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Abstract

:

Damage caused by the drilling process is the most common reason for the rejection of composite parts and components that include holes. This is especially true in the case of laminated composites. The purpose of the current experimental investigation is to investigate the efficiency of hole formation when the component is in the molding phase. The mechanical properties of molded and drilled holes in jute-fiber-reinforced epoxy composites have been compared in a study that was carried out with the purpose of conducting an examination of these features. It was discovered that the molded holes operate much better than the drilled holes when it comes to jute fiber/epoxy composite materials. This was the conclusion reached after observing both types of holes. The maximum tensile load that was taken by molded hole specimens of composites with hole diameters of 4 mm and 8 mm was reported to be 48.8% and 101.5% greater, respectively, than the maximum tensile load that was taken by drilled hole specimens of composites with the same diameter. In addition, the load-extension curves demonstrate that the specimens that were manufactured with molded holes were able to achieve a larger degree of extension when compared to those that were manufactured with drilled holes.
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1. Introduction


Natural-Fiber-Reinforced Composites (NFRCs) represent an important category of materials that has the capacity to contribute towards the worldwide objectives of sustainability and environmental preservation. In order to maximize the potential of polymer matrix composite materials, it is essential to establish their high quality and cost-effective processing. While the basic production techniques for producing products based on NFRCs have reached a high level of commercialization, additional research efforts are needed to advance knowledge regarding their secondary manufacturing processes, specifically in the areas of machining and joining. The composite materials are extensively being used in product development. Based on existing methods of fabrication, no method is available for a complete product development process. If these materials are going to be used in any product development, they need secondary operations such as hole making or drilling [1,2,3]. Mechanical joining is one of the best methods of joining two similar or dissimilar types of materials. It provides assembly, disassembly, and easy maintenance of the joints [4,5,6]. The basic requirement of mechanical joining is producing a hole in the adherends for fixing the fastener. The generation of holes requires machining operations such as drilling, punching, and slotting. The drilling process is commonly used for hole making in different types of materials, but the hole-drilling operation in laminated composite materials is a difficult task. Polymer matrix composites are non-homogenous and anisotropic materials [7,8,9]. Their properties vary throughout the thickness of materials. Therefore, it is very difficult to select an optimum process parameter for the drilling of polymer matrix composites. The process of drilling in laminated composite materials results in several flaws, including delamination of the peel-up and push-down type, fractures, fiber pull-out, and fiber burning [10,11,12]. Delamination in composites was observed by Venkateshwaran et al. [13], with the extent of delamination being influenced by process factors, such as cutting speed, feed rate, and drill shape and drill shape materials. When the feed rate and cutting speed increase, there is a corresponding increase in the delamination behavior. In addition to this, the issue of tool wear is a significant concern that arises throughout the process of the drilling of laminated composite materials. The drilling process performed at a sub-optimal parametric setting also increases the magnitude of the thrust force exerted in the case of composite materials. Singh et al. [14] found that the thrust force is influenced by both the feed rate and drill geometry. The augmentation of both the feed rate and the drill tip angle results in an elevation of the thrust force magnitude. In order to reduce the thrust force during the drilling of polymer matrix composites, different tool geometries were used. Debnath et al. [15] found that the parabolic drill tool provides low thrust force and torque as compared to step- and four-facet drill tools. Drilling parameters also depend on the types of reinforcing materials and matrix materials. In that case, it is very difficult to optimize the process parameters for the drilling of each combination of reinforcing and matrix materials [16,17,18]. Therefore, researchers have used a hole-molding operation during the composite fabrication process to produce the hole in laminated composite materials. Numerous tests and analyses have been conducted to evaluate and compare the performance characteristics of molded and drilled holes in synthetic-fiber-reinforced polymer composites. According to the findings of Chang et al. [19], the failure strength of molded hole composites exhibited superior performance compared to that of drilled hole composites. The absence of fiber cutting in the hole-molding process may be attributed to the use of continuous fibers. Yau et al. [20] conducted an experimental investigation to examine the performance of open hole testing in carbon-fiber-reinforced polymer composites (with both molded and drilled holes). The findings of the study revealed that the molded hole composites exhibited superior strength in comparison to the composites with drilled holes. Nejhad et al. [21] conducted an investigation to assess the compressive strength of carbon-fiber-reinforced polymer composites with molded and drilled hole configurations. The findings of the study revealed that the compressive strength of specimens with molded holes was found to be better as compared to specimens with drilled holes. The strength of the composite specimens under loading was attributed to the presence of continuous fiber surrounding the hole. Langella et al. [22] observed that specimens with holes created by the shifting of fibers had a better tensile strength compared to specimens with holes created by punching and drilling procedures. All of the research was conducted using synthetic-fiber-reinforced polymer composites as the primary focus of the investigation. Recent years have seen a surge in the number of studies that concentrate on the creation of natural-fiber-reinforced composites. An exciting area of study interest is the possibility of using natural-fiber-reinforced composite materials rather than synthetic-fiber-reinforced composites to strengthen composite materials. Both of these materials exhibit considerably distinct responses to a wide range of stress conditions, each in its own unique way. As a consequence of this, the findings of the experiments conducted with synthetic fiber composites may not be immediately comparable to those conducted with natural-fiber-reinforced composites. On the subject of the behavior of the hole-molding effect with regard to drilling in natural-fiber-reinforced polymer composite materials, only a few publications are currently accessible. As a consequence of this, a recent study examination was carried out. It is possible for the molding process to cut down on the amount of secondary processing that must be done before composite pieces may be mechanically fastened. During the step of the product development cycle known as primary manufacturing, the holes might be created, if necessary.



Presently, researchers from numerous fields, including science and engineering, are focusing their attention on the possibility of using natural fibers in place of synthetic fibers in a variety of products with both structural and non-structural applications. As a consequence of this, both the scientific community and the policies of the government are lobbying for the use of natural fibers. Jute is produced in greater quantities in India than any other country. Because of this, the use of jute fibers in the manufacturing process of composites that include the reinforcing of natural fibers inside polymer matrices is rather common. The manufacture of composite materials relies heavily on the process of linking the various component parts together. In order to explore the effect that hole diameter has on the tensile strength of composite laminates, specimens with molded and drilled holes were constructed with sizes of 4 mm and 8 mm, respectively. In addition, the joint strength of molded and drilled hole specimens with a diameter of 4 mm was measured and analyzed for a lap joint arrangement.




2. Material and Methods


2.1. Raw Materials


Go Green in Chennai, India provided the woven jute fiber that was purchased by the company. Before the manufacture of polymer composites, the fibers were cleaned and then allowed to dry in the sunshine. These fibers were used in the production of composite materials as reinforcement. After the dirt had been removed from the fiber mat, it was cleaned and then dried in the sun for a period of two days. The mat was preheated in an oven at a temperature of 90 °C before the composite was made. Epoxy was decided upon as the substance for the matrix. It was packaged in two separate containers. Both the liquid resin (Make: Araldite (LY556)) and the hardener (Araldite (HY953)) were contained inside two separate containers. One of the containers held liquid resin. In order to ensure that the epoxy cured correctly, the manufacturer recommended using a volume ratio of 100:10 when combining the resin and the hardener.




2.2. Specimen Preparation


Two wooden plies measuring 2 × 2 sq. feet were selected as mold materials. The mold utilized for the manufacture of composite laminates is shown in Figure 1a. For the purpose of manufacturing molded holes in composite laminates, metallic inserts were employed. Blind holes were bored into the bottom portion of the mold so that the inserts could be secured in place. In order to prevent matrix material from sticking to inserts and wooden molds before they were placed in holes, inserts were wrapped in plastic, and wooden molds were covered in plastic. After that, inserts were secured in the bottom part of the mold that had been previously prepared. In order to ensure that the holes were properly aligned, through-holes had to be drilled in the upper half of the mold in the same place as the hole that had been made in the lower half of the mold. Epoxy, which is a combination of resin and hardener, was placed on top of the fiber mat after it had been cut to the size specified by the mold. During the manufacturing process of composite laminates, a total of four layers of fiber mat were used. During the process of placing the fiber mat, some fibers were moved by hand near the inserts in order to facilitate the creation of the molded hole. Additionally, epoxy-impregnated fiber layers were covered with the upper half of the mold, and a dead weight load of 50 kg was applied to the top of the upper half of the mold in order to ensure that the composite laminate was properly compacted. After leaving everything in place for twenty-four hours, the matrix material was allowed to cure at room temperature, according to the manufacturer's instructions. After the curing process was complete, the composite laminates were removed from the mold, as can be seen in Figure 1b. Both a 4 mm and 8 mm diameter hole were molded into composite laminates before they were produced. Molded hole specimens were created by cutting the manufactured composite laminates, while drilled hole specimens were created by drilling specimens cut from the fabricated composite laminate. Both types of specimens were used in the study. In order to prevent delamination, a drilling operation was carried out using a radial drilling machine with a spindle speed of 3000 rpm and a feed rate of 0.05 mm/rev. The maker of the machine was Batliboi Pvt. Ltd., which is located in Surat, India. Table 1 presents the nomenclature of the specimens. The lap joint was made using a 4 mm mild steel nut and bolt assembly.



In order to assess the maximum tensile load that each individual specimen was capable of supporting during the loading process, an open hole test was carried out on each kind of specimen. In the course of these tests, the length, breadth, and thickness of the specimen were determined to be 150 mm, 25 mm, and 4 mm, respectively (in accordance with ASTM D 5766). The diameter of the holes that were molded and those that were drilled were both subjected to variation so that the impact of the hole size could be evaluated. The universal testing machine (UTM) was used to carry out the evaluations. The loading rate ended up being set at 2 mm per min.





3. Results and Discussion


The method of creating holes in composite materials is almost always a difficult operation. Several drilling-induced flaws in composite materials may be traced back to the anisotropic and inhomogeneous structure of composite laminates [23,24,25]. Researchers from all across the globe have discussed the difficulties that might arise while drilling composite materials. The most typical types of defects that may be caused by drilling include fiber pull-out, push-down type delamination, fractures, and sharp edges surrounding the hole. As a consequence of this, it is imperative to explore and create a technique for producing a hole in a composite material that is free from defects. As a result, the technique of hole drilling was contrasted with the procedure of hole molding in order to identify the superior option. It was discovered that the quality of the molded hole specimens was higher than the quality of the drilled hole specimens. The molded and drilled hole specimens are shown in Figure 2a through 2h. In the instance of the hole that was generated by the molding procedure, there were no uncut fibers, sharp edges, or fractures. In addition, the molding procedure required the holes to be round. However, in the case of specimens with drilled holes, fiber pull-out and push-down types of delamination, as well as fractures, were discovered close to the holes. The smooth and uncluttered surface was also visible on the cut section of the specimen of the molded hole. In addition, an uneven surface, fiber pull-out, and fractures were discovered in the case of cut sections of specimens obtained from drilled holes. In addition to this, it was discovered that the shifting action of the fibers generated by the metallic inserts led to a larger concentration of fibers in the area close to the molded hole sample. The strength of the composite material is affected positively as well as negatively by the high concentration of fibers in the material. During the process of manufacturing, the effect is beneficial if the fibers are impregnated by the matrix material in the appropriate manner. When there is a load placed on the structure, the fibers will take part in the load-bearing process. If the fibers are not correctly impregnated, they will function as stress concentration zones and have the potential to bring about the premature failure of the composite laminate when it is loaded.



The two different methods of creating holes each have their advantages and disadvantages. In one scenario, the poor quality of the hole is caused by drilling-induced damage, and in another scenario, the poor quality of the impregnation of fibers may be caused by a large concentration of displaced fibers surrounding the molded hole. Because of this, specimens produced using both techniques were subjected to further testing to see how they behaved mechanically. In order to determine the impact that the hole diameter has, specimens of two different diameters were created.



3.1. Open Hole Testing


The specimen was securely clamped inside the jaws of a universal testing machine, and a tensile load was then applied. Figure 3 illustrates the highest tensile load that the molded and drilled hole specimens were able to withstand prior to failure. It was found that the molded hole specimens had a greater capacity to withstand tensile load as compared to the drilled hole specimens, regardless of hole diameter. When comparing the specimens without a hole (NHJC) with those of 4MHJC and 8MHJC, it was observed that the latter two exhibited a reduction of 4.04% and 21.6%, respectively, in the amount of tensile load sustained prior to failure. The specimens labeled as 4MHJC and 8MHJC exhibited failure load values that were 48.8% and 101.5% higher, respectively, as compared to the failure load values recorded for the 4DHJC and 8DHJC specimens. The increased failure load values in the case of molded hole specimens may be attributed to the higher fiber concentration around the hole, resulting from the displacement of fibers caused by the metallic inserts during the fabrication process of the composite laminates. Therefore, in the laminates with molded holes, the fibers were not severed, but rather displaced in the vicinity of the hole. Consequently, the number of fibers actively engaged in sharing the applied load was higher. The outcome is an increased magnitude of failure load value observed in the tensile testing procedure. The fractured specimens, after the open hole test, are seen in Figure 2d,h.



The maximum tensile failure load prior to specimen failure decreased for both types of laminated composites (drilled and molded holes) as the diameter of the hole increased. A larger diameter value results in an augmentation of the stress concentration region and a reduction in the effective load-bearing area. Consequently, the specimens experienced failure at an early stage of loading. An increase in 101.5% in the maximum failure load value was observed in 8MHJC specimens as compared to 8DHJC specimens. A comparative analysis revealed a 48.8% incremental increase for 4MHJC specimens as compared to 4DHJC specimens. The reason for the variation between 8MHJC and 4MHJC lies in the larger concentration of fibers in the vicinity of the hole in the former. Cracks were initiated near the midpoint of the hole during tensile testing as a result of higher stress concentration; the cracks subsequently propagated, ultimately resulting in the fracture of the specimen. In the case of MHJC specimens, the specimen did not experience failure in the midpoint of the hole. In this particular instance, the hole remained intact and secure subsequent to the occurrence of a fracture during the testing process. In the context of MHJC, it was observed that the concentration of fibers is much greater in the vicinity of the hole. Hence, the formation of a fracture may be attributed to the presence of stress concentration in the vicinity of the hole, whereas the progression of these cracks was impeded by the fibers. The inclusion of a higher concentration of fibers had a suppressive effect on fracture energy. Cracks were seen to have occurred in a distinct site where resin-rich regions had developed as a consequence of fiber displacement.



Figure 4 displays the load-extension curves for three types of joints, namely for NHJC, DHJC, and MHJC adherends, considering hole diameters of 4 mm and 8 mm. The extension (in mm) values before the fracture were recorded as follows: 2.02 mm, 1.52 mm, 1.04 mm, 1.77 mm, and 1.52 mm for the specimens labeled as NHJC, 4DHJC, 8DHJC, 4MHJC, and 8MHJC, respectively. These findings provide justification for the superiority of MHJC specimens over DHJC specimens in both qualitative and quantitative aspects.




3.2. Lap Joint Testing


The MHJC and DHJC specimens were connected together in a lap joint configuration and put through their paces on a UTM machine so that the strength of the lap joint could be compared between the two types. For the purpose of this experiment, specimens with a hole diameter of 4 mm were chosen for both kinds of composites. Figure 5a depicts the maximum load that was recorded during tensile loading by lap joints of molded and drilled hole specimens, and Figure 5b displays their load-extension curves. Both types of specimens were subjected to tensile strength. When compared to DHJC specimens, it has been shown that MHJC specimens had a greater extension before breaking than the DHJC specimens. The extension for MHJC had an increase that was 14.67% more than expected. Following the completion of the tests, the fragmented 4MHJC specimen is shown in Figure 6.



It was determined that the MHJC joint specimens had a maximum tensile load of 1440 N, whereas the DHJC joint specimens had a maximum tensile load of 1120 N. When compared to the DHJC specimens, the MHJC specimens had a failure load that was 28.6% greater. As can be seen in Figure 7a,b, the fracture process was distinct between the DHJC and MHJC samples. After being subjected to tensile testing, the hole in the MHJC joints was not compromised in any way. The holes in the specimens that had been molded broke around the hole, but the hole in the DHJC sample was damaged during the testing process. Table 2 provides a comparison of molded and drilled holes and lists the results of the analysis in comparison to the present study.



Both a drilled hole with a force of 45 kN and a molded hole with a force of 60 kN showed that the carbon-fiber-based epoxy composites had the highest tensile strength of the two types of holes. The tensile strengths of the drilled hole and the molded hole, which were both made out of glass-fiber-based epoxy composites, were measured to be 19 kN and 35 kN, respectively. It was discovered that these values were lower than those observed in carbon-fiber-reinforced epoxy composites. The tensile strength of the composite materials consisting of aloe vera, banana fiber, and epoxy was 3 kN for drilled hole specimens and 3.3 kN for molded hole specimens when the holes were made via molding. When compared to the epoxy composites based on aloe vera and banana fiber, the tensile strength of the jute fiber/polyester composites was the worst among all of the tested materials. In our experiment, the results obtained from composites manufactured from jute fiber and epoxy were comparable to those obtained from composites built from aloe vera fiber, banana fiber, and epoxy-based materials. Natural-fiber-reinforced epoxy/polyester composites exhibited a tensile strength that was much lower than that of synthetic fiber composites.





4. Conclusions


An experimental study was conducted to analyze the tensile properties of drilled and molded NFRPCs with two distinct diameters: 4 mm and 8 mm. Moreover, the lap joint strength of specimens with 4 mm diameter molded/drilled holes was determined. The following conclusions can be drawn.



The molding technique yielded hole specimens of superior quality compared to those obtained by drilling. No instances of fractures, sharp edges, matrix breakage, or fiber pull-out were found in the molded hole specimens.



In the case of woven-fiber-reinforced polymer composites with molded holes, the presence of continuous fibers around the perimeter of the hole contributed to its structural integrity. Consequently, the hole remained undamaged throughout the testing process. Cracks were seen in regions of the specimens where a resin-rich area had developed as a result of fiber displacement.



In the case of DHJC specimens, it was observed that the fibers were discontinuous due to the shearing action during drilling. The process of drilling in composites gives rise to various defects that subsequently result in the premature failure of specimens under different loading environments.



The extension before failure was observed to be 16.44% and 46.15% higher for the 4MHJC and 8MHJC specimens, respectively, in comparison to the 4DHJC and 8DHJC specimens.



The lap joint test resulted in a maximum failure load of 1440 N for the joints with 4MHJC adherends and 1120 N for the joints with 4DHJC adherends. The occurrence of net tension failure was observed in both types of specimens.
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Figure 1. (a) Lower half of mold (b) Upper half of mold (c) Composite laminate with molded holes. 
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Figure 2. (a,b) 4MHJC1, (c) 8MHC1, (d) fractured MHJC 2 (e,f) 4DHJC3, (g) 8DHJC2 and (h) fractured DHJC3. 
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[image: Jcs 07 00376 g002a][image: Jcs 07 00376 g002b]







[image: Jcs 07 00376 g003] 





Figure 3. Maximum tensile load values recorded for different specimens. 
