of hybrid basalt/E-glass-fiber-reinforced polymer composites. From Figure 5, it can be seen that all composites reinforced with basalt/E-glass fibers displayed good thermal stability. For example, less than 5% weight loss was reported when all composites were gradually heated up to 320 °C, while less than 10% weight loss was reported for all samples when heated up to 400 °C. However, it is noteworthy that varying the composition of basalt or E-glass fiber had a significant effect on the glass transition temperature (Tg) of the composites, which indicates a possible effect on the physical properties of the composite as well.



For instance, the Tg of PC303040 (E-glass fiber: 40 vol. %) was 369.1 °C, while the Tg of PC 323929 (E-glass fiber: 29 vol. %) was 328.3 °C (i.e., approximately 12.43% higher). The increase in Tg for PC303040 can be attributed to the greater amount of E-glass fiber used; the E-glass fibers effectively restricted the segmental motion of the polymer matrix due to excellent interfacial adhesion with the epoxy matrix. A lower amount of E-glass fiber reinforcement (i.e., 29 vol. %, 33 vol. %, and 34 vol. % E-glass fibers) did not show a significant difference in Tg since the E-glass fiber amount was insufficient to slow down or hinder the molecular dynamics of the composite, which can alter the Tg of hybrid basalt/E-glass-fiber-reinforced polymer composites.





4. Discussion


Figure 6 shows the Ashby scatter plot used to accurately describe and categorize the materials based on their strength-to-weight ratio. Most of the hybrid-fiber-reinforced polymer composites investigated in the present study lie within the composite material region. For instance, composite PC303040 showed a strength-to-weight ratio comparable to glass-fiber-reinforced composites (GFRPs). As a result of the higher strength-to-weight ratio, E-glass–epoxy composites typically show a reasonable degree of flexibility and superior tensile strength. In addition, due to the enhanced modulus of elasticity, basalt fiber also shows greater resistance to fracturing, deformation, and ballistic loading. However, it is noteworthy that the results from the present study can be further improved to achieve composites that consistently show a higher strength-to-weight ratio (i.e., higher than GFRPs) and, in turn, reveal a previously unknown material feature.



The findings from the tensile and flexural studies indicate that increasing the proportion of E-glass fiber improved the tensile and flexural strength, while increasing the fraction of basalt improved resilience to impact. This is because the proposed laminates show both malleable and durable properties. In another study by Elmahdy et al. [33], the properties of woven basalt and E-glass-fiber-reinforced epoxy composites were compared at high strain rates in order to supplement them for auxiliary structural elements of aircraft. The hybridization of basalt and E-glass fiber may enhance the properties of the composite, which can be advantageous for tertiary parts used in aerospace applications.



Fracture Surface Analysis


The fracture analysis using FE-SEM in the present study was conducted on the composite containing 40 vol. % E-glass fiber (PC303040), since this composite exhibits the optimum tensile and flexural properties. Figure 7 shows that the fiber fracture orientations and various defects of basalt fiber and E-glass fiber composites were indicated clearly at magnifications of 250×–1000×. From the SEM images, several defects and failure mechanisms were noticed in the composite, such as voids, pores, fiber pull-outs, and rough matrix surfaces. The findings from the SEM analysis indicate that an increase in the volume percentage of basalt leads to the deterioration of interfacial bonding between the polymer matrix and the reinforcement, as well as an increase in breakdown and the expansion of cracks [34]. Moreover, the increased flexibility suggests the presence of a well-established matrix support connection and favorable wettability. The observed trend can be attributed to the prior treatment and curing process of E-glass and basalt fibers before incorporating them in the polymer matrix [26].





5. Conclusions


Hybrid basalt/E-glass-fiber-reinforced polymer composites with varying fiber fractions were fabricated using vacuum-assisted resin transfer molding (VARTM).




	
The experimental results showed that a 10% higher volume fraction of basalt fiber provides excellent impact energy absorption, i.e., 40–70%.



	
The tensile test results revealed that 40 vol. % E-glass fiber as reinforcement shows better tensile strength than 40 vol. % basalt-fiber-reinforced composites.



	
Similarly, the three-point bending flexural test results depicted that a higher volume fraction of E-glass fiber provides reasonable flexural strength, i.e., 80% higher than other fabricated laminates.



	
The analysis of the results allowed to conclude that 40 vol. % E-glass-fiber-reinforced composites are better for tensile and flexural conditions, while 40 vol. % basalt-reinforced composites are better for applications involving impact energy.



	
During the thermogravimetric analysis, it was noticed that PC313534 (35 vol. % basalt and 34 vol. % E-glass) possesses the lowest decomposition temperature of 381.1 °C. Similarly, samples with basalt and E-glass fiber in almost equal quantities (PC313534—35 vol. % basalt and 34 vol. % E-glass) provide better thermal stability than other compositions.



	
The outcome from the present study can be used in designing composite materials that exhibit high strength-to-weight ratio, which can be useful in defense armors and aerospace applications such as flaps, slats, and fuselages.
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