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Abstract

:

In recent years, many researchers have focused on the preparation of carbon and basalt fiber-reinforced composites. As a result, the composites have gained popularity as an alternative to traditional materials such as wood, steel, and aluminum. Carbon and basalt fibers were used in a bidirectional woven mat, with particulates varying from 0 to 15 wt% nanoparticle SiC. The hybrid laminates were fabricated through vacuum bag infusion methods. The novelty of the research work lies in studying the influence of nanoparticle SiC-combined carbon and basalt fibers arranged in six stacking sequences, with LY556 used as polyester matrix. Specimens were prepared and tested as per ASTM standards. Tensile, flexural, impact, and hardness tests were performed on the obtained specimens and average values were obtained. It was found that 15% SiC filler addition enhanced (20%) the mechanical properties. Scanning electron microscope photos revealed the bonding between the fiber mat and the matrix of thecrystal structure. The obtained tensile strength was 346 MPa and the flexural strength was 388 MPa. Dynamic mechanical analysis showed that mechanical properties were improved with the addition of 15% SiCnanoparticles. Hence, this method can be used to manufacture structural applications and automotive parts.






Keywords:


carbon/basalt fiber; SiC nanoparticle; mechanical properties; crystal structure; nanostructure analysis












1. Introduction


Polymer matrix composites (PMCs) are lighter in weight and have high stiffness and strength. Because of their better properties in comparison to conventional materials, fiber-reinforced polymer composites are gaining popularity in contemporary industrial applications. Future developments are centered on the development of hybrid composite materials that can replace wood, plastic, and other materials. In this study, a thorough review of the relevant literature was conducted to determine the appropriate content selections and identify research gaps. Dynamic mechanical analysis was conducted to study the mechanical properties of the PMCs.



DMA frequency scans were used to investigate the melt behavior of polymeric materials. DMA can determine Young’s modulus, elastic limits, yield strength, linearity, breaking time and temperature, toughness, and maximum dynamic stress by measuring strain. Fibers made of carbon and basalt crate were developed using a projection method and the correlation between fiber density and properties such as the elastic modulus and the bending strength were determined. It was found that the mechanical and thermal properties of the composite material improved with an increase in density [1].



Because of their lightweight and superior mechanical characteristics, carbon fiber-reinforced composites with polymer matrix were studied as a potential replacement material for traditional metals in aerospace and automotive applications. This article will discuss the steps involved in placing the specimen by hand. Properties such as tensile strength, hardness, and impact resistance were characterized using various ASTM standards. Basalt fibers, which exist in different shapes, were used to strengthen polyester resin, which served as the matrix material in this investigation [2].The relationship between various polymer matrices was studied, and it was found that the common presumption that filled modules irrespective of the matrix is wrong, thereby explaining the apparent underachievement of graphene in some situations. The factors that affect nanocomposites were also carefully investigated, and it was found that graphene addition increases the material characteristics even at low loads. Nanocomposite materials based on graphene have been recognized for their potential for innovation [3].



Carbon fiber (CF) composites could be replaced by metals for structural applications, but the material’s high price has slowed its adoption. Synthetic composites with the desired mechanical characteristics may be created by mixing CF with basalt fiber in a reasonable amount. The diffusion, tensile strength, flexural strength, and impact resistance of the hybrid composites were examined, along with the effect of carbon and basalt fiber stacking systems. After placing salt water and hand-laid composites at room temperature for 90 days, the materials were ready for use. Compared to untreated composites, treated composites showed better mechanical properties. The hybrid composites were found to have the greatest dry flexural strength (490 MPa) [4,5].



The hybrid composite’s diffusion coefficient in salt water was 44% lower than that of the CF reinforced by a simple epoxy matrix [6]. The tribological properties of epoxy composites containing 0, 0.2, 0.4, 0.6, and 0.8 wt% carbon nanofibers (CNFs) were investigated. The experimental results revealed that epoxy composites containing 0.4 wt% CNFs showed the minimum friction coefficient and reasonable wear resistance [7]. This work intended to present a critical analysis of the current status of basalt FRC materials based on the data available in the literature, with an emphasis on the increasing trend in basalt composite research and publications. In addition, this article also discusses the physicochemical and mechanical properties of basalt fibers.



The novelty of this article is reinforcement with filler addition to examine the mechanical properties, which are changed and updated in this article. Previous literature is referred to and cited in this article, but using different materials—the filler materials have been varied in this article (0–15%). Research gaps pertaining to different types of natural fibers made using the hybridization method were identified from the literature. The novelty of this research work was the study of the influence of SiC nanoparticle-reinforced fiber and basalt fibers alternatively arranged in six stacking sequences, with LY556 used as polyester matrix. The hybrid fiber-reinforced composites outperformed individual fibers in terms of strength and rigidity. Aramid Kevlar fiber had excellent thermal heat resistance and CF had better strength compared to other natural fibers. When all three fibers were evaluated and an alternate stacking sequence was used to manufacture the hybrid composite laminate, the tensile and thermal characteristics were improved. It was found that these mixed composite materials could be used for roofing and structural applications [8].




2. Reinforcements and Fabrications


2.1. Reinforcement Used


For this study, a bidirectional woven mat with 300 GSM woven carbon and basalt fiber was prepared. Materials were obtained from M/s. SM Composites in TamilNadu, whereas filler particles were obtained from Sigma-Aldrich Chemicals, Porur, Tamil Nadu, India. The physical characterization of CF was determined by the production process when polyester is used [9]. Figure 1 shows carbon, basalt, and nanofibers used as reinforcements for composite fabrication.



Figure 1 shows the equipment and tools used for fabricating composite. Synthetic fibers with good mechanical properties are widely and easily available. The fiber mat allows the polyester resin to flow between layers and increase the bonding capacity. To make glass, carbon and Kevlar fiber mats, measuring 300 mm in length and 300 mm in width, and 210 g fiber were used. General polyester was used as a catalyst and accelerator [10,11,12]. The matrix ratio of 10:1:1 resin and hardener provided the dual purpose of acting as a binder and curing the hybrid composite. Various properties of carbon and basalt fiber and polyester matrix are shown in Table 1 [13]. Polyester is used as matrix martial because it has low viscosity, low density, low cost, and mechanical properties similar to an epoxy matrix. Basalt fiber has greater impact strength, carbon fiber has greater strength compared to glass fiber, and polyester has better mechanical properties, so new developed hybrid composites will have better mechanical properties for structural applications and automobile parts.



The size of the SiC is 10 μm. The advantages of filler addition to the hybrid composite include low density, high strength, good thermal, higher hardness, and lower wear properties. These properties have increased their demand for structural applications in the fields of aerospace, civil engineering, military, motorsports, and other sports equipment manufacturing.




2.2. Preparation of Composite Laminates


Reinforced polymer laminates (250 mm × 250 mm × 6 mm) were constructed using SiC nanoparticles as filler and a fiber-reinforced mat (basalt fiber), which was prepared with six layers of bidirectional carbon. Different stacking sequences used in manufacturing are shown in Figure 2.




2.3. The Vacuum Bag Infusion Method


Figure 2 and Table 2 show the arrangement of six types of composite laminates. In the S1 sample, all six layers used only basalt; the S2 sample was fabricated with only carbon fiber; the S3 sample was fabricated with alternative layers of basalt and carbon fiber; and samples 4–6 were developed using alternative carbon and basalt layers with filler materials. Figure 2 shows the arrangement of six types of composite laminates. In the S1 sample, all six layers used only basalt; the S2 sample was fabricated with only carbon fiber; the S3 sample was fabricated with alternative layers of basalt and carbon fiber; and samples 4–6 were developed using alternative carbon and basalt layers with filler materials. Vacuum infusion mold setups were prepared. The bottom surface was preparing with release agent wax. Neat fibers without filler and with filler SiC nanoparticles of six stacking sequences were used. Six laminates were fabricated by changing the weight percentage of the fiber volume fraction. C/B/C/B/C/B with polyester was used a bonding agent. Filler-added SiC nanoparticles at5–15 wt% were prepared. Various laminates fabricated are shown in Figure 3. Finally, they were covered with a plastic sheet using a sealant tape. One end of the corner was attached to a vacuum pump to suck the additional resin from the mold [14,15,16]. Two bar pressure was maintained for 8–10 min. After removal of excess resin, the composite laminate was opened, and a hot-air oven was used to dry them. After curing for 24 h, a 25 kg weight needed to be maintained. Figure 4 shows the fabrication of composite materials and different hybrid composite laminates [17].



Figure 4 shows composite shield speared using varied stacking sequences. Tensile, flexural, impact, and DMA specimens were prepared in accordance with ASTM standards. The specimen’s size was 65 mm × 12.7 mm × 3 mm. The DMA experiments were carried out at temperatures ranging from −30 to 200 °C following ASTM Standard D4065-12. A dynamic automated temperature analyzer was used to calculate the storage modulus (E1), the loss modulus (E2), and the mechanical loss factor (tan delta) as a function of temperature (T). The specimens used to perform the DMA test are shown in the figure [18,19].




2.4. Inference on the Vacuum Bag Infusion Method


The vacuum bag infusion outperforms the hand layup approach in various ways. The advantages include a higher fiber-to-resin ratio, a lower resin demand, use of consistent resin, and an infinite setup time. Vacuum bagging can minimize drying time and voids while enhancing composite material characteristics.



The vacuum bag removes the excess amount of resin, but this depends on a number of variables including reinforcement, resin, and processing time. Figure 5 shows the SEM image of the composite produced using the vacuum bagging method. A sufficient quantity of resin was prepared by adding polyester resin and hardener at an appropriate ratio. The composite was made by applying the polyester resin slowly [20,21,22,23,24]. It was ensured that the air does not become trapped to create blowholes. An even unidirectional vacuum pressure was applied while using the vacuum pump and the vacuum bagging process. This ensured that the binders were properly distributed during the reinforcement. Thus, the composite produced had minimum defects. During manufacturing of the composite, no anomalies occurred due to error although nano-cracks were observed at specific places in the composite. Then, no-cracks occurred because of stress during the thermally induced expansion (exothermic reaction) of the binder during the setting of the adhesive.




2.5. Experimental Setup


The purpose of the test was to ascertain not only the quality of the material but also the manner in which it failed when subjected to the load applied. UTM was the equipment used in this investigation to assess the mechanical characteristics of the materials. The grip was changed to a three-point bend configuration so that all of the tests—tensile, impact, flexural, and hardness—could be carried out on the same machine. The impact resistance and hardness of the composite laminates manufactured were evaluated with the assistance of an Izod impact testing machine and a Shore D hardness testing apparatus, respectively. The results of each mechanical characterization experiment were based on the evaluation of three samples, and the mechanical properties were determined by taking the average of three evaluations. To facilitate comparisons of the mechanical properties of the hybrid laminate combinations, the combinations were termed S3, S4, S5, and S6, while the two remaining versions of the neat composite laminates were coded S1 and S2, respectively, in hybrid polymer matrix composite (HPMC) [25,26,27,28].





3. HPMC Results and Discussion


3.1. The Tensile Strength of the Composite Samples Produced


To investigate the impact that vacuum bag infusion exerted on the strength properties of the composites, mats containing carbon/basalt fibers as reinforcing materials were subjected to a variety of stacking sequences during tensile testing. The changes in the tensile strength of the manufactured composite laminates with different sequencing configurations are shown in Figure 6. Fibers that do not modify in any way, as well as alternative fibers with a varying wt% of nanoparticles, can be used in the preparation of polyester matrix composites. Each sequencing combination had a greater tensile strength compared to polyester bonding agents as a comparison material [29,30,31]. When compared to other arrangements, the composite prepared using the CBCBCB sequencing with 15 wt% SiC showed the maximum tensile force of 346 MPa.



The tensile modulus of the CBCBCB sequencing composite laminate increased by 10% (from 320 to 334 MPa) due to incorporation of nanoparticles as an outer reinforcing material. This was in comparison to the fracture toughness of the CBCBCB sequence. It was observed that incorporating carbon fillers into composites results in an improvement in their tensile properties. A comparison of the tensile strengths of several composite materials is shown in Figure 6. Regarding the mechanical properties, the laminate with 15% filler between layers showed the strongest tensile strength of 346 MPa. S2 has a maximum strength of 280 MPa when compared to pure laminates. In contrast, the CBCBCB composite laminates, S3, S4, and S5, showed enhanced mechanical qualities due to an intermediate bonding film connecting fiber and particulate filler material. There was a 20% increase in the strength [32,33,34,35]. After discovering that the composite had the stacking sequence CBCBCB, it was decided that the experimental findings be discussed using subheadings with a clear and concise summary of the findings, their interpretations, and the inferred implications.



3.1.1. Visual Representation of Fractographical Tensile Fracture Specimens


Figure 7 is a scanning electron microscope image of the surface topography of a deformation composite specimen. Matrix cracking, fiber breaking, fiber pullout, and peeling between both the matrix and the fiber are seen [36,37,38].




3.1.2. Breakage of the Fiber Due to an Increase in the Transverse Stress


Samples 1 and 5 share the identical loading matrix, minus any unnecessary padding components. Weight distribution and sharing for specimens with 60% fiber composites were significantly inadequate in this study. Matrix fracture due to transverse load was addressed by agglomeration, which was conceptually similar to the uneven additional filler distribution in the laminate sample. Nano voids, broken fibers, and particles in a separate region besides the composites were discovered by the scans. Weaknesses occurred in both tensile and flexural rigidity, but when placed in a polyester resin, the hybrid fibers improved the mechanical qualities because the tissues no longer absorbed water. The SEM image further showed that the presence of microparticles was the principal reason for cracking under stress [39].





3.2. Flexural Characteristics of the Composites


The bending strength of carbon with basalt strands as reinforcement fibers in mat form was evaluated with the inclusion of SiC in a variety of stacking sequences. The purpose of this was to evaluate the impact that a chemical treatment exerts on the flexural strength of a material. The differences between clean laminates and hybrid composites containing filler components are illustrated in Figure 7. Even without the addition of filler in the composite material, the prepared hybrid composites showed sufficient flexural strength. This was due to the isotropic character of the woven fibers.



The flexural strength of composites containing plain basalt fiber was significantly lower than that of their equivalents. The composite that did not include any filler had the weakest flexural strength, measuring 165 MPa. This was compared with the composite that had extra SiC filler in each and every fiber, which measured 388 MPa. Because the fibers could not assist in the absorption and transmission of the applied load, the weight was borne almost entirely by the resin and the fibers themselves. The bonding strength was used to perform a strength comparison of several different composites. Using particles as the filler, the reinforcement material showed a 5% increase in strength properties when there were three intermediate layers of carbon. Similarly, it was found that increasing the percentage of carbon fillers contributed to an increased flexural strength. The results of the experiments revealed that the flexural properties of the composites were improved due to the use of the SiC filler. However, basalt fiber exhausted its capacity to sustain the applied load. This led to an insignificant decrease in the flexural strength. In this study, the composite material with SiC filler and substrate between fibers demonstrated the greatest elasticity modulus of 380 MPa. The polyester substrate of single synthetic fibers contributed to an improvement in the material’s flexural strength. The tensile and flexural strengths were at their greatest in the CBCBCB sequence, which indicated that the material’s carbon content contributed to its increased strength. The technical explanation is that the outer layer of carbon fiber has greater stiffness and strength due to the strong interfacial connection of matrix and reinforcement. This approach fulfills the requirements for surface strength and durability. The bending stress and the elastic modulus increased as the silicon carbide concentration increased [40,41,42].




3.3. Fractographical Image of Flexural Fracture Specimens


Figure 8 illustrates the compression that occurs after a fracture takes place in a composite material with the layering sequencing CBCBCB. It also demonstrates the compression that occurs in its counterparts prepared using fibers. It is clear from the pictures that the collages and the threads together created holes in another area. The flexural load-bearing capability of the hybrid composite was negatively impacted as a result of this.



Hybrid composites have a much greater flexural strength than single-reinforcement composites. The bending strength of composites made with all three reinforcing materials in a variety of stacking sequences with fillers showed an increase of 5–10% compared to fiber-reinforced composites. The flexural strength of composites made with the fiber stacking sequence CBCBCB was 388 MPa, the greatest of any stacking sequence tested. They failed the water absorption test with only a few minor issues. In the stacking sequences, a thin stranded carbon fiber was typically used as filler between the carbon strengthening components. This mixture, together with the longitudinal orientation of the agglomerate, resulted to equal distribution of the applied stress throughout the layers, increasing its ability to withstand external weight [43,44,45,46].




3.4. Impact Composites Characteristics


To perform and track the energy storage capabilities of a material, an Izod impact test was conducted. Forces of impact are seen to vary widely in Figure 9. The impact strength of hybrid composites S3–S6 is low compared to that of S1. To increase the impact strength, it is thought that the addition of successive layers of identical reinforcing fibers can increase stiffness [47]. All six layers of basalt threads and alternately stacked basalt fibers in ordinary laminated S2 and hybrid composite S1 boost the impact strength. Composite material S6, with sequentially layered basalt fibers placed between carbon fibers, absorbed the maximum energy (15 J) in any of the tested materials. Similarly, S3 structures included alternately stacked basalt strands and sandwiched basalt fibers [48,49,50].



As for impact absorption, the carbon fiber was on par with pure basalt fiber at 3 J. The composite material laminates provide maximum impact energy compared to ordinary basalt and carbon fiber [30,31,32]. The polyester matrix can withstand up to 13 J of force because of a modified stacking sequence (CBCBCB).




3.5. Hardness Characteristics of Composites


The hardness of the six hybridized and two simple composite laminates made from basalt or carbon fibers in this investigation is shown in Figure 9. Of the 37 specimens tested, the one reinforced with different layers of fiber reinforcement (S1) had the softest surface (lowest shore-D hardness). Similar materials with different layers of carbon fiber (S2) have a hardness of 50 [33,34,35,36]. We obtained a maximum of 74 by changing the stacking of the hybrid composite.



It would appear that basalt fiber can take on more abrasion than regular basalt fiber. However, hybrid composites based on the S5 and S6 systems can theoretically achieve S6 levels of hardness. This demonstrates how hybridization affects the strength of the resulting composite laminates.




3.6. Dynamic Mechanical Analysis


Figure 10 displays the dynamic mechanical study of a PMC [37,38,39]. This figure demonstrates how the storage modulus, E, of the analyzed composites varies due to temperature. The decrease in the storage modulus among all composites may be related to an increase in the deformability of the polymerization. This phenomenon is observed when the temperature is increased from its initial state.



The results of a dynamic mechanical analysis of a polyester matrix composite are depicted in Figure 10 [27,28,29,30]. They demonstrate how the composites experience a variation in their storage modulus, denoted by the letter E, as a function of temperature. When the temperature increases, the molecular mobility of the polymer chains increases, which causes the storage modulus of all composites to drop. Tan delta, also known as loss angle or dissipation factor, is a cable diagnostic tool used to measure the integrity of cable insulation [46,47,48]. This is used to determine the remaining life expectancy of a cable system under test and to prioritize scheduled maintenance, replacement, or rejuvenation. The storage modulus of an elastic solid measures its resistance to deformation. Hooke’s law, which asserts that extension increases with force, is connected to the proportionality constant between stress and strain. The storage modulus is 3000 MPa for S6 hybrid composite materials [48,49,50].



It is based on other research recommendations and different additives. We followed the same trends. When more additives were added, agglomeration occurred, thus the microstructure study that additives were uniformly distributed. The research work results showed that the composite with 15% filler content shows good mechanical properties [51,52,53].



The future scope of the study will use X-ray crystallography, the experimental science determining the atomic and molecular structure of a crystal, in which the crystalline structure causes a beam of incident X-rays to diffract into many specific directions. Fourier-transform infrared spectroscopy (FTIR) as a technique used to obtain the infrared spectrum of the absorption or emission of a solid, liquid, or gas may also be studied.





4. Conclusions


The following inferences were made using the results of the tension, bending, shock, toughness, dynamic mechanical, crystal structure, and morphological tests: the S6 specimen had the best properties. A polyester matrix consisting of 15 wt% SiC nanoparticles had a far greater tensile strength (346 MPa) than samples 1 and 2 and hybrid compositions. As a result of the reinforcement of the polyester matrix with filler SiC particles at 15 wt%, the flexural strength of the resulting composition was enhanced to 388 MPa, much above the initial failure strength of laminates. The filler content in the polyester matrix determines the tensile and flexural properties of the material. At an impact strength of 15 J/s, the performance of the polyester matrix without filler materials decreased by 20% when reinforced with SiC nanoparticles compared to neat and hybrid specimens (0, 5, 10, and 15 wt%).



Adynamic mechanical analysis was used to compare the storage modulus and the loss modulus of the polyester resin. Following the manufacture of fiber-reinforced composites, the fractography of laminates was conducted. Several fiber mats and polyester matrix interfaces were analyzed using SEM for evaluating the flexural and tensile strengths of the specimens. Particles containing additives exhibited a number of defects, including fiber pullout, matrix deboning, voids, fiber breakages, and delamination; nevertheless, the inclusion of SiC improved the bonding interaction between the fiber and matrix by as much as 50%. These tests and studies prove that carbon/basalt polyester composites reinforced with 15 wt% SiC filler are superior to polyester in every way. Fish boat hulls, structural components, and vehicle components can be made with the new HPMCs.
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Figure 1. Reinforcements and equipment used for fabricating composites (a) fibers, (b) matrix, (c) tools and equipment. 
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Figure 2. Different stacking sequences used for fabrications. 
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Figure 3. Preparation of composite materials using the vacuum bag infusion technique. 
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Figure 4. Fabricated and prepared composite samples with varying stacking sequences (a) fabricated Laminates; (b) cut test sample. 
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Figure 5. SEM image of the S4, S5, and S6 hybrid composites before testing. 
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Figure 6. Tensile and flexural strength of hybrid laminates. 
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Figure 7. SEM image of S5 and S6 laminate after fracture. 
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Figure 8. SEM images of the S5 and S6 hybrid composites after flexural test. 
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Figure 9. Impact and hardness of the hybrid laminates. 
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Figure 10. DMA properties of S3 with 15 wt% and without SiC composite laminates. 
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Table 1. The physical characteristics of reinforcements.
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	Reinforcements
	Stability (MPa)
	Young’s

Modulus

(GPa)
	    Density   ( g /   m  3  )    
	Poisson’s

Ratio
	Weave Type





	Basalt
	2000
	72.35
	2.5
	0.2
	woven



	Carbon
	4000
	75.8
	1.9
	0.3
	woven



	Nano SiC
	241
	70.25
	1.7
	0.2
	particulate
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Table 2. Composition specimen layering.
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	Samples
	Orientation Fiber
	Arrangement
	% of Matrix
	% of Fibers
	Total wt% of Composite





	S1
	BBBBBB
	Polyester
	60
	40
	100



	S2
	CCCCCC
	Polyester
	60
	40
	100



	S3
	CBCBCB
	Polyester
	60
	40
	100



	S4
	CBCBCB
	Polyester

+5% Sic
	55
	40
	100



	S5
	CBCBCB
	Polyester

+10% Sic
	50
	40
	100



	S6
	CBCBCB
	Polyester

+15% Sic
	45
	40
	100







B—basalt fiber; C—carbon fiber.
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