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Abstract

:

Brake friction materials (BFMs) have a critical role in ensuring the safety as well as the reliability of automotive braking systems. However, traditional BFMs, typically made from asbestos, are associated with environmental and health concerns. Therefore, this results in a growing interest in developing alternative BFMs that are eco-friendly, sustainable, and cost-effective. This study investigates the effect of varying concentrations of epoxy, rice husk, alumina (Al2O3), and iron oxide (Fe2O3) on the mechanical and thermal properties of BFMs prepared using the hand layup method. In this study, the rice husk, Al2O3, and Fe2O3 were filtered through a 200-mesh sieve. Note that the BFMs were fabricated using different combinations and concentrations of the materials. Their mechanical properties, such as density, hardness, flexural strength, wear resistance, and thermal properties, were investigated. The results suggest that the concentrations of the ingredients significantly influence the mechanical and thermal properties of the BFMs. A specimen made from epoxy, rice husk, Al2O3, and Fe2O3 with concentrations of 50 wt.%, 20 wt.%, 15 wt.%, and 15 wt.%, respectively, produced the best properties for BFMs. On the other hand, the density, hardness, flexural strength, flexural modulus, and wear rate values of this specimen were 1.23 g/cm3, 81.2 Vickers (HV), 57.24 MPa, 4.08 GPa, and 8.665 × 10−7 mm2/kg. In addition, this specimen had better thermal properties than the other specimens. These findings provide valuable insights into developing eco-friendly and sustainable BFMs with suitable performance for automotive applications.
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1. Introduction


The research and development of BFMs for automotive applications continues to grow, along with restrictions on the use of asbestos due to this substance’s carcinogenic and toxic properties [1,2,3,4]. The friction material of brakes is a composite used to stop and manage the vehicle’s speed by pressing against the rotating disc [5]. Note that the BFMs are worn during this process. The amount of wear is primarily determined by the kind of friction material used, the pressure applied to the pads, the operation temperature of the friction material, the friction material contact area, the friction material finish, the rate of heat removal, the ability to operate under different atmospheric conditions, and the resistance to fading [6]. In addition, the BFM is a consumable component that must be periodically replaced [7,8,9]. Consequently, the demand for BFMs is growing along with the number of motorcycles. The number of motorcycles in Indonesia will reach 126,350,426 units by the end of 2022 [10]. This statistical datum can be utilized as an illustration of the high demand for BFMs in the future.



Developing non-asbestos BFMs is crucial for various reasons, including health and environmental concerns, regulatory compliance, and performance standards [11,12]. Utilizing alternative materials, manufacturers can create BFMs that are safe, effective, and environmentally friendly. For example, the friction material in brake pads consists of binders, reinforcement, fillers, and abrasives. Each component is critical in creating the necessary friction and heat to stop a vehicle safely and reliably [13]. Here, binders are the substances that keep the friction material’s other ingredients together.



These are typically synthetic resins, such as phenolic and epoxy resins, that can withstand high temperatures and have excellent adherence to the other parts. The binder is an important part of the friction material as it keeps everything together and keeps up with the high temperatures and pressures involved. The friction material is reinforced with other materials to make it stronger and last longer. Wear and high temperatures are not a problem for these materials, which can be made from natural or synthetic fibers. Hence, the BFM’s durability is increased, and the service life is prolonged by employing reinforcement compounds that enable the friction material to survive the repeated stress of braking. The BFM’s properties can be modified by adding or removing fillers from the friction compound. Graphite, ceramic, and metal powders are all examples of common fillers. Subsequently, these improve the friction material’s uniformity and lower noise and vibration when braking. In order to improve the friction coefficient, or the amount of force needed to stop the vehicle, abrasives are added to the friction material. Metal oxides and silicates are two abrasives that can generate a rough surface on the brake rotor that then grips the rotor and slows the vehicle. The stopping power, noise level, and wear characteristics of a BFM can be affected by the type and amount of abrasive employed [4,14,15,16].



In the past decade, natural fibers have been investigated as potential sustainable components for automotive BFM reinforcement [17]. Numerous plant products, such as coconut shell waste, hemp, bamboo, palm kernel, kenaf, sawdust, sugar cane, sugarcane bagasse ash, coconut shell, Nile rose, wheat powder, rice husk powder, banana fiber, have been studied [18,19,20,21,22,23,24,25,26,27]. The utilization of rice husk as a sustainable and eco-friendly BFM is gaining popularity for its abundance, low cost, and unique attributes [28]. Although rice husks are currently utilized only in specialized applications such as zootechnics and horticulture, they can be utilized in other applications, such as the production of BFMs [18].



Therefore, rice husk has been exploited exaggeratedly in producing polymer matrix composites [29]. In contrast to other natural fibers, rice husk contains a significant amount of amorphous silica, potentially affecting brake pads’ tribological properties. Thus, utilizing rice husks to produce BFMs has the potential to produce a more eco-friendly and long-lasting alternative to conventional BFMs (asbestos) [18,29,30,31,32,33,34]. In addition to rice husk, various other ceramic materials, either fibers or particles, have been incorporated into the matrix to produce BFMs [35,36,37].



Despite expensive production costs and brittleness having limited their scope of application, ceramic materials have been utilized in special applications, such as high working temperatures, extremely acidic situations, and conditions requiring high wear resistance, such as BFMs [36]. Ceramics such as aluminum [36,37,38,39] and ferric [40,41] oxide have recently been developed to replace asbestos-based automotive friction materials. In general, incorporating Al2O3 in fiber and particle form into BFMs at a certain concentration can significantly reduce wear loss and increase wear resistance. This occurs because specimens of BFM containing Al2O3 have a lower maximum temperature during braking than specimens without Al2O3. Consequently, the reduced maximum temperature during braking results in less mass loss and increased wear resistance [36,37,38,39]. In addition, BFMs with higher Fe2O3 content have higher strength. Hence, the friction traces left on the surface are shallower [40,41]. However, an excessive amount of Fe2O3 (>15%) can cause the composite to peel, especially when working at high speeds [40]. Research by Xu et al. indicates that an excessive content of iron powder generates too much Fe2O3, causing the friction film to peel off easily, particularly at high speeds. According to the study, alloying and granulating carbonyl iron powder has a beneficial impact on the strengthening of the copper matrix. Increased carbonyl iron content can facilitate the formation of a friction film and enhance its thickness, hardness, and tensile strength. However, when the Fe content is greater than 10%, friction film formation is accelerated, and cracks between the thicker film and the softening matrix can form easily. This results in significant wear rates and a fluctuating friction coefficient [41].



Rice husk, Al2O3, and Fe2O3 have been extensively explored as fillers, abrasives, and reinforcements in manufacturing BFMs. However, to our knowledge, using rice husk, Al2O3, and Fe2O3 together to manufacture BFMs with an epoxy resin as a binder has not been widely explored. Therefore, the optimal composition of rice husk, Al2O3, Fe2O3, and epoxy to obtain the desired performance of the brake pad composite have not yet been determined. Furthermore, the purpose of this study is to assess the effect of incorporating rice husk, Al2O3, and Fe2O3 (with a particle size of 200 mesh each) into epoxy resin on the properties of BFMs, including wear resistance, thermal stability, hardness, density, morphology, and flexural strength. The use of rice husk as a filler in brake pad applications contributes to the achievement of sustainable development goals (SDGs) in addition to promoting environmental sustainability.




2. Materials and Methods


2.1. Materials


The materials used in this study were epoxy resin, hardener, Al2O3, Fe2O3, and rice husk. Al2O3 and Fe2O3 were obtained from PT Merck Tbk, Jakarta, Indonesia, with a particle size of 200 mesh. Table 1 lists the properties of Al2O3 and Fe2O3. The rice husk in this study was retrieved from rice processing in Gunungpati, Semarang City, Indonesia. Note that the rice husks were crushed with the assistance of a crusher machine, and the crushed rice husk was subjected to a 200-mesh sieving process to obtain rice husk powder. The rice husk powder was dried at 80 °C for 24 h in an oven.



The epoxy and hardeners used in this study are epoxy EPR-174 and hardener EPH-555, obtained from PT Justus Kimia Raya, Indonesia, with properties revealed in Table 2.




2.2. Specimen Fabrications


In this study, the fabrication of BFM specimens refers to the method applied in previous research. Different concentrations of epoxy resin, Al2O3, Fe2O3, and rice husks were employed to fabricate BFM specimens (Table 3) [47]. The epoxy-to-hardener ratio in this study was 3:1, stirring for 7 min to ensure a uniform mixture. Subsequently, rice husk, Al2O3, and Fe2O3 were added according to a predetermined composition and stirred for 15 min.



Consequently, the resulting mixture was poured into the prepared mold and leveled according to the height of the mold with a roller or brush. Before the mold was applied, a cleaning process was conducted to ensure that the mold was clean from dust and dirt. Correspondingly, a brush was used to apply the wax evenly over the entire mold surface. This was performed to ensure that the composite was easy to remove and did not stick to the mold. The formed composite was then dried for 24 h at room temperature before testing. After the composite was removed from the mold, the specimen was cut with the assistance of a laser cutting machine according to the American Society for Testing and Materials (ASTM) standard for each relevant test.




2.3. Testing and Characterizations


The composite material formed was tested to determine its physical properties, mechanical strength, wear resistance, and thermal resistance. Meanwhile, density testing was performed to establish the density of the BFM specimens. An electronic density meter (DME 220 series) from Vibra Canada Inc. (Mississauga, ON, USA) was used to conduct density testing following ASTM 792-08 [48,49].



Subsequently, flexural testing was conducted to obtain the flexural modulus and flexural strength values using the three-point bending test method according to ASTM D790 standards via HT-2402 Computer Servo Control Material Testing Machines from Hung Ta Instrument Co., Ltd., Sammutprakarn, Thailand. The specimen employed for testing was a rectangularly shaped sample with 127 mm × 12.7 mm × 3 mm dimensions. The crosshead speed applied in the flexural test was 2 mm/min at room temperature [48,49].



Hardness testing is a mechanical testing method that aims to determine a material’s resistance when loaded [50]. The test object experiences deformation when a certain loading force is applied to the test object.



The hardness testing used the HV method with a Microhardness Tester Fm-800 from Future-Tech Corp., Kanagawa, Japan.



The wear test utilized the Ogoshi method, where the test object receives the friction load from the revolving disc. This frictional loading results in contact between the surfaces of the test object. This test employs the Ogoshi High-Speed Universal Wear Testing Machine (type OAT-U) from Tokyo testing machine Mfg. Co., Ltd., Aichi, Japan. The disc width (B), disc radius (r), and disc track length during rotation (L) employed in this study were 3 mm, 13.12 mm, and 66.6 m, respectively. The wear tests were conducted with a test load (F) of 2.12 kg and a wear distance of 15 m rotating at a speed of 1430 rpm [51]. The density, flexural, hardness, and wear tests were repeated thrice. Then, calculations were performed to determine the average value.



Differential scanning calorimetric (DSC) analyses for BFMs were performed employing a DSC 8000 DSC from PerkinElmer, Inc., Hopkinton, MA, USA. The nitrogen flow rate was 20 mL/min and the heating rate was 10 °C/min for the test, which was conducted up to 350 °C above room temperature. DSC testing is a thermal analysis technique that measures the energy absorbed or emitted by a sample as a function of time or temperature and is carried out per ASTM D3418 standard [52].



To study the thermal stability of the BFMs, a STA7200 thermogravimetric analyzer from Hitachi High-Tech Science Corporation, Tokyo, Japan, was utilized. A powdered 10 mg sample was put in an Al2O3 crucible and kept in the furnace. The analysis was completed in a controlled environment where 20 mL/min of nitrogen gas flowed. Note that the temperature change rate was kept at 10 °C/min while the experiment was performed from 30 °C to 700 °C. Thermal gravimetry analysis (TGA) testing was performed to obtain quantitative measurements of mass changes in the materials associated with the transitions of dehydration, decomposition, and oxidation of the samples with time and temperature functions, which were implemented according to ASTM D6370 standards [52].



Scanning electron microscope (SEM) testing in this study utilized a Hitachi TM3030 Plus machine from Hitachi High-Tech Science Corporation, Tokyo, Japan. This method was utilized to examine the fracture and fracture surface morphological behavior of flexural specimens. Each sample was coated with a thin palladium layer to prevent a surface charge prior to being mounted on a tool holder using electrically conductive carbon adhesive tape. Consequently, the sample was analyzed using a microscope with a specific magnification and 10 kV of accelerating voltage [47].





3. Results and Discussion


The density of the BFMs with various compositions of the constituent materials are illustrated in Figure 1. The results of this study indicate that the addition of rice husk, Al2O3, and Fe2O3 greatly affects the density of the resulting BFMs. The BP_6 specimen composed of epoxy, rice husk, Al2O3, and Fe2O3 with percentages of 50%, 20%, 15%, and 15%, respectively, produced a higher density than the other specimens, 1.23 gr/cm3. The results of this study indicate that the BP_3 specimen, which was composed of epoxy, rice husk, Al2O3, and Fe2O3 with percentages of 50%, 5%, 22.5%, and 22.5%, respectively, produced the lowest density, which was 1.03 gr/cm3. Meanwhile, the density of the epoxy resin (specimen BP_1) was 1.21 gr/cm3.



Abutu et al. (2019) proved that the density of commercial BFMs ranges from 1.010 to 2.060 g/cm3 [53]. Based on the research results, all BFM specimens produced in this study met the minimum density requirements. However, only the BP_6 specimen has a higher density compared to the density of the epoxy resin or BP_1 specimen. Meanwhile, the BP_2, BP_3, BP_4, and BP_5 specimens have lower densities than the density of epoxy resin. This demonstrates that applying the ingredient composition to the BP_6 specimen can produce composites with fewer voids. In addition, the composition of the BP_6 specimen provides composites with strong interfacial bonds between the rice husk, Al2O3, Fe2O3, and epoxy. This is the reason for the higher density of BP_6 specimens than the epoxy resin (BP_1) and other composite specimens. The content of Al2O3 and Fe2O3 in the BP_6 specimen was lower than in the BP_2, BP_3, BP_4, and BP_5 specimens.



The BP_2, BP_3, BP_4, and BP_5 specimens contained Al2O3, and Fe2O3 in concentrations (wt.%) of 25, 22.5, 20, and 17.5, respectively. Meanwhile, the BP_6 specimen contained 15 wt.% Al2O3 and 15 wt.% Fe2O3. Al2O3 and Fe2O3 are materials that have a high density. The densities of Al2O3 and Fe2O3 are 3.94 g/cm3 and 5.25 g/cm3, respectively (Table 1). Research conducted by Ergün demonstrated that low-density reinforcing material would be easier to distribute uniformly in the matrix during composite fabrication. As it becomes more difficult to acquire homogeneous mixtures when reinforcing materials with a high density, the remaining particle agglomerates form stress concentrations in the matrix, which can act as notches [54]. In addition, the presence of agglomeration in the composite can cause an increase in the number of voids, a decrease in interfacial bonding, and a decrease in density [54,55].



Rice husk has a high amorphous silica content, about 95% [18]. Thus, increasing the amount of rice husk employed in this study significantly increased the amorphous silica content in the BFM specimens. Other than that, rice husk can increase the density of BFMs due to its high content of amorphous silica, acting as a filler material in the composite mixture. When rice husk is added to BFMs, the amorphous silica particles can fill the voids between other particles in the mixture more efficiently, resulting in a higher packing density and ultimately leading to a higher overall density of the BFMs. In addition to amorphous silica, rice husk also contains other organic components, such as lignin, cellulose, and hemicellulose, that can contribute to the increased density of the brake pad material. These components can provide additional strength and stiffness to the composite mixture, making it more compact and dense. Moreover, rice husk absorbs less water than other biomass or natural fillers, including textile waste, bagasse ash, kenaf fiber, wood fiber, bamboo fiber, and wheat husk [56,57,58]. This is due to the fact that rice husk is more hydrophobic than other materials [56,59]. The lower the water absorption, the greater the composite’s density [60].



The other research mentioned that a composite with a high silica content can increase density. This occurs due to the increased adhesion between the filler and matrix, which results in a more compact structure and increased density [61,62]. Jiang et al.’s research demonstrated that a 20% silica concentration with a particle size of 5 μm produces a PTFE/SiO2 composite with a higher density than other specimens. Nonetheless, the density of the composite decreases if the silica content exceeds 20%, given that agglomerates are able to reduce adhesion between the filler and matrix [61].



The findings in this study align with research conducted by Dahham et al. [63]. Their research results suggest that increasing rice husk content produced composites with higher densities. In the research, the density of composites made with fine rice husk was greater than that of composites made with coarse rice husk. This is related to the fact that fine rice husks are more easily incorporated into the SMR L matrix, thereby increasing the rigidity and stiffness of the composites [63]. Alternatively, Fuad et al. also studied the effect of incorporating rice husk as a filler on the density of composites. In a polypropylene matrix, they utilize rice husks with a 0 to 40% percentage. A composite containing 40% rice husk had a greater density than other specimens [64].



This research suggests that adding Al2O3 and Fe2O3 powders at volume fractions of 15% each is an effective composition for increasing BFM density. This is due to the powder being able to fill the pores in the composite material, resulting in a denser, more compact structure. Compared to other specimens, the density of the BP_6 specimen containing Al2O3 and Fe2O3 powders with volume fractions of 15% each increased significantly. Nonetheless, when the volume fraction of these powders exceed 15%, the composite material’s density decreases. Furthermore, considering the high volume fractions, the composite material mixture can become increasingly inhomogeneous and agglomerate, increasing porosity and decreasing density [40,65].



In addition, the higher the concentrations of Al2O3 and Fe2O3 employed, the more difficult it is to achieve a homogeneous mixture during the mixing process. Al2O3 and Fe2O3 have a higher density than the other components of the mixture (epoxy and rice husk). Consequently, they are able to settle to the bottom of the mixing vessel, resulting in uneven distribution and inhomogeneity. Specimens with a high degree of uneven distribution and inhomogeneity may have increased porosity and decreased density. This is because when the components of a mixture are not evenly dispersed, there are voids or spaces between the particles, which can increase the overall porosity of the material. In addition, the uneven distribution can produce areas of material with varying densities, which can also contribute to a reduction in the overall density of the material. This is the reason why BP_2, BP_3, BP_4, and BP_5 have lower density than BP_1 (epoxy 100 wt.%).



The findings in this study are the same as those of a study conducted by Talib et al. [40] and Xu et al. [41]. The volume fraction effect (vol.%) of Fe2O3 on density in BFMs was studied by Talib et al. The results of their experiment indicate that the use of Fe2O3 of 7.5 vol.%, 15 vol.%, and 22.5 vol.% produced BFMs with densities of 2.01 g/cm3, 2.39 g/cm3, and 2.14 g/cm3, respectively [40]. Note that an excessive amount of Fe2O3 (>15 vol.%) can cause the composite to peel, especially when working at high speeds [40]. Research conducted by Xu et al. suggests that an excessive iron powder generates too much Fe2O3, which causes the friction film to peel off easily, particularly at high speeds [41].



The highest density in this study was discovered in the BP_6 specimen, 1.23 g/cm3. The density of the BP_6 specimen was higher than those of previous studies, 1.10 g/cm3 [66] and 1.073 g/cm3 [53]. However, the density of the BP_6 specimen was lower than the densities produced in other studies, equal to 2.29–2.59 g/cm3 [67] and 1.59–1.89 g/cm3 [68].



The flexural properties of the BFMs with various compositions of the constituent materials are displayed in Figure 2. The results of this study indicate that the addition of rice husk, Al2O3, and Fe2O3 greatly affects the flexural properties of the resulting BFMs. The red and purple lines in Figure 2 show flexural strength and flexural modulus, respectively. Here, the highest flexural strength and modulus were produced in the BP_6 specimen. The flexural strength and modulus of the BP_6 specimen were 57.27 MPa and 4.08 GPa, respectively. The results of this study indicate that the BP_3 specimen produced the lowest flexural strength and flexural modulus, which were 20.77 MPa and 1.15 GPa. Meanwhile, the flexural strength and flexural modulus of the epoxy resin (BP_1 specimen) were 34.68 MPa and 1.26 GPa. Based on the research results, only the BP_6 specimen had higher flexural strength and flexural modulus than the flexural strength and flexural modulus of the BP_1 specimen.



Meanwhile, the specimens BP_2, BP_3, BP_4, and BP_5 have lower flexural strength than the epoxy resin flexural strength. Increasing concentrations of Al2O3 and Fe2O3 in the BP_2, BP_3, BP_4, and BP_5 specimens may result in bonding defects with the matrix. This reduced interfacial strength and increased concentration at the interface. As a result, load transfer efficiency and flexural strength were drastically reduced [69]. Consequently, the results of this study indicate that the BP_6 specimen has higher flexural properties than the specimens BP_1, BP_2, BP_3, BP_4, and BP_5.



According to the findings of this study, flexural strength and flexural modulus exhibit the same trend. An increase in the composite’s flexural strength is followed by an increase in its flexural modulus and vice versa. This study’s findings are consistent with the research conducted by Hossain et al. Their findings demonstrate that the flexural strength of carbon fiber–epoxy composites follows the same trends as the flexural modulus [70]. Similar results were found in studies by Islam et al. [71] and Fitriyana et al. [72]. Flexural modulus measures a material’s resistance to bending deformation. Meanwhile, flexural strength measures the maximum stress a material can withstand when bent [73].



In general, materials with higher flexural modulus tend to have higher flexural strength, as the material can better resist deformation and stress [73]. The results of Rahman et al.’s research indicate that increased filler loading in the polypropylene matrix increases flexural strength and modulus. This occurs due to the increased interface interaction between the fiber and the matrix, increasing the effective surface area available for contact with the matrix and the potential for load transfer between the matrix and reinforcing fiber. Consequently, flexural strength and modulus increased. Their research results also note that an increase in flexural modulus followed the increase in the flexural strength of the composite [74]. The findings of Li et al. also demonstrate the same characteristic [75].



Furthermore, the flexural strength produced in this study has the same trend as the density of each BFM specimen. The relationship between density and flexural strength produced in this study is illustrated in Figure 3. The red and purple lines in Figure 3 show density and flexural strength, respectively. The higher the density value, the higher the flexural strength of the BFMs specimen, and conversely [76,77]. The highest flexural strength was discovered in the BP_6 specimen since it has the highest density. In contrast, the lowest flexural strength was discovered in the BP_3 specimen since it has the lowest density compared to the other specimens.



The findings in this study are consistent with the results of a study conducted by Wasilewski et al. Their research suggests that increasing the density from 1.93 g/cm3 to 2.35 g/cm3 increased flexural strength from 17.9 N/mm2 to 19.5 N/mm2 [78]. The same result was also discovered in the study of Jeyanthi et al., which indicates that increasing the density of specimen composites for automotive frontal beams resulted in higher flexural strength [79]. In this study, the BP_6 specimen produced the highest flexural strength compared to the other specimens, which was 57.2 MPa. Note that the flexural strength in the BP_6 specimen was higher than the flexural strength values produced in previous studies, which were 19.5 N/mm2 [78], 19 MPa [80], 35 MPa [81], 50 MPa [82], and 55.32 MPa [83].



The hardnesses of the BFMs with various compositions of the constituent materials are exhibited in Figure 4. The results of this study indicate that the addition of rice husk, Al2O3, and Fe2O3 greatly affects the hardness of the resulting BFMs. The BP_6 specimen produced a higher hardness than the other specimens, which was 81.2 HV. The results of this study suggest that the BP_3 specimen produced the lowest hardness, which was 38.3 HV; meanwhile, the hardness produced by the epoxy resin (specimen BP_1) is 58.7 HV. Based on the results, only the BP_6 specimen has a higher hardness compared to the hardness of the epoxy resin or BP_1 specimen.



Meanwhile, the BP_2, BP_3, BP_4, and BP_5 specimens have lower hardnesses compared to the hardness of the BP_1 specimen. This is due to the fact that the resulting densities for BP_2, BP_3, BP_4, and BP_5 are lower compared to the density of the BP_1 specimen.



Furthermore, the hardness produced in this study has the same trend as the density of each BFM specimen. The relationship between density and hardness produced in this study is displayed in Figure 5. The red and purple lines in Figure 5 show density and hardness, respectively. The higher the density value, the higher the hardness of the BFM specimen, and conversely [26,76,84,85,86,87]. Note that the highest hardness was discovered in the BP_6 specimen, given that it has the highest density, while the lowest hardness was discovered in the BP_3 specimen, considering it has the lowest density compared to the other specimens. Incorporating rice husk, Al2O3, and Fe2O3 in epoxy resin increases the matrix’s resistance to indentations and plastic deformation, thereby increasing the hardness of the BP_6 specimen [84,87].



The findings in this study are consistent with the results of research conducted by Kasim et al. Their research suggests that an increase in pineapple leaf fiber (PLF) loading increased the density and hardness of the composite material [87]. Similar results were also established in a study by Shivakumar et al. [76] and Simsek et al. [84]. According to the study by Simsek et al., using hard oxide particles such as Al2O3 increases the density and hardness of a relatively ductile matrix in a linear trend [84]. Therefore, the BP_6 specimen produced a higher hardness compared to the results of the study conducted by Kholil et al. Their research produced brake linings from composites made from coconut coir, sawdust, and cow bone with a highest hardness of 35.4 HV [23]. However, the hardness of the BP_6 specimen was lower when compared to the research conducted by Abutu et al. and Daud et al., with their resulting BFMs having hardnesses of 63.31 (Shore D scale) [53] and 69.7 (Shore D scale) [19].



This study only performed SEM, wear, and TGA/DSC tests on the BP_1 and BP_6 specimens. This is because the BP_6 specimen produced higher values for the properties of (density, flexural strength, flexural modulus, and hardness) than the BP_1 specimen (control specimen). Meanwhile, the BP_2, BP_3, BP_4, and BP_5 specimens produced lower properties than the BP_1 specimen (control specimen). The results of the wear tests on the BP_1 and BP_6 specimens are provided in Table 4. This study shows that adding rice husk, Al2O3, and Fe2O3 greatly affects the specific wear rates of the resulting BFMs. The BP_6 specimen produced lower specific wear rates than the specific wear rates of the BP_1 specimen composed of 100 wt.% epoxy resin. Here, the specific wear rates of specimens BP_1 and BP_6 were 9.1 × 10−7 mm2/kg and 8.67 × 10−7 mm2/kg. The results of this study indicate that the BP_6 specimen has an advantage in terms of wear resistance compared to the BP_1 specimen. The greater the specific wear rate, the lower the wear resistance.



As previously explained, the combination of epoxy, rice husk, Al2O3, and Fe2O3 in the BP_6 specimen produced the highest density and hardness of 1.23 g/cm3 and 81.2 HV, respectively. Mousavi et al. stated that the higher the hardness, the lower the material’s wear rate [88]. The correlations of density, hardness, and specific wear rates for BFMs are listed in Table 4. The higher the hardness of the material, the more the material is resistant to scratches and penetration and the lower the specific wear rates. Note that the specific wear rate is a measure used to calculate how much material is worn or removed from the surface of a material in a certain period and under certain conditions, such as frictional force or pressure [89]. A smaller specific wear rate, meaning that less material is worn or removed from the material’s surface in the same amount of time, indicates that the material is more wear-resistant. Therefore, the lower the specific wear rate, the higher the material’s wear resistance [90,91,92].



Research by Liao et al. indicates that increasing the hardness of the material results in a decrease in the wear rate. The lower the specific wear value, the better the wear resistance properties of a material [93]. The findings of research conducted by Fitriyana et al. concur [94,95]. Hence, this study’s findings are coherent with the findings reported by Abutu et al. that concluded that rice husk could be employed effectively in brake pad formulations when combined with the appropriate additives. Utilizing rice husk significantly enhanced the overall performance of the BFM. A higher friction coefficient and lower wear rate can be obtained from brake pads made from the 20% rice husk sample [96]. Similarly, Acharya et al. investigated the effect of using rice husk to improve the tribological properties of epoxy composites. Their research suggests that the wear rate decreases as the concentration of rice husk fibers increases (from 5% to 10%). They discovered that 10% rice husk specimens exhibited the lowest wear rate. However, the wear rate of the composite increases when the rice husk content is greater than 10% [97]. According to Crǎciun et al., higher coconut fiber content improved frictional performance in a pin-on-disc test. During wear testing with the pin-on-disc method, specimens with a higher coconut fiber content (C3 and C4) produced a more stable friction coefficient compared with other specimens [67].



The specific wear rates produced by the BP_6 specimen (8.67 × 10−7 mm2/kg) are smaller than the specific wear rates produced in previous studies with specific wear rates of 6.9 × 10−6 mm2/kg [98], 3.3 × 10−6 mm2/kg [91], and 2.02 × 10−6 mm2/kg [91]. Nevertheless, the specific wear rates produced by the BP_6 specimen are greater than those of commercial products. The specific wear rates of commercial products are 6.5 × 10−7 mm2/kg and 5.9 × 10−7 mm2/kg, obtained during wear tests in dry and wet conditions [91].



The results of the DSC test for specimens BP_1 and BP_6 are demonstrated in Figure 6. In this test, the specimens were analyzed at a heating rate of 20 °C/min in a temperature range of 30–350 °C. In the BP_6 specimen, a peak was established at 30–180 °C, indicating the presence of water molecules [52,99,100]. The presence of water molecules in the BP_6 specimen is indicated by the presence of a peak at 174.66 °C. No exothermic or endothermic reactions were observed in the 50 to 170 °C range, indicating that the specimens BP_1 and BP_6 were stable in this temperature range. Note that the thermal decomposition of hemicellulose starts at around 180 °C and ends at around 350 °C [52,100,101]. From the DSC test results graph, the decomposition of hemicellulose in BP_6 occurs at a temperature of 257.53 °C.



TGA testing applies heat to evaluate the thermal stability (strength of a material at a certain temperature), oxidative stability (rate of absorption of oxygen in a material), and compositional properties (e.g., fillers, polymer resins, solvents) of a sample with a set time and temperature [52]. In this study, the thermal decomposition of BFM composites occurred between 30 and 700 °C. The BP_1 specimen with a volume fraction of 100% epoxy resin experienced greater weight loss than the BP_6 specimen (Figure 7a).



The incorporation of rice husk, Al2O3, and Fe2O3 into the epoxy resin affects weight loss during the thermal degradation process. At 30–250 °C, the BF_6 specimen lost 2.63% of its initial weight. Meanwhile, the BP_1 specimen decreased by 1.5% from the initial weight at the same temperature range. The reduction in weight of the BP_6 specimen was greater than that of BP_1 in a temperature range of 30–250 °C since the hemicellulose in rice husks can absorb more moisture. During the thermal degradation process, evaporation of water vapor occurs; hence, the weight loss in the BP_6 specimen increased.



In the temperature range of 250–550 °C, the weight loss for specimen BP_6 is lesser than for specimen BP_1. Here, the weight loss in the BP_6 and BP_1 specimens was 43.37% and 78.7% of the initial weight. The results of this study indicate that incorporating rice husk, Al2O3, and Fe2O3 into the epoxy resin can reduce the decomposition temperature and increase the thermal stability of BFMs. This can be observed from the weight loss in the temperature range of 250–550 °C and the amount of residue produced when heated to 700 °C. The residues produced in the BP_6 and BP_1 specimens at the setting temperature of decomposition at 700 °C were 50.59% and 16.81%.



According to the findings, adding rice husk, Al2O3, and Fe2O3 to specimen BP_6 caused thermal stability and improved the initial and final decomposition temperatures. Other than that, adding rice husk reinforcement to composites with epoxy binders can reduce the decomposition temperature and increase thermal stability [102].



Figure 7b compares the DTG curves of the BP_1 and BP_6 specimens. In the BP_6 specimen, a small shoulder peak was found before (200–300 °C) and after the main peak or maximum decomposition temperature (Tmax) (about 500 °C). Typically, natural fiber composites have these shoulder peaks. While lignin decomposition can be linked to temperatures around 500 °C, the shoulders between 200 °C and 300 °C suggest the presence of hemicellulose. At a temperature between 350 and 400 °C, the epoxy molecular chains break and depolymerize, which causes the cellulose in natural fibers to decompose [100]. The main peaks on the DTG curve indicate Tmax values occurring at 382.67 °C for the BP_1 specimen and 374.11 °C for the BP_6 specimen.



The results of this study indicate that the Tmax of BP_1 (epoxy, 100 wt.%) was slightly higher than that of the BP_6 specimen. Consequently, the same results were obtained in previous studies [52]. This happens due to the higher thermal stability of the epoxy matrix, which is employed as a protective layer for the reinforcing fibers in BFMs. Tmax is the degradation temperature, which is associated with the maximum weight loss. In addition, it is also an important indicator that indicates the material’s thermal stability [103]. This study’s results suggest a main peak or Tmax in the DTG curve, which is almost the same between fiber and matrix. Note that the Tmax of the BP_6 specimen is higher than the results of a study by Bashir et al. The results of their research obtained banana-fiber-reinforced brake lining composites with a Tmax of 250 °C [104].



In order to qualitatively evaluate the epoxy, rice husk, Al2O3, and Fe2O3 interfaces, SEM analyses of the fracture surfaces of BP_1 and BP_6 specimens were conducted. A significant difference exists between the fracture surfaces of the BP_1 and BP_6 specimens (Figure 8). Figure 8 illustrates the SEM images of the fracture surface of the epoxy resin as a matrix (Specimen BP_1) and specimen BP_6. The SEM image of the epoxy resin (BP_1 specimens) suggests a smooth cleavage surface and barely visible thin cracks (Figure 8a). This is a distinctive characteristic of brittle failure and crack propagation via indirect paths. On the other hand, images obtained via SEM tests of the BP_6 specimen reveal the eventual presence of rice husk, Al2O3, and Fe2O3 particulate aggregates in the epoxy resin.



The absence of voids around the rice husk, Al2O3, and Fe2O3 particles in BP_6 specimens demonstrates good adhesion to the epoxy matrix. Moreover, the SEM image of the fracture surface of the BP_6 specimen indicates irregular cleavage due to the presence of rice husk, Al2O3, and Fe2O3 in the epoxy resin. This phenomenon is caused by a crack deflection mechanism when the crack propagates in the matrix and encounters rice husk, Al2O3, and Fe2O3 particles. This results in an increase in the stress intensity factor at the tip of the crack. This means that rice husk, Al2O3, and Fe2O3 are strong barriers against crack propagation. Therefore, the energy absorption capacity of the BP_6 specimen is higher than that of the epoxy resin (BP_1 specimen). The good interfacial adhesion between the epoxy matrix, rice husk, Al2O3, and Fe2O3 plays a significant role in improving the mechanical properties of the composite specimens. Note that the good interfacial adhesion between the matrix and reinforcement materials improves the mechanical properties of the composite specimens [105,106,107]. The results of this investigation are identical to those that Azizi et al. obtained. Due to the presence of nano zirconia in the matrix, the SEM image of the composite specimen’s fracture surface reveals irregular cleavage.



According to their research, the most effective method for inhibiting fracture propagation in composites was the addition of 3% zirconia. This causes the composite with 3% zirconia to have superior mechanical properties compared to epoxy resin [107].




4. Conclusions


BFM was successfully prepared using the hand layup method with varying concentrations of rice husk, Al2O3, and Fe2O3, which were incorporated into the epoxy resin. The results of this study indicate that the incorporation of rice husk, Al2O3, and Fe2O3 into epoxy resin has a significant effect on the resulting BFM properties such as hardness, density, flexural strength, flexural modulus, specific wear rate, and thermal stability. SEM images of the BP_6 specimen reveal the eventual presence of rice husk, Al2O3, and Fe2O3 particulate aggregates in the epoxy resin. Note that the absence of voids in the BP_6 specimen demonstrates good interfacial adhesion between the epoxy matrix, rice husk, Al2O3, and Fe2O3. The good interfacial adhesion between the matrix and reinforcement materials improves the mechanical properties of the composite specimens. This causes the BP_6 specimen to have better density, hardness, density, flexural strength, flexural modulus, specific wear rate, and thermal stability compared to other specimens. The BP_6 specimen has density, hardness, flexural strength, flexural modulus, and specific wear rates of 1.23 g/cm3, 81.2 HV, 57.24 MPa, 4.08 GPa, 8.665 × 10−7 mm2/kg, respectively.



According to the findings of this study, the use of Al2O3 and Fe2O3 powders with a concentration of 15 wt.% can produce effective interfacial adhesion, increasing the density of the BFM. The specimen’s hardness, flexural strength, flexural modulus, and thermal stability increase as the specimen’s density rises. However, employing Al2O3 and Fe2O3 in concentrations greater than 15 wt.% makes it challenging to acquire a homogeneous mixture, resulting in the formation of agglomerates and stress concentrations in the matrix. This can lead to an increase in voids, a decrease in interfacial bonding, and a decrease in density and other properties. Moreover, this is clearly observed in the BP_2, BP_3, BP_4, and BP_5 specimens, which utilized Al2O3 and Fe2O3 with a concentration exceeding 15 wt.%. The density, hardness, flexural strength, and flexural modulus values of the BP_2, BP_3, BP_4, and BP_5 specimens were lower compared to specimen BP_1, which applied 100% epoxy resin.



Furthermore, this study discovered that the BP_6 specimen had better specific wear rates and thermal properties than the BP_1 specimen, indicating that the combination of each component at a certain concentration increased the wear resistance and thermal stability of the BFM. These findings provide valuable insights into developing environmentally friendly and sustainable BFMs with suitable performance and durability for automotive applications with rice husk, Al2O3, and Fe2O3.







Author Contributions


A.P.I.: conceptualization, investigation; D.F.F.: writing—original draft, investigation; J.P.S.: writing—review and editing, funding acquisition; T.C.: methodology, resources; P.T.A.: project administration, funding acquisition; D.W.U.: funding acquisition, writing—review and editing; T.R.: methodology, resources; R.R.: methodology, resources; S.D.: formal analysis, investigation; M.B.A.: formal analysis, investigation; R.I.: supervision, formal analysis; A.P.B.: supervision, formal analysis; G.D.B.: data curation, project administration; M.K.: writing—original draft, investigation; F.P.P.: writing—original draft, visualization; R.Y.: software, investigation. All authors have read and agreed to the published version of the manuscript.




Funding


This study was funded by Universitas Tarumanagara under the Research International Collaboration Grant No.: 1831-Int-KSln-KLPPM/UNTAR/XI/2021.




Institutional Review Board Statement


Not applicable.




Data Availability Statement


Data are contained within the article.




Acknowledgments


The authors would like to express their gratitude to Universitas Tarumanagara for giving funding through the Research International Collaboration Grant No.: 1831-Int-KSln-KLPPM/UNTAR/XI/2021.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Venkatesh, S.; Murugapoopathiraja, K. Scoping Review of Brake Friction Material for Automotive. Mater. Today Proc. 2019, 16, 927–933. [Google Scholar] [CrossRef]

	



Berry, T.-A.; Belluso, E.; Vigliaturo, R.; Gieré, R.; Emmett, E.A.; Testa, J.R.; Steinhorn, G.; Wallis, S.L. Asbestos and Other Hazardous Fibrous Minerals: Potential Exposure Pathways and Associated Health Risks. Int. J. Environ. Res. Public Health 2022, 19, 4031. [Google Scholar] [CrossRef] [PubMed]

	



Suraya, A.; Nowak, D.; Sulistomo, A.W.; Icksan, A.G.; Syahruddin, E.; Berger, U.; Bose-O’reilly, S. Asbestos-Related Lung Cancer: A Hospital-Based Case-Control Study in Indonesia. Int. J. Environ. Res. Public Health 2020, 17, 591. [Google Scholar] [CrossRef] [PubMed]

	



Irawan, A.P.; Fitriyana, D.F.; Tezara, C.; Siregar, J.P.; Laksmidewi, D.; Baskara, G.D.; Abdullah, M.Z.; Junid, R.; Hadi, A.E.; Hamdan, M.H.M.; et al. Overview of the Important Factors Influencing the Performance of Eco-Friendly Brake Pads. Polymers 2022, 14, 1180. [Google Scholar] [CrossRef]

	



Jang, H. Brake Friction Materials; Springer: Berlin/Heidelberg, Germany, 2013; ISBN 9780387928975. [Google Scholar]

	



Kumar, K.N.; Suman, K.N. Review of Brake Friction Materials for Future Development. J. Mech. Mech. Eng. 2017, 3, 1–29. [Google Scholar]

	



Balaji, M.A.S.; Jitendra, K.; Arumugam, E.; Sethupathi, B.P. State of the Art on Challenges for Friction Material Manufacturers–Raw Materials, Regulations, Environmental, and NVH Aspects. Proc. Inst. Mech. Eng. Part J J. Eng. Tribol. 2022, 237, 926–942. [Google Scholar] [CrossRef]

	



Kannan, K.R.; Vignesh, R.V.; Kalyan, K.P.; Murugesan, J.; Megalingam, A.; Padmanaban, R.; Govindaraju, M. Tribological Performance of Heavy-Duty Functionally Gradient Friction Material (Cu-Sn-Fe-Cg-SiC-Al2O3) Synthesized by PM Route. AIP Conf. Proc. 2019, 2128, 20004. [Google Scholar] [CrossRef]

	



Abdul Rahman, A.R. Friction Material (Metal Reinforcement) Analysis of Brake Pad for Light Rail Train System. Master’s Thesis, Universiti Tun Hussein Onn Malaysia, Johor, Malaysia, 2016. [Google Scholar]

	



Harahap, D.A. Inilah 5 Provinsi Dengan Jumlah Sepeda Motor Terbanyak 2022-Otomotif Tempo.Co. Available online: https://otomotif.tempo.co/read/1687390/inilah-5-provinsi-dengan-jumlah-sepeda-motor-terbanyak-2022 (accessed on 8 March 2023).

	



Jadhav, S.P.; Sawant, S.H. A Review Paper: Development of Novel Friction Material for Vehicle Brake Pad Application to Minimize Environmental and Health Issues. Mater. Today Proc. 2019, 19, 209–212. [Google Scholar] [CrossRef]

	



Mulani, S.M.; Kumar, A.; Shaikh, H.N.E.A.; Saurabh, A.; Singh, P.K.; Verma, P.C. A Review on Recent Development and Challenges in Automotive Brake Pad-Disc System. Mater. Today Proc. 2022, 56, 447–454. [Google Scholar] [CrossRef]

	



Ramli, S.N.R.; Fadzullah, S.H.S.; Mustafa, Z. The Effect of Alkaline Treatment and Fiber Length on Pineapple Leaf Fiber Reinforced Lactic Acid. J. Teknol. 2017, 79, 111–115. [Google Scholar] [CrossRef]

	



Lyu, Y.; Ma, J.; Hedlund-Åström, A.; Wahlström, J.; Olofsson, U. Recycling of Worn out Brake Pads -Impact on Tribology and Environment. Sci. Rep. 2020, 10, 8369. [Google Scholar] [CrossRef] [PubMed]

	



Borawski, A. Conventional and Unconventional Materials Used in the Production of Brake Pads-Review. Sci. Eng. Compos. Mater. 2020, 27, 374–396. [Google Scholar] [CrossRef]

	



Rajaei, H.; Griso, M.; Menapace, C.; Dorigato, A.; Perricone, G.; Gialanella, S. Investigation on the Recyclability Potential of Vehicular Brake Pads. Results Mater. 2020, 8, 100161. [Google Scholar] [CrossRef]

	



Paramasivam, K.; Jayaraj, J.J.; Ramar, K. Evaluation of Natural Fibers for the Production of Automotive Brake Pads Replacement for Asbestos Brake Pad Evaluation of Natural Fibers for the Production of Automotive Brake Pads Replacement for Asbestos Brake Pad. AIP Conf. Proc. 2020, 2311, 040005. [Google Scholar]

	



Carlevaris, D.; Leonardi, M.; Straffelini, G.; Gialanella, S. Design of a Friction Material for Brake Pads Based on Rice Husk and Its Derivatives. Wear 2023, 526–527, 204893. [Google Scholar] [CrossRef]

	



Daud, M.A.M.; Bayanuddin, N.F.; Selamat, M.Z. Effect of Coconut Shell Powder in Brake Friction Materials. In Proceedings of the 1st Colloquium Paper: Advanced Materials and Mechanical Engineering Research (CAMMER’18), Melaka, Malaysia, March 2018. [Google Scholar]

	



Dan-asabe, B.; Madakson, P.; Manji, J. Material Selection and Production of a Cold-Worked Composite Brake Pad. World J. Eng. Pure Appl. Sci. 2012, 2, 92–97. [Google Scholar]

	



Egeonu, D.; Oluah, C.; Okolo, P.N. Production of Eco-Friendly Brake Pad Using Raw Materials Sourced Locally in Production of Eco-Friendly Brake Pad Using Raw Materials Sourced Locally In Nsukka. J. Energy Technol. Policy 2015, 5, 1–8. [Google Scholar]

	



Juan, R.S.; Kurniawan, C.; Marbun, J.; Simamora, P. Mechanical Properties of Brake Pad Composite Made from Candlenut Shell and Coconut Shell. J. Phys. Conf. Ser. 2020, 1428, 012018. [Google Scholar] [CrossRef]

	



Kholil, A.; Dwiyati, S.T.; Siregar, J.P.; Riyadi, S. Development Brake Pad from Composites of Coconut Fiber, Wood Powder and Cow Bone for Electric Motorcycle. Int. J. Sci. Technol. Res. 2020, 9, 2938–2942. [Google Scholar]

	



Rajmohan, B.; Arunachalam, K.; Sundarapandian, G. Predict the Tribological Properties on Brake Pad Using Coconut Shell / Sugarcane / Sic Powder Hybrid Composites. Int. J. Eng. Innov. Technol. 2017, 7, 43–49. [Google Scholar]

	



Sutikno; Pramujati, B.; Safitri, S.D.; Razitania, A. Characteristics of Natural Fiber Reinforced Composite for Brake Pads Material. AIP Conf. Proc. 2018, 1983, 050009. [Google Scholar] [CrossRef]

	



Pujari, S.; Srikiran, S. Experimental Investigations on Wear Properties of Palm Kernel Reinforced Composites for Brake Pad Applications. Def. Technol. 2019, 15, 295–299. [Google Scholar] [CrossRef]

	



Madeswaran, A.; Natarajasundaram, B.; Ramamoorthy, B. Reformation of Eco-Friendly Automotive Brake Pad by Using Natural Fibre Composites. SAE Tech. Pap. 2016, 28, 0164. [Google Scholar] [CrossRef]

	



Chandradass, J.; Amutha Surabhi, M.; Baskara Sethupathi, P.; Jawahar, P. Development of Low Cost Brake Pad Material Using Asbestos Free Sugarcane Bagasse Ash Hybrid Composites. Mater. Today Proc. 2021, 45, 7050–7057. [Google Scholar] [CrossRef]

	



Nogueira, A.P.G.; da Silva Gehlen, G.; Neis, P.D.; Ferreira, N.F.; Gialanella, S.; Straffelini, G. Rice Husk as a Natural Ingredient for Brake Friction Material: A Pin-on-Disc Investigation. Wear 2022, 494–495, 204272. [Google Scholar] [CrossRef]

	



Koto, N.; Soegijono, B. Effect of Rice Husk Ash Filler of Resistance Against of High-Speed Projectile Impact on Polyester-Fiberglass Double Panel Composites. J. Phys. Conf. Ser. 2019, 1191, 12058. [Google Scholar] [CrossRef]

	



Senthil Kumar, P.; Jegadheesan, C.; Narasimmabharathi, S.; Nithiyarasan, R.; Manideep, B.; Pal Singh, A. Investigations on Tribological Behavior of Natural Fiber Hybrid Composites for Brake Friction. Mater. Today Proc. 2023, 4, 1–6. [Google Scholar] [CrossRef]

	



Gehlen, G.S.; Nogueira, A.P.G.; Carlevaris, D.; Barros, L.Y.; Poletto, J.C.; Lasch, G.; Straffelini, G.; Ferreira, N.F.; Neis, P.D. Tribological Assessment of Rice Husk Ash in Eco-Friendly Brake Friction Materials. Wear 2023, 516–517, 204613. [Google Scholar] [CrossRef]

	



Gehlen, G.S.; Neis, P.D.; Barros, L.Y.; Poletto, J.C.; Ferreira, N.F.; Amico, S.C. Tribological Performance of Eco-Friendly Friction Materials with Rice Husk. Wear 2022, 500–501, 204374. [Google Scholar] [CrossRef]

	



Rout, A.K.; Satapathy, A. Study on Mechanical and Tribo-Performance of Rice-Husk Filled Glass–Epoxy Hybrid Composites. Mater. Des. 2012, 41, 131–141. [Google Scholar] [CrossRef]

	



Hee, K.W.; Filip, P. Performance of Ceramic Enhanced Phenolic Matrix Brake Lining Materials for Automotive Brake Linings. Wear 2005, 259, 1088–1096. [Google Scholar] [CrossRef]

	



Boz, M.; Kurt, A. The Effect of Al2O3 on the Friction Performance of Automotive Brake Friction Materials. Tribol. Int. 2007, 40, 1161–1169. [Google Scholar] [CrossRef]

	



Jeganmohan, S.; Sugozu, B. Usage of Powder Pinus Brutia Cone and Colemanite Combination in Brake Friction Composites as Friction Modifier. Mater. Today Proc. 2020, 27, 2072–2075. [Google Scholar] [CrossRef]

	



Zhang, P.; Zhang, L.; Fu, K.; Wu, P.; Cao, J.; Shijia, C.; Qu, X. The Effect of Al2O3 Fiber Additive on Braking Performance of Copper-Based Brake Pads Utilized in High-Speed Railway Train. Tribol. Int. 2019, 135, 444–456. [Google Scholar] [CrossRef]

	



Veeresh Kumar, G.B.; Pramod, R.; Rao, C.S.P.; Gouda, P.S.S. Artificial Neural Network Prediction on Wear of Al6061 Alloy Metal Matrix Composites Reinforced with -Al2o3. Mater. Today Proc. 2018, 5, 11268–11276. [Google Scholar] [CrossRef]

	



Talib, R.J.; Hisyam Basri, M.; Ismail, N.I.; Rabilah, R.; Selamat, M.A. Influence of Iron Oxide Powders on Braking Performance of Brake Friction Materials. J. Mech. Eng. 2017, SI 4, 129–142. [Google Scholar]

	



Xu, W.; Fu, C.; Zhong, M.; Xie, G.; Xie, X. Effect of Type and Content of Iron Powder on the Formation of Oxidized Film and Tribological Properties of Cu-Matrix Composites. Mater. Des. 2022, 214, 110383. [Google Scholar] [CrossRef]

	



Al2O3 Aluminum Oxide SAFETY DATA SHEET (SDS); No A1522; Sigma-Aldrich: Burlington, MA, USA, 2007.

	



Fe2O3 Iron (III) Oxide SAFETY DATA SHEET (SDS); No 529311; Sigma-Aldrich: Burlington, MA, USA, 2023.

	



Adi Yoga Saputra, G.; Astika, I.M.; Ary Subagia, I.D.G. Comparison of the Compressive Strength of Laminate and Prepreg Structures of a Jute-Epoxy Composite. J. Mater. Eng. Manuf. Energy 2022, 14, 1–5. [Google Scholar] [CrossRef]

	



Setyabudi, S.A.; Choiron, M.A.; Purnowidodo, A. Effect of Angle Orientation Layup on Uniaxial Tensile Test Specimen of Fiber Carbon Composite Manufactured by Using Resin Transfer Moulding with Vacuum Bagging. IOP Conf. Ser. Mater. Sci. Eng. 2019, 494, 012020. [Google Scholar] [CrossRef]

	



Arwanto. Synthesis Composite Hybrid (Glass/Epoxy-MWNT) and Analysis with Micromechanic Model. Master’s Thesis, Universitas Indonesia, Depok, Indonesia, 2012. [Google Scholar]

	



Hadi, A.E.; Siregar, J.P.; Cionita, T.; Norlaila, M.B.; Badari, M.A.M.; Irawan, A.P.; Jaafar, J.; Rihayat, T.; Junid, R.; Fitriyana, D.F. Potentiality of Utilizing Woven Pineapple Leaf Fibre for Polymer Composites. Polymers 2022, 14, 2744. [Google Scholar] [CrossRef]

	



Ismail, R.; Cionita, T.; Lai, Y.L.; Fitriyana, D.F.; Siregar, J.P.; Bayuseno, A.P.; Nugraha, F.W.; Muhamadin, R.C.; Irawan, A.P.; Hadi, A.E. Characterization of PLA/PCL/Green Mussel Shells Hydroxyapatite (HA) Biocomposites Prepared by Chemical Blending Methods. Materials 2022, 15, 8641. [Google Scholar] [CrossRef] [PubMed]

	



Fitriyana, D.F.; Nugraha, F.W.; Laroybafih, M.B.; Ismail, R.; Bayuseno, A.P.; Muhamadin, R.C.; Ramadan, M.B.; Qudus, A.R.A.; Siregar, J.P. The Effect of Hydroxyapatite Concentration on the Mechanical Properties and Degradation Rate of Biocomposite for Biomedical Applications. IOP Conf. Ser. Earth Environ. Sci. 2022, 969, 12045. [Google Scholar] [CrossRef]

	



Sahoo, P.; Das, S.K.; Paulo Davim, J. Surface Finish Coatings. In Comprehensive Materials Finishing; Hashmi, M.S.J., Ed.; Elsevier: Oxford, UK, 2017; pp. 38–55. ISBN 978-0-12-803249-7. [Google Scholar]

	



Nugroho, S.; Nugroho, S.; Fitriyana, D.F.; Ismail, R.; Nurcholis, T.A.; Cionita, T.; Siregar, J.P. The Effect of Surface Hardening on The HQ 705 Steel Camshaft Using Static Induction Hardening and Tempering Method. Automot. Exp. 2022, 5, 343–354. [Google Scholar] [CrossRef]

	



Irawan, A.P.; Anggarina, P.T.; Utama, D.W.; Najid, N.; Abdullah, M.Z.; Siregar, J.P.; Cionita, T.; Fitriyana, D.F.; Jaafar, J.; Hadi, A.E.; et al. An Experimental Investigation into Mechanical and Thermal Properties of Hybrid Woven Rattan/Glass-Fiber-Reinforced Epoxy Composites. Polymers 2022, 14, 5562. [Google Scholar] [CrossRef] [PubMed]

	



Abutu, J.; Lawal, S.A.; Ndaliman, M.B.; Lafia-Araga, R.A.; Adedipe, O.; Choudhury, I.A. Production and Characterization of Brake Pad Developed from Coconut Shell Reinforcement Material Using Central Composite Design. SN Appl. Sci. 2019, 1, 1–16. [Google Scholar] [CrossRef]

	



Ergün, Y.A. Mechanical Properties of Epoxy Composite Materials Produced with Different Ceramic Powders. J. Mater. Sci. Chem. Eng. 2019, 7, 1–8. [Google Scholar] [CrossRef]

	



Shivakumar, H.; Renukappa, N.M.; Shivakumar, K.N.; Suresha, B. The Reinforcing Effect of Graphene on the Mechanical Properties of Carbon-Epoxy Composites. Open J. Compos. Mater. 2020, 10, 27–44. [Google Scholar] [CrossRef]

	



Suhot, M.A.; Hassan, M.Z.; Aziz, S.A.; Md Daud, M.Y. Recent Progress of Rice Husk Reinforced Polymer Composites: A Review. Polymers 2021, 13, 2391. [Google Scholar] [CrossRef]

	



Ighalo, J.O.; Adeniyi, A.G.; Owolabi, O.O.; Abdulkareem, S.A. Moisture Absorption, Thermal and Microstructural Properties of Polymer Composites Developed from Rice Husk and Polystyrene Wastes. Int. J. Sustain. Eng. 2021, 14, 1049–1058. [Google Scholar] [CrossRef]

	



Laftah, W.A.; Wan Abdul Rahman, W.A. Rice Waste–Based Polymer Composites for Packaging Applications: A Review. Polym. Polym. Compos. 2021, 29, S1621–S1629. [Google Scholar] [CrossRef]

	



Wang, Z.; Barford, J.P.; Hui, C.W.; McKay, G. Kinetic and Equilibrium Studies of Hydrophilic and Hydrophobic Rice Husk Cellulosic Fibers Used as Oil Spill Sorbents. Chem. Eng. J. 2015, 281, 961–969. [Google Scholar] [CrossRef]

	



Cigasova, J.; Stevulova, N.; Schwarzova, I.; Junak, J. Innovative Use of Biomass Based on Technical Hemp in Building Industry. Chem. Eng. Trans. 2014, 37, 685–690. [Google Scholar] [CrossRef]

	



Jiang, Z.; Yuan, Y. Effects of Particle Size Distribution of Silica on Properties of PTFE/SiO2 Composites. Mater. Res. Express 2018, 5, 066306. [Google Scholar] [CrossRef]

	



Bisht, N.; Gope, P.C.; Rani, N. Rice Husk as a Fibre in Composites: A Review. J. Mech. Behav. Mater. 2020, 29, 147–162. [Google Scholar] [CrossRef]

	



Dahham, O.S.; Noriman, N.Z.; Hamzah, R.; Syed Idrus, S.Z.; Shayfull, Z.; Adam, T.; Munirah, N.R. The Effects of Different Rice Husk Loading and Size on the Properties of Standard Malaysian Rubber / Rice Husk Composites. J. Phys. Conf. Ser. 2018, 1019, 012091. [Google Scholar] [CrossRef]

	



Ahmad Fuad, M.Y.; Yaakob, I.; Mohd Ishak, Z.A.; Mohd Omar, A.K. Density Measurement of Rice Husk Ash Filler Particles in Polypropylene Composites. Polym. Test. 1993, 12, 107–112. [Google Scholar] [CrossRef]

	



Zhang, Y.; Feng, K.; Shui, Y.; Chen, S.; Liu, Y. Influence of Phosphorus on Iron-Based Friction Material Prepared Directly from Vanadium-Bearing Titanomagnetite Concentrates. J. Iron Steel Res. Int. 2021, 28, 669–678. [Google Scholar] [CrossRef]

	



Nandiyanto, A.B.D.; Hofifah, S.N.; Girsang, G.C.S.; Putri, S.R.; Budiman, B.A.; Triawan, F.; Al-Obaidi, A.S.M. The Effects of Rice Husk Particles Size as a Reinforcement Component on Resin-Based Brake Pad Performance: From Literature Review on the Use of Agricultural Waste as a Reinforcement Material, Chemical Polymerization Reaction of Epoxy Resin, to Experiments. Automot. Exp. 2021, 4, 68–82. [Google Scholar] [CrossRef]

	



Crǎciun, A.L.; Pinca-Bretotean, C.; Birtok-Bǎneasǎ, C.; Josan, A. Composites Materials for Friction and Braking Application. IOP Conf. Ser. Mater. Sci. Eng. 2017, 200, 012009. [Google Scholar] [CrossRef]

	



Manjulaiah, H.; Dhanraj, S.; Basavegowda, Y.; Naik, L. A Novel Study on the Development of Sisal-Jute Fiber Epoxy Filler–Based Composites for Brake Pad Application. Biomass Convers. Biorefinery 2023, 4, 1–13. [Google Scholar] [CrossRef]

	



Veerapaneni, A.K.; Kuppan, C.; Chavali, M. Effect of Nano-α-Al2o3 Particles on Mechanical Properties of Glass-Fibre Reinforced Epoxy Hybrid Composites. ASEAN J. Chem. Eng. 2021, 21, 73–82. [Google Scholar] [CrossRef]

	



Hossain, M.K.; Chowdhury, M.M.R.; Salam, M.B.A.; Jahan, N.; Malone, J.; Hosur, M.V.; Jeelani, S.; Bolden, N.W. Enhanced Mechanical Properties of Carbon Fiber/Epoxy Composites by Incorporating XD-Grade Carbon Nanotube. J. Compos. Mater. 2015, 49, 2251–2263. [Google Scholar] [CrossRef]

	



Islam, M.R.; Rivai, M.; Gupta, A.; Beg, M.D.H. Characterization of Ultrasound-Treated Oil Palm Empty Fruit Bunch-Glass Fiber-Recycled Polypropylene Hybrid Composites. J. Polym. Eng. 2015, 35, 135–143. [Google Scholar] [CrossRef]

	



Maulana, I.T.; Rusdja, A.P.; Surojo, E.; Muhayat, N.; Raharjo, W.W. Effect of the Cantala Fiber on Flexural Strength of Composite Friction Brake. AIP Conf. Proc. 2018, 1977, 030031. [Google Scholar] [CrossRef]

	



Wypych, G. The effect of fillers on the mechanical properties of filled materials. In Handbook of Fillers, 4th ed.; Wypych, G., Ed.; ChemTec Publishing: Toronto, ON, Canada, 2016; pp. 467–531. ISBN 978-1-895198-91-1. [Google Scholar]

	



Rahman, M.M.; Mondol, M.; Hasan, M. Mechanical Properties of Chemically Treated Coir and Betel Nut Fiber Reinforced Hybrid Polypropylene Composites. IOP Conf. Ser. Mater. Sci. Eng. 2018, 438, 012025. [Google Scholar] [CrossRef]

	



Li, D.; Jiang, Y.; Lv, S.; Liu, X.; Gu, J.; Chen, Q.; Zhang, Y. Preparation of Plasticized Poly (Lactic Acid) and Its Influence on the Properties of Composite Materials. PLoS ONE 2018, 13, e0193520. [Google Scholar] [CrossRef]

	



Shivakumar, K.N.; Brown, W.H.; Imran, K.A. Fly Ash Composites, A Step toward Pond Ash Composites. Coal Combust. Gasif. Prod. 2019, 11, 66–74. [Google Scholar]

	



Wu, R.R.; Wang, R.F.; Li, Q.S.; Zhao, H. Le Microstructure and Mechanical Properties of Al2O3/7075. Zhuzao/Foundry 2018, 67, 695–698. [Google Scholar]

	



Wasilewski, P.; Kuciej, M. Comparative Study on the Effect of Fibre Substitution on the Properties of Composite Railway Brake Shoe. In Proceedings of the IX International Scientific Conference, Aleksandras Stulginskis University, Kaunas, Lithuania, 16–17 November 2017; pp. 172–177. [Google Scholar] [CrossRef]

	



Jeyanthi, S.; Janci Rani, J. Development of Natural Long Fiber Thermoplastic Composites for Automotive Frontal Beams. Indian J. Eng. Mater. Sci. 2014, 21, 580–584. [Google Scholar]

	



Singh, T.; Gangil, B.; Patnaik, A.; Biswas, D.; Fekete, G. Agriculture Waste Reinforced Corn Starch-Based Biocomposites: Effect of Rice Husk/Walnut Shell on Physicomechanical, Biodegradable and Thermal Properties. Mater. Res. Express 2019, 6, 045702. [Google Scholar] [CrossRef]

	



Rusdja, A.P.; Surojo, E.; Muhayat, N.; Raharjo, W.W. Effect of Gas Release in Hot Molding on Flexural Strength of Composite Friction Brake. AIP Conf. Proc. 2018, 1931, 030062. [Google Scholar] [CrossRef]

	



Manoharan, S.; Shihab, A.I.; Alemdar, A.S.A.; Babu, L.G.; Vijay, R.; Lenin Singaravelu, D. Influence of Recycled Basalt-Aramid Fibres Integration on the Mechanical and Thermal Properties of Brake Friction Composites. Mater. Res. Express 2019, 6, 115310. [Google Scholar] [CrossRef]

	



Mathur, R.B.; Thiyagarajan, P.; Dhami, T.L. Controlling the Hardness and Tribological Behaviour of Non-Asbestos Brake Lining Materials for Automobiles Controlling the Hardness and Tribological Behaviour of Non-Asbestos Brake Lining Materials for Automobiles. Carbon Lett. 2015, 5, 6–11. [Google Scholar]

	



Simsek, D.; Simsek, I.; Ozyurek, D. Relationship between Al2O3 Content and Wear Behavior of Al+2% Graphite Matrix Composites. Sci. Eng. Compos. Mater. 2020, 27, 177–185. [Google Scholar] [CrossRef]

	



Zhou, Z.; Li, Y.; Xiang, R.; Li, S.; Luo, H.; Wang, H. Fabrication of Basalt Cotton/Polytetrafluoroethylene (BC/PTFE) Composite Fiberboards with Excellent Dielectric Properties over a Wide Frequency Range. J. Mater. Sci. Mater. Electron. 2021, 32, 12275–12282. [Google Scholar] [CrossRef]

	



Zalani, N.F.M.; Sivakumar, D.; Selamat, M.Z. Investigation on Properties of Woven Kenaf Fiber Reinforced Polypropylene Composite. Proc. Mech. Eng. Res. Day 2017, 385–386. [Google Scholar]

	



Kasim, A.N.; Selamat, M.Z.; Daud, M.A.M.; Yaakob, M.Y.; Putra, A.; Malingam, S.D. Mechanical Properties of Polypropylene Composites Reinforced with Alkaline Treated Pineapple Leaf Fibre from Josapine cultivar. Int. J. Automot. Mech. Eng. 2016, 13, 3157–3167. [Google Scholar] [CrossRef]

	



Mousavi, R.; Deflorian, F.; Bahrololoom, M.E. Morphology, Hardness, and Wear Properties of Ni-Base Composite Coating Containing Al Particle. Coatings 2020, 10, 346. [Google Scholar] [CrossRef]

	



Kadivar, M.; Azarhoushang, B. Kinematics and Material Removal Mechanisms of Loose Abrasive Machining. In Tribology and Fundamentals of Abrasive Machining Processes, 3rd ed.; Azarhoushang, B., Marinescu, I.D., Brian Rowe, W., Dimitrov, B., Ohmori, H., Eds.; William Andrew Publishing: Norwich, NY, USA, 2022; pp. 507–536. ISBN 978-0-12-823777-9. [Google Scholar]

	



Sulima, I.; Hyjek, P. Effect of Test Conditions on Wear Properties of Steel-Matrix Composites. Metall. Foundry Eng. 2017, 43, 269. [Google Scholar] [CrossRef]

	



Setyawan, E.Y.; Djiwo, S.; Praswanto, D.H.; Siagian, P. Effect of Cocopeat and Brass Powder Composition as a Filler on Wear Resistance Properties. IOP Conf. Ser. Mater. Sci. Eng. 2020, 725, 012041. [Google Scholar] [CrossRef]

	



Chand, N.; Fahim, M. Wood-Reinforced Polymer Composites. In Woodhead Publishing Series in Composites Science and Engineering; Chand, N., Fahim, M., Eds.; Woodhead Publishing: Cambridge, UK, 2021; pp. 177–191. ISBN 978-0-12-818983-2. [Google Scholar]

	



Liao, Z.; Hua, N.; Chen, W.; Huang, Y.; Zhang, T. Correlations between the Wear Resistance and Properties of Bulk Metallic Glasses. Intermetallics 2018, 93, 290–298. [Google Scholar] [CrossRef]

	



Fitriyana, D.F.; Caesarendra, W.; Nugroho, S.; Haryadi, G.D.; Herawan, M.A.; Rizal, M.; Ismail, R. The Effect of Compressed Air Pressure and Stand-off Distance on the Twin Wire Arc Spray (TWAS) Coating for Pump Impeller from AISI 304 Stainless Steel. Springer Proc. Phys. 2020, 242, 119–130. [Google Scholar] [CrossRef]

	



Fitriyana, D.F.; Anis, S.; Rachman, A.; Qudus, A.; Aufa, M.; Lakuy, N.; Ismail, R.; Nugroho, S.; Haryadi, G.D.; Bayuseno, A.P. The Effect of Post-Heat Treatment on The Mechanical Properties of FeCrBMnSi Coatings Prepared by Twin Wire Arc Spraying (TWAS) Method on Pump Impeller From 304 Stainless Steel. J. Adv. Res. Fluid Mech. Therm. Sci. 2022, 2, 138–147. [Google Scholar] [CrossRef]

	



Abutu, J.; Lawal, S.A.; Ndaliman, M.B.; Araga, R.A.L. An Overview of Brake Pad Production Using Non-Hazardous Reinforcement Materials. Acta Tech. Corvininesis-Bulletin Eng. 2018, 11, 143–156. [Google Scholar]

	



Acharya, S.K.; Samantrai, S.P. The Friction and Wear Behaviour of Modified Rice Husk Filled Epoxy Composite. In Proceedings of the ACUN6 –Composites and Nanocomposites in Civil, Offshore and Mining Infrastructure, Melbourne, Australia, 14–16 November 2012. [Google Scholar]

	



Arif, S.; Eko, W.S.R.; Rahmad, H. Penelitian Pendahuluan Laju Keausan Efektif Material Komposit Gergaji Kayu Jati Dengan Matriks Epoxy Untuk Aplikasi Kampas Rem Cakram. Semin. Nas. Teknol. Terap. 2021, 7, 1–5. [Google Scholar]

	



Riza, M.; Aprilia, S.; Razali, N.; Fikry, M.R. Characterization of Eco-Friendly Composite Board as a Heat Insulator Based on Polypropylene Waste with Coconut Coir Filler. J. Appl. Technol. 2022, 1, 7–15. [Google Scholar]

	



Cionita, T.; Siregar, J.P.; Shing, W.L.; Hee, C.W.; Fitriyana, D.F.; Jaafar, J.; Junid, R.; Irawan, A.P.; Hadi, A.E. The Influence of Filler Loading and Alkaline Treatment on the Mechanical Properties of Palm Kernel Cake Filler Reinforced Epoxy Composites. Polymers 2022, 14, 3063. [Google Scholar] [CrossRef]

	



Samaei, S.E.; Mahabadi, H.A.; Mousavi, S.M.; Khavanin, A.; Faridan, M.; Taban, E. The Influence of Alkaline Treatment on Acoustical, Morphological, Tensile and Thermal Properties of Kenaf Natural Fibers. J. Ind. Text. 2022, 51, 8601S–8625S. [Google Scholar] [CrossRef]

	



Matykiewicz, D. Biochar as an Effective Filler of Carbon Fiber Reinforced Bio-Epoxy Composites. Processes 2020, 8, 724. [Google Scholar] [CrossRef]

	



Fernandesa, I.J.; Santos, R.V.; Dos Santos, E.C.A.; Rocha, T.L.A.C.; Junior, N.S.D.; Moraes, C.A.M. Replacement of Commercial Silica by Rice Husk Ash in Epoxy Composites: A Comparative Analysis. Mater. Res. 2018, 21, 1–10. [Google Scholar] [CrossRef]

	



Bashir, M.; Qayoum, A.; Saleem, S.S. Influence of Lignocellulosic Banana Fiber on the Thermal Stability of Brake Pad Material. Mater. Res. Express 2019, 6, 115551. [Google Scholar] [CrossRef]

	



Tian, H.; Yao, Y.; Liu, D.; Li, Y.; Jv, R.; Xiang, G.; Xiang, A. Enhanced Interfacial Adhesion and Properties of Polypropylene/Carbon Fiber Composites by Fiber Surface Oxidation in Presence of a Compatibilizer. Polym. Compos. 2019, 40, E654–E662. [Google Scholar] [CrossRef]

	



Periasamy, K.; Kandare, E.; Das, R.; Darouie, M.; Khatibi, A.A. Interfacial Engineering Methods in Thermoplastic Composites: An Overview. Polymers 2023, 15, 415. [Google Scholar] [CrossRef] [PubMed]

	



Azizi, H.; Eslami-Farsani, R. Study of Mechanical Properties of Basalt Fibers/Epoxy Composites Containing Silane-Modified Nanozirconia. J. Ind. Text. 2019, 51, 649–663. [Google Scholar] [CrossRef]








[image: Polymers 15 02597 g001 550] 





Figure 1. The densities of the brake friction material specimens. 
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Figure 2. Flexural strength and flexural modulus of brake friction materials. 
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Figure 3. Relationship between density and flexural strength in brake friction materials. 
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Figure 4. The hardness of brake friction materials. 
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Figure 5. The relationship between the density and hardness of brake friction materials. 
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Figure 6. DSC test results of BP_1 and BP_6 specimens. 
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Figure 7. TGA (a) and DTG (b) curves of brake friction materials. 
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Figure 8. SEM images of the (a) BP_1 and (b) BP_6 specimens. 
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Table 1. The properties of the Al2O3 and Fe2O3.
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	Specifications
	Al2O3 [42]
	Fe2O3 [43]





	Boiling point (°C)
	2980
	3414



	Density (g/cm3)
	3.94 (at 20 °C)
	5.25 (at 25 °C)



	Melting point (°C)
	2040
	1565



	Molecular weight (g/mol)
	101.96
	159.69
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Table 2. The properties of the epoxy resin EPR 174 [44,45,46].
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	Specifications
	Standard





	Epoxy resin type
	Bisphenol A-Epichlorohydrin



	Hardener type
	Cyclonliphatic Amine (EPH-555)



	Density at 25 ℃ (g/cm³)
	1.16 ± 0.02



	Flexural strength (MPa)
	81.3



	Compressive strength (MPa)
	88.2



	Tensile strength (MPa)
	63.7



	Elongation (%)
	6



	Viscocity at 25 ℃ (mPa.s)
	13,000 ± 2000



	Flash point (℃)
	>250
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Table 3. Code and specimen composition of brake friction materials.
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	Specimen Code
	Epoxy (wt.%)
	Rice Husk (wt.%)
	Al2O3 (wt.%)
	Fe2O3 (wt.%)





	BP_1
	100
	0
	0
	0



	BP_2
	50
	0
	25
	25



	BP_3
	50
	5
	22.5
	22.5



	BP_4
	50
	10
	20
	20



	BP_5
	50
	15
	17.5
	17.5



	BP_6
	50
	20
	15
	15
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Table 4. Comparison of density, hardness, and specific wear rates of BP_1 and BP_6 specimens.






Table 4. Comparison of density, hardness, and specific wear rates of BP_1 and BP_6 specimens.





	Specimen Code
	Density (g/cm3)
	Hardness (HV)
	Specific Wear Rates (10−7 mm2/kg)





	BP_1
	1.21
	58.7
	9.1



	BP_6
	1.23
	81.2
	8.67
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