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Abstract

:

In the present study, the surface composite Al359/Si3N4/Eggshell is prepared by friction stir processing (FSP). The effect of reinforced particle volume fraction on the microstructural and tribological properties of the Al359/Si3N4/Eggshell surface composites was investigated and compared with the friction stir processed (FSPed) Al359 alloy. The microstructural properties were further investigated by light microscopy, FESEM, and EDS mapping. The tribological properties of the developed composite and FSPed Al359 were investigated using a reciprocating ball-on-plate universal tribometer. The microstructural results showed that defect-free composite surfaces are produced due to improved physical properties, severe plastic deformation, and better grain refinement. Moreover, the mean value of the friction coefficient (µ) for the developed composite and FSPed alloy are 0.36 µ and 0.47 µ, respectively. The obtained results indicated that Si3N4/Eggshell is a promising reinforced particle for improving microstructural and tribological performance in journal bearing, rotors, and machinery applications.
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1. Introduction


In the past decade, researchers and modern industries have been continuously finding new quality materials that are lightweight, dimensionally accurate, have a high-quality surface finish, a high production rate, are cost-effective to produce, and are environment friendly [1,2,3,4]. For these reasons, aluminium alloys and their composites are the primary preference for the aerospace and automotive industries due to their lightweight, good mechanical, and tribological properties [5]. However, the need for specific engineering materials for specific engineering applications is still open to investigation. Aluminium metal matrix composites (AMMCs) have been developed as advanced engineering materials for weight-saving applications in both industries. AMMCs exhibit an excellent combination of high specific strength, hardness, and better wear resistance for various applications. Moreover, the enhancement of all desired properties, such as physical and mechanical, depends on reinforcement/particulates and microstructure [6]. Several researchers have experimented with using different reinforcement particles (SiC, Al2O3, B4C, Gr, TiC, Si3N4, and TiB2, etc.). Si3N4 is considered a standout reinforcement and one of the most promising ceramics because of its high levels of hardness. It also has other extraordinary characteristics, such as low density, high melting point, high thermal stability, and good chemical stability [7]. Si3N4 also has excellent ballistic and mechanical properties, making it a desirable material for several defence applications [8]. Waste eggshell is a new engineering reinforcement, containing around 95% calcium carbonate (CaCO3), 3% phosphorus, and signs of magnesium, zinc, sodium, potassium, iron, and copper [9,10]. It can be used as a bio-waste material to meet the different requirements of modern products, and also to create new value. It is an inexpensive reinforcement material with excellent properties, such as low density, hardness, compressive strength, high thermal stability, and it is renewable [11]. These mechanical properties qualify it as an excellent candidate to reinforce aluminium and its alloys, usually used in the automobile industry [12]. Kumar et al. examined the effect of different reinforcement microparticles (SiC, Al2O3, and Ti) with the addition of waste carbonized eggshell powder. Ti/eggshell base reinforcement in AMMCs obtained an excellent hardness compared to the other reinforcement particles [13]. However, other reinforced composites possess good hardness compared with the base material. The addition of commonly used reinforced particles, such as SiC, Al2O3, and B4C, in the metal matrix improves tensile strength, yield strength, and hardness, but reduces ductility.



Both phase fabrication methods, such as liquid and solid phases, have been successfully used to make the desired composite. Several studies presented the enhancement of the specific mechanical properties and modified the microstructure of the matrix material. However, liquid state processing presents major drawbacks, such as porosity, solute redistribution, and solidification cracking [12,13,14]. High temperature is required for solid-to-liquid and vapour phase changing processes, but the reverse process (liquid-to-solid phase) reduces some of the special properties of the composites. Several research studies have found that friction stir processing (FSP) is a suitable process for fabricating composites that work in the solid-to-solid state phase, thus eliminating these drawbacks [15,16].



FSP is a technique that has become very popular in recent decades. FSP is a versatile method of solid-state processing, and it is an energy efficient technique that results in no residual stresses that refine the microstructure, densification, and homogeneity of the structure [17,18]. Figure 1a shows the schematic arrangement of FSP. In this process, the matrix material is processed by a non-consumable tool with a shoulder-pin arrangement that rotates at high speed. The friction between the tool and matrix material generates sufficient heat. The tool traverses to cover up the desired area and is stirred by the tool shoulder-pin arrangement in the coverage area. Due to the stirring of the material, severe plastic deformation occurs, which causes refined microstructure, densification, and homogeneity in the formed composites [19,20]. The process parameters can directly control the advantage of FSP on mechanical and microstructural properties. Thus, FSP has manifested a similar or better tribological performance than other conventional processes [21,22].



The focus of the present research is placed on tribological characteristics. Generally, composites demonstrate a high friction coefficient in the range of 0.5–0.8, except for those that slide in water or under other lubricants. In the present work, a vertical milling machine is used to produce the surface composites. Al359 aluminium alloy was used as a matrix material, while Si3N4 and waste eggshell powder was used as reinforcement materials (6% by volume). The tribological tests are carried out to test the frictional properties of Al-6% Si3N4/Eggshell composites. The microstructural study was done with the help of light microscopy, FE-SEM equipped with EDS mapping.




2. Experimental Procedure


Commercially available Al359 aluminium alloy was used as a matrix material. It is a suitable material in applications including aerospace, automotive, and for highly stressed parts (gears, fuse parts, and structural components). Al359 plates were purchased with a dimension of 75 mm× 150 mm× 6 mm, as shown in Figure 1b. Before FSP, a square groove was cut transversely from the middle according to the 6% reinforcement volume. Si3N4 and ball-milled carbonized eggshell powder, each of 3% volume, were selected as the primary and secondary reinforcement. Figure 2a shows the Si3N4 particle size varying between 5 µm to 80 µm with an average diameter of 18 µm.



Waste eggshells were collected from local shops to prepare the carbonized eggshell. They were cleaned to remove any dust and egg liquid. Next, they were solar-dried for 48 h to remove the moisture. Dry eggshells were preheated to a temperature of 1000 °C for 1 h. Carbonized eggshells were ball milled to obtain a fine powder. The obtained powder was passed through multiple sieves of the required size to ensure that particles in the correct range were obtained [23]. Figure 2b showed the eggshell particle size varying between 5 µm to 140 µm with an average diameter of 33 µm. Previous research and lab experimentations have found that the process parameters of FSP affect the mechanical and physical properties of the developed composites. Parameters, such as rotational tool speed, traverse speed, tilt angle, and axial force, can improve the properties of the composites. The preferred process parameters for fabricating Al359/Si3N4/Eggshell surface composites are given in Table 1, and are based on the pilot experiments and the authors’ own previous published literature.



A non-consumable HSS tool with a shoulder diameter of shoulder 18 mm, shoulder length of 70 mm, and a triangular profile pin with 4 mm edges were prepared as shown in Figure 3. To make the homogeneous mixture, 3% of both types of reinforcements were chosen and mixed manually after preheating to 350 °C. The homogeneous preheated mixture of Si3N4/Eggshell powder (6% by volume) was filled into the square groove (dimensions are decided based on the 6% volume of reinforcement material) made on the top surface of the base plate. A pin-less HSS tool was used to cover the reinforcement powder to prevent it from spurting out of the track during the FSP processing. Then the primary FSP process was carried out using a vertical milling machine at room temperature, and within the process parameters described in Table 1, and with 6% volume of the reinforcement material. Figure 4 shows Al359/Si3N4/Eggshell surface composite after the FSP.



The friction stir processed (FSPed) samples were cut using the Wire-EDM (CNC wire-cut electric discharge machine manufactured by Electronica Machine Tool Ltd, IIT ISM Dhanbad, India) and polished in the YZ plane using SiC paper of grit size 600 grade (230 × 280 mm) to remove uneven surfaces.



For the microstructural study, rectangular cross-section of the specimens was obtained as per the ASTM-E3 standard. Further, it was polished with diamond paste and etched in a solution of Keller’s reagent (15 mL HCL + 25 mL HNO3 + 10 mL HF + 50 mL H2O). The microstructure of the specimens was studied through inverted light microscope (manufacturer Leica- model- DMI3000 M, IIT ISM Dhnabad, India) and FE-SEM (Jeol jsm-7800 prime field emission scanning electron microscopy) coupled with an EDS detector (LN2 Free SDD X-max 80 energy dispersive detector). The sliding wear behaviour of the FSPed Al359/Si3N4/Eggshell sample and FSPed Al359 without any reinforcement were studied using a reciprocating-type ball-on-plate universal tribometer (MFT 5000, Rtec instruments, USA). The 2D schematic of the used tribometer setup is depicted in Figure 5. Before the tribological analysis, specimens were prepared as per the ASTM G99 standard procedures. The samples were cut and cleaned in isopropyl alcohol solution for 10 min, followed by deionized water. The ultrasonically cleaned samples were dried in a furnace at 100 °C to remove the moisture from the samples’ surface. The reciprocating-type ball-on-plate wear mode was set to perform the tribological analysis, and a stainless steel ball (6 mm diameter) was used as a counter body. Thus, a sliding pair of Al359/Si3N4/Eggshell and a stainless steel 316 ball worked as a working pair. During the sliding wear tests, a 2 Hz frequency was set to achieve the sliding velocity of 10 mm/s. A 15 N load and 5 mm stroke length were applied for the test duration of 10 min. The average coefficient of friction (COF) and frictional force (Fx) for the Al359/Si3N4/Eggshell composite sample was obtained as per the ASTM standard G115 for the sliding wear test. Thereafter, to remove worn-out debris, the samples were ultrasonically cleaned and dried in the furnace (Stericox, India) at 100 °C temperature for 30 min. Further, the 3D images of the worn samples were captured and studied in detail to study the wear mechanism.




3. Results and Discussion


The microstructures of the FSPed specimen were observed using light microscopy, as shown in Figure 6a,b taken at two different locations (a) stir zone (SZ) (b) thermomechanical affected zone (TMAZ). The matrix phase of the alloy is shown by the brighter regions, and the reinforcement phase is shown by the darker regions in the micrograph. From Figure 6, it can be seen that reinforced particles are dispersed homogeneously with a minor porosity due to the high tool rotation. Moreover, the distribution of the reinforced particles is more homogeneous with the reduced density, which decreases the porosity in the sample. When compared to the base alloy, the larger grains break into smaller sized grains with the increased number of the grain boundary. The result shows that the FSPed zone produces a defect-free composite that can offer excellent mechanical, physical, and plastic deformation and better grain refinement.



Morphological studies of the FSPed sample were done using FESEM, which was coupled with EDS mapping. This was used to produce a detailed study of the microstructure, plastic deformation, grain refinement, and chemical composition of the composite. The SEM micrograph of the FSPed composite at different magnifications and different locations of stir zone at 10 µm, TMAZ location at 1 µm and 10 µm) is presented in Figure 7a–d, respectively. The obtained micrograph depicted the severe plastic deformation of the base alloy and the presence of a reinforcement phase in the stir zone region and TMAZ. A fine-grained structure with a large number of grain boundaries was formed, which is attributed to the dynamic recrystallization during the FSP process. The optimized parameters were used to produce the equiaxed and refined grain structure, which highlights the capability of FSP processing. It is revealed from the FESEM images that a uniform distribution of the Si3N4/Eggshell reinforced particles was obtained. The desired composites, consisting of matrix material and reinforced particles, have fine and smooth surfaces caused by the FSP with proper shoulder design. However, few defects, such as clustering of the reinforcement phase and micro-pores, can be seen in the micrographs. These defects can be considered negligible due to the enhanced microstructural features. The chemical composition of the Al359/Si3N4/Eggshell developed surface composites is presented in Figure 8a,b.



Figure 8a shows the EDS spectrum and Figure 8b shows the element mapping of the composition of surface composite Al359/Si3N4/Eggshell. The EDS spectrum of all the major constituents of the developed composite, such as Al, Si, and Ca, can be seen in the elemental list along with their significant weight percentage. The small contribution of other constituents of base alloy Al359, such as Zn, Cu, and Mg, are also present in the selected phase of the EDS mapping. It is evident from Figure 8b that the major elements of Al359/Si3N4/Eggshell surface composite, such as Zn, Cu, Mg, and Ca, are completely diffused with the Al matrix material. This is because, during the FSP, the frictional heat plastically deformed the aluminium matrix material below its melting temperature, resulting in a softening of the matrix. In this region, it can be concluded that proper wettability formed between the reinforced particles and matrix material. However, the Si phase is seen in low density. This is attributed to the fact that the Si3N4 particles are not completely diffused into the matrix material due to their low density and high melting temperature. Some other elements, i.e., carbon, oxygen, and fluorine, also showed they can exist in the matrix material due to chemical and metallurgical reactions during the preparation of the composites by FSP.



Further, the sliding wear test was carried out using the ball-on-plate reciprocating-type universal tribometer. During the test, a constant normal load of 15 N and sliding speed of 10 mm/s were used to evaluate the friction and wear performance of the developed surface composites. A frictional force (Fx) and normal force (Fz) were measured during the test run. The 2D load cell was used to maintain the normal force (Fz) of 15 N ± 1 N during the test, which can be seen in Figure 9. Furthermore, a coefficient of friction (COF) value was calculated as a function of time from the force data set and presented in Figure 10.



Figure 9 highlights the generation of the frictional force (Fx) value for the composite surface. At the beginning of the process, the generation of the frictional force value is low, but later on it increases and stabilizes (Figure 10). The average Fx value for the composite surface is 6.9 N. Further, Figure 11 depicts the COF (µ) values for both the FSPed Al359 without reinforcement and Al359/Si3N4/Eggshell surface composite. During the test, the COF value for the surface composite steadily increased during the first 80 s, and then continued to rise until approximately 170 s, where it reached roughly 0.42 µ. Afterwards, the COF value was reduced and stabilized at 0.39 µ. The mean value of the COF for the produced composite was 0.37. Furthermore, for the FSPed Al359 without reinforcement, the COF increases at a higher rate than the composite surface, and attains an average COF value of 0.48 µ (Figure 11), which dictates the poor tribological performance of the FSPed material. The tribological results show that the COF value for the surface composite is 23% lower than the FSPed Al359 without reinforcement. Moreover, the variation in friction coefficient with time was observed for the FSPed sample, with greater variation during the first 80 s, influenced by the “stick-slip” phenomena. This effect can occur when objects are analysed while in the dynamic contact between two surfaces, resulting in a spontaneous jerking motion and unstable movement along the sliding track. However, during the dynamic contact, a significant increase in the friction force and friction coefficient was observed due to the unevenness that comes from the developed surface material and the counter body (SS316L ball). This unevenness causes a specific roughness value, piloting to an insignificant contact surface between the ball and the plate, which leads to the separation of the soft particle from the mating surface. However, it should also be noted that the decrease in friction coefficient is mainly caused by a growth of an adhesion layer of the reinforced particles, and due to the formation of the uniform fine grain structure in the stir zone.



The EDX (Figure 8a) and elemental mapping (Figure 8b) results show the presence of oxygen and carbon elements that dictate the presence of oxides and carbides over the composite surfaces. The modified elemental composition helps to increase the hardness of the prepared surface composite [24]. However, according to the Pascal Law, it is known that the wear resistance property is directly proportional to the hardness value of that sample [25]. The increased surface hardness leads to improved tribological performance, as can be seen in Figure 11. Therefore, the obtained results help to understand the tribological performance of the composite surfaces and presents the relationship between the mechanical, microstructural, and tribological performance of the Al359/Si3N4/Eggshell composite and FSPed Al359 alloy.



Figure 12a–d shows the 3D images of the tribological wear track on Al359/Si3N4/Eggshell surface composites during the reciprocating ball-on-plate test. The worn-out depth profile was captured, as per the given ASTM standard G133-05. The 3D profiles were captured at five different locations to study the generation of the wear depth. During the wear test, the applied normal force (15 N) ensured continuous contact between the mating surfaces, thus producing friction and leading to the generation of the wear-out profiles. Figure 12a shows the lack of uniformity of the wear track due to increased amplitude values, which refers to an increase in volatility during the initial timestamp. A tribolayer is formed with a discontinuous layer, with a small amount of debris and material ruptures because these particles have mechanically adhered to the surface. Figure 12b shows the formation of a continuous layer due to the rapid growth of the temperature in the contact area. Both friction forces and temperature conditions favour the Al alloy’s adhesive phenomena to reinforcement material. Figure 12c shows the adhered layered became unstable and possibly detached due to the reaction of friction forces on the wear surface. Figure 12d reveals the continuous layer and the dynamic behaviours of the adhesion wear mechanism.



The red colours in Figure 13 shows the formed valley in the wear track. The reinforced (Si3N4/Eggshell) particles are adhered by the Al alloy layer’s wear, which accelerates the worn particles over the surface. Due to this impact, debris from Al alloy and reinforced particles (hard particles) is again deposited on the wear track and produces improved frictional properties. In recent years, individually customized products have gained favour, and the design of suitable composite materials has become more flexible for various applications, such as aerospace and automobiles. The results show that friction stir processing can be a promising approach for producing such components using Al359/Si3N4/Eggshell composites with improved physical properties.




4. Conclusions


In this study, an Al359/Si3N4/Eggshell surface composite was fabricated by friction stir processing at room temperature. The microstructural results confirm the uniform and homogeneous distribution of Si3N4/Eggshell throughout the stir zone. The FESEM images show that the FSPed region has refined grains and a large number of grain boundaries due to severe plastic deformation, leading to better tribological properties. The tribological study reveals that the mean friction coefficient values for the FSPed Al359 without reinforcement and Al359/Si3N4/Eggshell surface composite specimens are 0.48 µ and 0.37 µ, respectively, which proves the improved frictional properties of the composite surface. The tribological results show that the COF value for the surface composite is 23% lower than that of FSPed Al359 without reinforcement. In addition to being a replacement for surface modification, the surface composite may be used to improve friction performance above and beyond traditional surface modification techniques. The obtained results indicate that Si3N4/Eggshell is a promising reinforced particle for the improvement of microstructural and tribological performance in journal bearing, rotors, and machinery applications.
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Figure 1. Schematic arrangement of the (a) friction stir processing and (b) aluminium alloy AL359 plate. 
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Figure 2. The particle size distribution of (a) Si3N4 particles and (b) eggshell particles. 
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Figure 3. Photographic view of the HSS tool used in the experiment. 






Figure 3. Photographic view of the HSS tool used in the experiment.



[image: Coatings 12 01362 g003]







[image: Coatings 12 01362 g004 550] 





Figure 4. Photographic view of Al359/Si3N4/Eggshell surface composite after FSP. 
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Figure 5. 2D Schematic arrangement of the ball-on-plate tribometer for the friction and wear test of Al359/Si3N4/Eggshell sample against the SS316 steel ball. 
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Figure 6. Optical photomicrograph of Al359/Si3N4/Eggshell surface composites. (a) stir zone (SZ) (b) thermomechanical affected zone (TMAZ). 






Figure 6. Optical photomicrograph of Al359/Si3N4/Eggshell surface composites. (a) stir zone (SZ) (b) thermomechanical affected zone (TMAZ).



[image: Coatings 12 01362 g006]







[image: Coatings 12 01362 g007 550] 





Figure 7. FE-SEM micrograph of Al359/Si3N4/Eggshell surface composites. (a) stir zone location 1 at 10 µm; (b) stir zone location 2 at 10 µm (c) TMAZ location 1 µm (d) TMAZ location 10 µm. 
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Figure 8. (a) EDS spectrum of Al359/Si3N4/Eggshell surface composites. (b) EDS phase mapping of Al359/Si3N4/Eggshell surface composites. 
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Figure 9. Generation of normal force (Fz) graph for Al359/Si3N4/Eggshell surface composites. 
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Figure 10. Generation of the friction force (Fx) graph for Al359/Si3N4/Eggshell surface composites. 
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Figure 11. Generation of COF with sliding time for FSPed and Al359/Si3N4/Eggshell surface composites. 
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Figure 12. 3D image of the tribological wear track on FSPed composites during the ball-on-plate wear test as per the ASTM standard G133-05 at five different locations. (a) location 1; (b) Location 2 (c) Location 3 (d) Location 4. 
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Figure 13. 3D image of the tribological wear track on FSPed composites during the reciprocation ball-on-plate wear test. 






Figure 13. 3D image of the tribological wear track on FSPed composites during the reciprocation ball-on-plate wear test.



[image: Coatings 12 01362 g013]







[image: Table] 





Table 1. Process parameters used in the fabrication of Al359/Si3N4/Eggshell surface composites.
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	Process Parameters
	Values





	Rotational speed (rpm)
	2250



	Transverse speed (mm/min)
	25



	Tool Tilt angle (°)
	2



	Shoulder diameter (mm)
	18



	Axial Pressure (kN)
	8



	Pin profile of the tool
	Triangular



	Pin length (mm)
	4



	Pin edges (mm)
	4
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