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Abstract

Composite materials possess advantages like high strength and stiffness with low density and prove their essentiality in the aviation sector. Aluminium metal matrix composites (AMMC) find applications in automotive, aircraft, and marine industries due to their high specific strength, superior wear resistance, and lower thermal expansion. The fabrication of composites using the liquid phase at high temperature leads to the formation of intermetallics and unwanted phases. Friction Stir Processing (FSP) is a novel technique of composite fabrication, with temperature below the melting point of the matrix, achieving good grain refinement. Many researchers reported enhancement of mechanical, microstructure, and tribological properties of AMMC produced by the FSP route. The FSP parameters such as tool rotational speed, tool traverse speeds are found to be having greater impact on uniform dispersion of particles. It is observed that the properties such as tensile strength, hardness, wear and corrosion resistance, are altered by the FSP processes, and the scale of the alterations is influenced significantly by the processing and tool parameters. The strengthening mechanisms responsible for such alterations are discussed in this paper. Advanced engineering materials like shape memory alloys, high entropy alloys, MAX phase materials and intermetallics as reinforcement material are also discussed. Challenges and opportunities in FSP to manufacture AMMC are summarized, providing great benefit to researchers working on FSP technique.
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1 Introduction
Industries like aircraft, automobile, marine, etc. demand lightweight materials that help to reduce fuel consumption and improve efficiency. The conventional alloys which have lesser weight density, good strength to weight ratio and high corrosive resistance are used for different applications. However, the strength and stiffness of these alloys are not good enough to use in structural applications. This leads to the production of composites, by physically and/or chemically combining two or more engineering constituents using the processing technique [1]. The composites prepared by incorporating reinforcement particles are superior in mechanical, metallurgical, and tribological properties compared to the base alloy. The reinforcement of particles into the metal matrix is of three types, namely, metal matrix composites, surface composite and functionally graded composites. In Metal Matrix Composites (MMC), particles are reinforced throughout the whole volume, and in Functionally Graded Composites (FGC), reinforcements are incorporated as gradual transitions in the volume percentage. When reinforcement of particles is limited at surface level, surface composites are formed [2]. The composites are fabricated by dispersing reinforcement particles in a metal matrix using techniques like powder metallurgy, spray deposition, laser treatment and casting, etc. The aforementioned techniques are liquid phase processing at high temperatures, which form detrimental phases and intermetallic compounds [3].
AMMC have gained significant attention in the areas like aerospace, electrical, aviation, automotive, military and thermal, etc. because of their high strength to weight ratio, good corrosion and wear resistance, high thermal and electrical conductivity, and high specific stiffness and strength [4]. Authors [5,6] discussed the different fabrication methods of aluminium matrix composites and their role in enhancing mechanical and wear properties. The traditional AMMC fabrication methods result in microstructural defects, cracks, segregation, porosity, and clustering of particles. Ceramic particles like silicon carbide, boron carbide, titanium carbide, titanium dioxide, and aluminium oxide, etc. are used as reinforcement to produce metal matrix composites. The reinforcement material should be very hard and robust, light in weight and must have higher strength to weight ratio than matrix materials. Lower fuel consumption, lower airborne emission and less noise are the key benefits of aluminium based composites in transportation sector. Table 1 lists the industrial applications of AMMC [7].
Friction stir processing is a variant of the Friction Stir Welding (FSW) process, developed by Mishra et al. [8]. FSP being a solid phase processing technique, limits the problems of liquid-phase processing techniques. The material processing applications such as grain refinement, microstructural homogeneity, surface modification, superplasticity, coating, weld repair, and fabrication of surface composites are performed by FSP [9]. The working principle of FSP is similar to FSW except that FSP is performed on a single plate, while FSW is used to join the materials. In FSP, a non-consumable rotating tool with a specially designed probe is plunged into the specimen until tool shoulder touches the workpiece surface and traverses in the desired direction [10]. The interaction between the rotating tool and specimen generates sufficient heat to soften the workpiece material [11]. The probe stirs the softened material and fills the cavity at the rear of the tool. [12]. As the tool traverses in the desired direction, the processed region will form behind the tool owing to the forging action of materials below the tool shoulder. Significant microstructure refinement in the processed zone results from severe plastic deformation of material flows around the tool. The recent advances in FSW/FSP over the years have been critically reviewed by [13]. The state-of-the-art of friction stir processing as a solid state grain refinement technique under microstructure evolution and property enhancement is discussed by Patel et al. [14]. Figure 1 shows the schematic representation of FSP process.
Table 1 
Industrial application of AMMC.

	[image: thumbnail]	Fig. 1 Schematic illustration of FSP [15].



2 Composite fabrication by friction stir processing (FSP)
Friction Stir Processing (FSP) as a solid-state processing method has demonstrated significant advantages over the conventional composite fabrication techniques with less or no interfacial reaction. The conventional techniques form an interfacial reaction between the metal matrix and reinforcement, which deteriorate the composite properties further. The reinforcement particles are filled in pre-machined grooves or holes produced on the surface of the matrix. The strategies to incorporate reinforcement particles into the metallic matrix are discussed in [16,17]. The groove filling and hole filling methods are very widely used reinforcement strategies. The grooves or holes are then processed with pin less tool to prevent the scattering of particles. The FSP tool with suitable pin geometry and rotational speed is then plunged into the workpiece till the tool shoulder touches the matrix surface. The FSP parameters involved in composite fabrication are listed in Table 2. The heat generated due to the friction between the rotating tool shoulder and workpiece plasticizes the matrix metal. After providing a certain dwell time post plunging, traverse speed is provided to the tool. The tool traverse movement causes the transportation of plasticized matrix material from the advancing side to the retreating side. The combined action of rotational and traverse speed helps to mix the reinforcement particles with the workpiece and thus formation of composites.
The surface composites or composite fabrication using FSP can be accomplished via two ways, i.e., ex-situ and in-situ. In ex-situ fabrication method, the reinforcement particles are added to base matrix externally and FSP is performed. On the other hand, in in-situ type the reinforcement becomes innate during composite synthesis which needs completion of certain reactions. Mishra et al. [18] explored the use of the FSP technique in the fabrication of the Al5083 surface composite by reinforcing the silicon carbide particle. In this pioneered work, the authors applied SiC powder into the surface of plates and processed them with FSP. The novel technique proved worth by successfully distributing SiC particles in the aluminium matrix and forming a fine microstructure. This work paved the way for numerous studies to develop surface composites by incorporating reinforcement particles via FSP. The studies revealed that particles like boron carbide [19,20], silicon carbide [21–23], titanium carbide [24], tungsten carbide [25], aluminium oxide [26], titanium dioxide [27] and titanium diboride [28] etc. can also mix well with the aluminium matrix during FSP and greatly influence the microstructural and mechanical properties. Sharma et al. [15] discussed the different FSP process variable involved in surface composite fabrication. This detail review work also reported on the strengthening mechanism and strengthening model of friction stir processed surface composite. The review article by Bharti et al. [29] discussed the FSP process parameters like tool geometry, tool speed, reinforcement particle, number of passes and their effect on material properties like corrosion, hardness, wear, tensile strength. The other studies [3,17] are also explored the strategies and technological aspect of FSP in fabricating surface composites. However, there is no or very few literatures are available about exclusive study of various reinforcement particles used in composite fabrication by FSP.
This review article aimed to discuss different reinforcement particles used in AMMC fabrication via FSP. The reinforcement particles and their role in property enhancement are elucidated. An attempt has been made to emphasize the previous work carried out on the processing of aluminium based composites by Friction Stir processing using different reinforcements.
Table 2 
FSP parameters involved in composite fabrication.

3 Reinforcements
The reinforcement must be hard, robust and light in weight. The reinforcement is used to enhance the material properties such as wear resistance, stiffness, corrosion resistance, strength, and young's modulus. The mechanical properties of reinforcement are stronger than the matrix materials [30].
Ceramic materials are non-metallic and inorganic materials. When the hard-ceramic particles are reinforced in the aluminium matrix, their strength, young's modulus and wear resistance, etc. increases. Ceramics are classified as oxides, carbides, nitrides and borides. The Reinforcement Particles (RPs) that are used to fabricate surface composites are boron carbide (B4C) [31], silicon carbide (SiC) [32], titanium carbide (TiC) [24], titanium dioxide (TiO2), aluminium oxide (Al2O3) [33], Titanium diboride (TiB2) [34], and Zirconium diboride (ZrB2).
3.1 Boron carbide
Boron carbide (B4C) is a popular reinforcement that has a density of 2.52 g/cm3 and a melting point of 2763 ⁰C. Boron carbide is also characterized by extreme hardness (2800 kg/mm2), good nuclear properties and good chemical resistance. This makes the boron carbide to be used in the nuclear power plant as neutron radiation absorbent, shielding and control rods. Al/B4C composites are suitable for brake pads, radioactivity containment vessels and frames of bicycles, etc. The use of friction stir processing to fabricate Al/B4C is a new technique and many works are reported on the same. The particles are encased in and flow along with the plastic metal during the FSP. Zhao et al. [31] fabricated the AA6061/B4C surface composites by using FSP. Upon investigation, it was found that an increase in FSP passes leads to a homogeneous distribution of B4C particles in the weld zone, which improved the wear resistance and microhardness of composites (98 HV) as compared to the base matrix. Due to the complexity of material flow, the multiple passes of FSP are essential to reduce the size of particle clusters, uniform distribution of particles, easy dispersion and avoidance of particle agglomeration. The particle agglomeration is also visible in the sample processed at too low tool rotational speed, too high tool traverse speed and coarse particles. Rana et al. [20,35] produced the AA7075/B4C surface composites (SCs) by evaluating the effect of particle size, reversal of tool direction between passes, and tool rotational speeds. Superior distribution of B4C particles was found at reduced particle size, reversing the stirring tool direction and lower rotational speed. The FSP multipass with a change in stirring direction after each pass ensures uniform material and powder movement on both the advancing and retreating sides. As a result, the sample has less powder particle agglomeration and more homogeneous distribution. Because of the stronger particle-substrate bond, the fine size of powder particles also leads to homogeneous distribution. The approach of change in stirring direction after each pass is also found to reduce wear in the processed aluminium surface composites, as reported by Mehta et al. [36]. The incorporation of B4C reinforcement particles by FSP into AA6061 alloy was found to reduce friction and wear rate as reported by [37]. The hard boron carbide particles act as a load bearing component and reduce the direct load contact between the composite surface and disk. AA 6061/B4C composite showed less friction (μ ∼ 0.4) and a 75 times reduction in wear. Komarasamy et al. [38] achieved the homogeneous distribution of particles with good interfacial bonding in FSP fabricated Al5024/B4C SCs. The orowan strengthening and grain strengthening mechanism are the main reasons for the increase in hardness of surface composites. Akbari et al. [39] optimized the microstructural and mechanical properties of B4C reinforced A356 composites produced by FSP using an artificial neural network and non-dominated sorting genetic algorithm-II (NSGA-II). The combination of a higher ratio of tool rotational speed to traverse speed and threaded pin profile cause better particle distribution and fine Si elements. Figure 2 shows the SEM micrographs of A6063-B4C surface composite produced by friction stir processing.
	[image: thumbnail]	Fig. 2 SEM micrographs of AA6063- B4C surface composite [40].



3.2 Titanium carbide
Titanium carbide (TiC) is a prominent material reinforcement agent owing to high melting temperature (3067 ⁰C), high Vickers hardness (28–35 GPa), high elastic modulus (450 GPa), good electrical conductivity (30 × 106 .S cm−1) and density of 4.91 g/cc. Al-TiC composites are used in aerospace, space technology and automobile industries. Thangarasu [24] fabricated AA1050/TiC surface composite by FSP and observed the homogeneous distribution of TiC particle in FSP zone and 45% increase in hardness. Akinlabi et al. [41] found the optimum process parameters to produce a surface composite with the best wear-resistant property in AA1050/TiC composites. The refined grains in AA1050/TiC composites processed at 1200 rpm and 300 mm/min is shown in Figure 3. Further, Dinaharan [42] produced aluminium matrix composites using AA6082 as a matrix, and different ceramic particles (SiC, TiC, B4C, Al2O3, and WC) are as reinforcements. AA6082/TiC Aluminium Matrix Composites (AMC) showed better hardness (120 VHN) and UTS (326 MPa). Incorporation of TiC particles influences the stir zone area, grain size of the matrix, microhardness, and wear resistance in FSP fabricated AA6082/TiC AMC [43].
	[image: thumbnail]	Fig. 3 SEM Micrograph of grains after friction stir processing AA1050/TiC composites at 1200 rpm and 300 mm/min [44].



3.3 Titanium diboride
Titanium diboride (TiB2) has a density of 4.52 g/cc and a melting point of 3225 ⁰C. TiB2 finds application in armor components, cutting tools, and crucibles due to high density, high elastic modulus (510–575 GPa) and high compressive strength. Narimani et al. [28] enhanced the tensile strength up to 70% by incorporating mechanical alloying TiB2-Al particles into the AA6063 matrix using FSP. Many works were reported on friction stir processing of Al-TiB2 in situ composites [34,45,46]. Figure 4 illustrates the SEM micrographs of AA6082/TiB2 composites.
	[image: thumbnail]	Fig. 4 SEM micrograph of AA6082 AMC containing TiB2 particles [47].



3.4 Aluminium oxide
Aluminium oxide (Al2O3) is an important reinforcement that has a density of 4.09 g/cc and a melting point of 2072 ⁰C. Due to the high strength to weight ratio, good castability, and good tribological properties, Al/Al2O3 metal matrix composites are used in the automotive, aircraft, and aerospace fields. Shafiei-Zarghani et al. [26,48] studied the effect of the number of passes on microstructure and mechanical properties of Al6082/Al2O3 nanocomposites fabricated by FSP. The obtained results indicated an increase in the number of FSP passes caused a more uniform distribution of nano alumina particles, a decrease in matrix grain size, better wear resistance and improved microhardness (295 HV). Authors pointed out that, in four Pass FSP (i) The pinning effect by nano Al2O3 particle impedes the grain growth. (ii) Orowan strengthening mechanism due to the presence of nano Al2O3 particle causes high microhardness in surface nanocomposite. (iii) Improvement in hardness causes improved wear resistance. The uniform distribution of nano Al2O3 particles in FSPed Al-Al2O3 composite can be observed in Figure 5. Bourkhani et al. [33] investigated the distribution of alumina nanoparticles, evolution of grain structure, tensile and tribological properties in samples extracted from the top surface of the fabricated composite. The base material was AA1050 and the reinforcement was Al2O3. After applying the single pass FSP to fabricate AA1050/Al2O3 nanocomposites, the authors prepared four samples of 2 mm thickness extracted from each 2 mm of the composite (0–2 mm, 2–4 mm, 4–6 mm, 6–8 mm). The same extraction method is repeated for 2 pass FSP. Further, Parumandla et al. [49] found a combination of process parameters to get defect-free conditions in Al6061/Al2O3 nanocomposites fabricated by FSP. The author studied the effect of tool shoulder geometry, tool rotational speed and tool traverse speed on the microstructure, material flow, and mechanical properties of Al6061/Al2O3 nanocomposites. The defect-free composite was produced using a tool with a 24 mm shoulder diameter that rotated at 1150 rpm and traversed at 15 mm/min. In defect-free conditions, superior microhardness (132 HV) was achieved, but tensile strength was reduced (172 MPa).
	[image: thumbnail]	Fig. 5 FESEM Micrographs of FSPed Al-Al2O3 composites [50].



3.5 Silicon carbide
Silicon carbide (SiC) is the popular reinforcement used to fabricate AMMCs. It has a density of 3.20 g/cc and a melting point of 2700 ⁰C. SiC reinforced Aluminum matrix composites have high wear resistance, high corrosion resistance and low thermal expansion coefficient. These composites find applications in aerospace equipment, structural materials in satellites, automotive pistons and brake discs. Many researchers have used friction stir processing technique to fabricate Al/SiC composites. Eftekharinia et al. [51] fabricated Al6061-T6/SiC surface composites by FSP and investigated the effects of pin geometry and the number of passes on macrostructure, microstructure, wear rate and microhardness. The authors discovered that (i) the material flow and mixing are enhanced by the threads on the pin. (ii) Square profile of the pin produces a finer grain size (3.41 μm) in the stir zone, the highest average hardness (130 HV) and higher wear resistance. The tool pin profile affects the material flow and particle distribution. Flat pin profiles produce pulsating action in flowing materials and are also associated with eccentricity, which is the ratio between the dynamic volume swept by the tool and tool static volume. The pulsating action is measured as pulses/second (rotational speed in seconds x number of flat faces) Elangovan et al. [52]. The threaded pin profile facilitates increased material displacement, as it moves the material in the vertical direction along with material revolution around the tool pin [53]. Tang et al. [54] found the optimum rotational tool speed (950 rpm) and tool traverse speed (60 mm/min) for uniform SiC particle distribution and refining in Al1060/SiC surface composites fabricated through FSP. An increase in FSP passes results in eliminating particle agglomeration, void in FSP fabrication of AA6063/SiC surface composites [55]. The distribution of reinforcement particles is also influenced by tool plunge depth. Rathee et al. [56] fabricated AA6061/SiC surface composites by FSP and the results showed the need for optimum tool plunge depth to get a good distribution of particles in the matrix. Lower tool plunge depths (0.10 mm, 0.15 mm, 0.2 mm) result in inadequate heat generation and cavity formation, while higher tool plunge depths (0.3 mm, 0.35 mm) result in material sticking to the tool shoulder, ejection of reinforcement particles, and so on. At a tool plunge depth of 0.25 mm, a defect-free surface composite with uniform powder distribution was discovered. Tang et al. [57] designed multi-pin tool to fabricate Al1060/SiC composites and perceived the improvement in the degree of refinement and uniformity in SiC particle distribution. Figure 6 shows the distribution of SiC particles in the LM25AA-5% SiCp metal matrix composites, friction stir processed at shoulder diameter to pin diameter ratio (D/d) of 3.
	[image: thumbnail]	Fig. 6 SEM micrographs of FSPed Al/SiC composites processed at a D/d ratio of 3 [58].



3.6 Cerium oxide
Cerium oxide (CeO2) is another reinforcement used to fabricate metal matrix composites. It has a density of 7.6 g/cc and a melting point of 2340 ⁰C. The cathodic inhibitor property of cerium oxide prevents the reaction at the cathode, making it ideal for applications requiring increased corrosion resistance. Researchers adopted the FSP technique to fabricate AMMC, using cerium oxide as reinforcement. Amra et al. [59] produced mono and hybrid composites of Al5083/(SiC + CeO2) by FSP and reported that composites containing higher amounts of cerium oxide particles showed high corrosion resistance. Figure 7a shows the SEM images of uniform distribution of reinforcements in the Al5083/CeO2 composites.
	[image: thumbnail]	Fig. 7 (a) SEM images of uniform distribution of reinforcements in the Al5083/CeO2 composites [59]. (b) Particle dispersion in A356/SiC/MoS2 reinforced hybrid composites [62].



3.7 Molybdenum disulfide
Molybdenum disulfide (MoS2) has a density of 5.06 g/cc and a melting point of 2375 ⁰C and is widely used as a dry lubricant because of low friction. Gupta [60] used MoS2 as reinforcement to fabricate Al1120 alloy surface composites using FSP and studied the tribological behavior of composites. Similarly, Saini et al. [61] enhanced the wear resistance by incorporating MoS2 reinforcement into the Al-17Si alloy matrix using FSP. Figure 7b shows the particle dispersion in A356/SiC/MoS2 reinforced hybrid composites.
3.8 Zirconium diboride
Zirconium diboride (ZrB2) is an ultra-high temperature ceramic, having a high melting point (3246 ᵒC) and a density of 6.09 g/cc. High temperature strength of zirconium diboride makes it ideal in high temperature aerospace applications. The hardness (>2200 HV), Young's modulus (450 GPa), and electrical (1 107 S/m) and thermal conductivity (60 W/m K) are all strong mechanical properties of ZrB2. Zhang et al. [63,64] used multi-pass FSP to optimize the microstructural and mechanical properties of as-cast ZrB2/6060Al composites. In fabricated composites, the four-cycle FSP helps to increase hardness (84 HV), yield strength (150 MPa), and UTS (240 MPa). The grain refinement is decided by the Zener pinning effect and the higher ZrB2 content will enhance refining efficiency. Further, Prasad et al. [65] fabricated 2 wt% ZrB2/AA7075 nanocomposite through flux assisted casting and processed through multi pass friction stir processing. The authors observed the complete breakage of ZrB2 clusters due to multipass FSP and also uniform dispersion of nanoparticles. The improvement in hardness is reported due to the pinning effect of uniformly dispersed ZrB2 nanoparticles.
3.9 Titanium dioxide
Titanium dioxide (TiO2) is an important reinforcement used in AMC fabrication. It has a density of 4.05 g/cc and a melting point of 2103 ⁰C. Researchers used the friction stir processing technique to fabricate Aluminium/ TiO2 composites. Mathur et al. [66] considered groove width along with rotational speed and processing speed as variable parameters during FSP fabrication of AA5052/TiO2 composites. The microstructural and mechanical properties are successfully enhanced in composites as compared to the base matrix. The reinforcement particles are incorporated into a groove machined on the surface of the metal matrix plate and the two are mixed when FSP is applied. The groove dimensions are important to decide the volume fraction of the reinforcement particles in the composites. The theoretical volume fraction of reinforcement particles is calculated according to equations (1)–(3) [67]. Khodabakhshi et al. [68] produced AA5052-TiO2 nanocomposite using reactive friction stir processing method. The term ‘reactive' is used because the chemical reaction between the TiO2 nanoparticle and the Al-Mg matrix results in the in-situ formation of MgO and Al3Ti nanoparticles. The in-situ formation of hard inclusions enhanced the mechanical characteristics. However, Kumar et al. [69] observed no such reaction products during the fabrication of Al3003-TiO2 surface composite. Madhu et al. [27] noticed a formation of Al3Ti and Al2O3 as the reaction of TiO2 with aluminium matrix is assisted by FSP, especially during higher passes of FSP. The combined effect of grain refining and orowan strengthening resulted in a 26% increase in yield and a 44% increase in Ultimate Tensile Strength (UTS). Ahmadifard et al. [70] found tribological behavior of A356/TiO2 nanocomposite is function of hardness. The effect of FSP passes on particle distribution, microstructure, microhardness and wear properties was investigated by [71]. Author fabricated AA1050/ TiO2 surface composite using FSP by single pass and second pass. While single pass surface composite showed agglomeration of particles, second pass surface composites showed homogeneous microstructure, better hardness (76 HBV) and good wear resistance (wear rate of 176.3 × 10−4 mm3/m).
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3.10 Tungsten carbide
Tungsten carbide (WC) is another prominent reinforcing material used in fabrication of AMMC. The high melting point (2870 ⁰C), extreme hardness (2242 HV) and high young's modulus of elasticity (550 GPa) of tungsten carbide make it an attractive reinforcing material to fabricate aluminium matrix composites [25]. Additive friction stir processing was used to prepare Al5083/WC surface composites. The Additive FSP-fabricated surface composites had a higher hardness (132 HV) and wear resistance (wear volume loss 1.54 × 108 µm3) than the base aluminium alloy. Grain refinement during FSP was discovered to be caused by a continuous dynamic recrystallization process [72]. The authors called the process of adding other substances into the substrate processed via FSP as Additive Friction Stir Processing (AFSP), as previous works [73,74] applied the additive technique to FSP to locally change the composition and constituent phases. Heidarpour A [75] used FSP to fabricate surface composites by incorporating WC-Al2O3 particles into the Al5083 matrix. The author discovered that increasing the number of FSP passes increased grain refinement and decreased grain size (11 μm), resulting in higher hardness values (101 HV) and lower wear rates (0.026 mg/m) in surface composites.
3.11 Carbon nanotubes
Carbon nanotubes (CNTs) are tubes made up of graphitic carbon materials with diameters measured in nanometers. CNTs are used as reinforcements for composites due to their excellent elastic modulus (1 TPA), strength (30–100 GPa), and good thermal and electrical properties. CNTs as reinforcement can produce tailorable properties. Researchers have used the FSP metalworking technique to fabricate Aluminium/CNT composites along with other fabrication methods. Liu et al. [76,77] fabricated the CNT/2009Al composites by combining powder metallurgy and friction stir processing. The authors reported an increase in FSP passes shortened the CNTs and uniformly distributed the CNTs along the grain boundaries. The authors also proposed the CNT shortening and universal strength models and compared the model predictions with experimental results. Du et al. [78] have studied the effects of an increase in FSP passes on CNTs dispersion, hardness, and yield tensile strength in FSP fabricated AA6061-T6/CNTs composites. It was reported that the increasing number of passes achieved the uniform distribution of CNTs, superior hardness, refined grains structure and improved ductility of synthesized AA6061-T6/CNTs composites. Izadi et al. [79] used the FSP method to develop a higher volume percentage of CNTs reinforced composite. Two and three passes of FSP produced 23 ± 2.5 and 52 ± 2.1 vol.% of CNTs, respectively. The strengthening mechanisms in the composite are dependent on the size and volume fraction of reinforcement particles in the composites. Liu et al. [80] found an increase in tensile strength and microhardness with the increase of multi-wall CNT content, while elongation decreased. Sharma et al. [81] studied the effect of the reinforcement incorporation approach on the mechanical, microstructure and tribological properties of AA6061-CNT nanocomposites fabricated by FSP. Multiple micro-sized channel reinforcement filling approach showed higher grain refinement than single microsized channel reinforcement filling approach. The distribution of CNT reinforcement particles in Al5083/CNT composites, after the third FSP pass is as shown in Figure 8.
	[image: thumbnail]	Fig. 8 SEM image of distribution of reinforcements after the third pass in Al5083/CNTs composites [82].



3.12 Shape memory alloys and max phase materials
Along with the aforementioned reinforcement particles, shape memory alloys are also used as reinforcement for MMCs fabrication. Shape memory alloys (SMAs) are metallic alloys that can regain their original shape after deformation occurs due to temperature and stress induced solid to solid phase transformation. NiTi, NiTiCu, CuAlNi, Cu-Zn-Al, and Fe-Mn-Si are preferred SMAs for most applications. Hartl et al. [83] described the properties and engineering effects of SMAs and discussed the aerospace application of SMAs. An introduction of SMAs into a light alloy matrix as a reinforcement to produce MMCs will provide low density, high strength, and a good shape memory effect. Ni et al. [84] fabricated Al6061/NiTi composites using friction stir processing and achieved the homogeneous distribution of NiTip in the aluminium matrix without interfacial reaction. The prepared composites showed phase transformation behavior and enhanced strength. Figure 9a shows the morphology of NiTi particles. Huang et al. [85] found that NiTip reinforcement in underwater FSP fabricated 5082Al-H112/NiTi composites can retain shape memory effect.
Recently, researchers used MAX phase materials as a reinforcement to fabricate metal matrix composites. The MAX phase materials are ternary layered compounds with the general formula Mn

+1AX
n
 where M is a transition metal, A is an A group metal (IIIA and IVA in the periodic table) and X is C or N. These materials have combined properties of ceramics and metals. Good electrical conductivity, good machinability, thermal shock resistance, high strength and oxidation resistance make MAX phase materials to be of use in composite fabrication. Even though MAX phase materials are rarely explored as metal reinforcement, Ahmadifard et al. [86] have reinforced Ti3AlC2 MAX phase particles into the Al7075 matrix by friction stir processing. Figure 9b shows the morphology of Ti3AlC2 MAX phase particles. The composites fabricated by 4 passes of FSP showed enhanced microstructure, mechanical (19–20% improvement in yield and tensile strength, 33% increase in microhardness) and tribological properties. Because the time and temperature are minimal during FSP, there is less chance of an interaction between MAX Phase particles and the aluminium matrix. Ahmadifard et al. [87] observed that the FSP fabricated A356/Ti3AlC2 surface composites with a high-volume fraction of Ti3AlC2 particles showed maximum microhardness and tensile strength. A composite with a 7.5% volume fraction of particles was found to be richer in terms of microhardness (87 HV), tensile strength (184 MPa).
	[image: thumbnail]	Fig. 9 Morphology of NiTip and Ti3AlC2 MAX powder [84,86].



3.13 Industrial residue particles
Although incorporating hard ceramic particles into aluminium alloys improves the performance of composites, the higher cost of these particles raises the overall cost [88]. Low-priced and locally available materials are used as reinforcement to replace hard ceramic particles to bring down the cost. Researchers used industrial and agricultural wastes like Rice Husk Ash (RHA), fly ash (FA), red mud, coconut shell ash, eggshell ash, bamboo leaf ash, and bagasse ash as reinforcements. In addition to reducing costs, the use of these materials often reduces waste disposal issues.
3.13.1 Rice husk ash particles
Rice Husk Ash (RHA) is available in large quantities, produced as an agricultural waste by-product. RHA is light in weight and contains SiC and Al2O3 [89]. Dinaharan et al. [90] have fabricated Aluminium Matrix Composites (AMC) by incorporating 18 Vol% of RHA into the AA6061 matrix and studied the microstructure and tensile behavior. SEM micrograph of RHA reinforcement particle used is as shown in Figure 10a. The author reported no agglomeration of RHA particles in composites and fine and equiaxed grain structures. RHA as reinforcement also improved microhardness in FSP fabricated AA7075/ RHA surface composite by 11% more than base alloy [91].
	[image: thumbnail]	Fig. 10 SEM Micrographs of (a) RHA [90]; (b) Cenosphere fly ash; (c) Precipitator fly ash particles [96].



3.13.2 Fly ash particles
Fly ash materials are generated during coal combustion in thermal power plant and contain toxic contents. Fly ash particles are classified into two types, cenosphere and precipitator. Cenosphere are hollow fly ash particles with a density of less than 1.0 g/cc, and precipitators are solid fly ash particles with a density of 2–2.5 g/cc [92]. Figures 10b and 10c shows the SEM micrographs of cenosphere and precipitators fly ash particles respectively. Along with other composite fabrication techniques, researchers also took advantage of FSP to produce fly ash reinforced aluminium matrix composite [93,94]. Red mud is alkaline and contains heavy metals and other pollutants. Both fly ash and red mud are hazardous to the environment and pose a serious ecological issue. Using these by-products as reinforcement during composite preparation limits the disposal problem and enhances the material properties. Kumar et al. [88] used fly ash and red mud as reinforcement in the A356 alloy matrix to fabricate surface composite via FSP.
3.13.3 Rock dust particles
Rock dust is another naturally available material that contains higher silica content. Rock dust is easily available in stone-crushing plants as waste products and imposes a serious threat on human life if left out to atmospheric air. Dasari et al. [95] used rock dust as a reinforcement to incorporate in different weight % into the aluminium matrix using FSP. Author observed the improvement in wear resistance, impact strength, micro hardness but decreasing in elongation, yield strength and tensile strength than base metal matrix.
3.14 High entropy alloys
Another reinforcement used for the fabrication of metal matrix composite is high entropy alloys (HEA). HEAs are metallic alloys with more than five principal elements with equal or nearly equal molar fractions. AlCoCrFeNi, CoCrFeNi, FeCoNiCrAl and CrMnFeCoNi are commonly used HEA particles. To expose the use of HEAs as reinforcement in composite fabrication, Yang et al. [97] have incorporated AlCoCrFeNi particles into AA5083 alloy by submerged FSP method. The resulted AMC consist of equiaxed fine grains and improved yield strength and tensile strength. The multipass FSP leads to increased heat input and thereby interfacial reaction between aluminum matrix and particles. The introduction of a cooling medium during FSP can reduce the peak temperature and the thermal cycle gets shortened. While, Yazdipour et al. [98] used mixture of methanol and dry ice as cooling medium and applied behind the tool, Kumar et al. [99] conducted FSP operation in cryo environment to fabricate nanocomposite. FeCoNiCrAl high entropy alloy reinforced Al5083 composite fabricated by FSP technique, possessed higher microhardness and wear resistance [100]. The HEA particles have great potential to enhance conventional alloys' properties [101]. Figures 11a and (11)b shows the SEM micrographs of CoCrFeNiMn and Al0.8CoCrFeNi particles respectively.
	[image: thumbnail]	Fig. 11 SEM micrographs of CoCrFeNiMn [102] Al0.8CoCrFeNi [101].



3.15 Intermetallics
Aluminum-rich intermetallics were used as reinforcement in the synthesis of AMMC due to issues of ceramic particles. Al3Ti, Al3Zr, Al3Fe, Al3Ni, Al3Cu are intermetallics used as reinforcement because of their low density, low coefficient of thermal expansion and high melting temperature. The intermetallics are formed by adding inorganic salt to molten aluminium. Hsu et al. [103] prepared Al-Cu, Al-Ti specimens from aluminium, copper and titanium powders. On application of FSP to Al-CU and Al-Ti specimens, Al2Cu and Al3Ti intermetallic phases were produced. Fotoohi et al. [104] prepared the reactive powder by mechanical alloying of Ni, Ti and C powders. The reactive powders were filled into channels created on the AA1050 alloy. FSP achieves the in-situ synthesis of Al3Ni/TiC particles. Further, Dinaharan et al. [105] added inorganic salt K2TiF6 or K2ZrF6 into the molten aluminium, to form Al3Ti or Al3Zr intermetallics. AA6061/Al3Ti and AA6061/Al3Zr AMC are formed. These composites are then subjected to FSP, which enhanced the distribution and morphology of intermetallic particles. Equations (4) and (5) explain the formation of intermetallic phases.
[image: equation](4)
[image: equation](5)
3.16 Hybrid composites
Along with mono composites, researchers also developed hybrid composites to take advantage of different reinforcements. The combinations of reinforcements are incorporated into the metal matrix, and the effects of these hybrid mixtures on microstructural and mechanical behavior were studied. Yuvaraj et al. [106] have prepared mono and hybrid composites of Al5083 alloy by incorporating B4C and TiC nanoparticles through FSP technique. Upon investigation, it was found that Al5083/B4C/TiC surface nanocomposites have higher wear resistance (wear rate of 0.004 mg/m at 60 N sliding load). Narimani et al. [40] fabricated AA6063-B4C/TiB2 mono and hybrid composites by FSP and studied the microstructural and wear behavior. Both Boron carbide (B4C) and titanium diboride (TiB2) has excellent ballistic efficiency. The addition of these powder mixtures into AA7005 alloy to fabricate hybrid surface composite by FSP, improve the ballistic resistance [107]. Depth of penetration of the steel projectile on the 75B4C-25TiB2 surface composite was 20 mm. Soleymani et al. [108] studied the microstructural and tribological properties of Al5083 surface hybrid composites produced using FSP. Al5083/SiC surface composite showed the highest hardness and Al5083/(SiC + MoS2) hybrid composite showed the highest wear resistance. Akbari et al. [109] used FSP technique to fabricate hybrid surface composite to improve the wear properties of Al-Si cast aluminium alloy A356. Jalilvand et al. [110] inserted Al2O3 and SiO2 particles into holes in the A356 alloy matrix and prepared surface hybrid nanocomposites using FSP. The fabricated composite showed uniform distribution of reinforcement particles, reduced porosity, and enhanced mechanical and corrosion properties. Sharma et al. [111] observed the rise in axial force at higher rotational speed, with graphite as reinforcement. The flaky nature and high thermal conductivity of graphite are responsible for this fluctuation. The authors successfully fabricated Al6061-SiC-Graphite hybrid composites by FSP and obtained optimized and uniform mechanical properties. Table 3 lists the different works reported on composite fabrication by FSP. In Table 3, the abbreviations used are; SD-shoulder diameter, PD-Pin diameter, PL-Pin length, TR-Tool rotation speed, and TS-welding speed.
Table 3 
Work reported on composite fabrication via FSP.

4 Future research scope
The preceding sections of this review article covered the different reinforcement particles used to fabricate AMMC by FSP. It has been established that the FSP is a cutting-edge innovative method for producing metal matrix and surface composites. The ability of FSP to produce component with superior mechanical, structural and functional properties widens the scope for usage of aluminium matrix composites in aviation, marine, automobile and other structural industries. There have been many developments in FSP since its inception to produce metal matrix and surface composites. There is still vast scope for FSP to develop AMMC with different reinforcement particles, which will enhance the mechanical, metallurgical and structural properties. Some of the future research scope of FSP in composite fabrication may be as follows:

	The major issue during composite fabrication via FSP is agglomeration of reinforcement particles. Even if the agglomeration problem can be solved by using suitable process parameters and reinforcement strategies (multipass FSP), uniform distribution of reinforcements in single pass FSP is still a cause for concern.


	The process of covering the powder filled groove or hole by a pin less FSP tool is time consuming. A new tooling design needs to be developed to eliminate the capping pass step. Additionally, it is also important to minimize the loss of reinforcement particles during FSP.


	Direct Friction Stir Processing (DFSP) tool method of introducing reinforcement particles during FSP has the great potential to replace groove or hole methods. The continuous hole within DFSP tool is used to introduce reinforcement particles into the metal matrix and thereby eliminates the pre-FSP sample preparation work (machining and filling of groove/hole, capping pass) of groove/hole method. Further studies on DFSP method can bring it into dominance over other reinforcement strategies.


	Further investigation on In-Situ composites, hybrid composites fabrication by FSP can be grey area for future research.


	The utilization of piezoelectric ceramic powder as reinforcement and subsequent FSP can enhance the damping capacity of material. The capability of FSP to produce good structural material by using piezoelectric ceramic powder needs to be explored for larger interest.


	Future research should focus on the use of AMMC in biomedical applications that require materials which are both lightweight and biocompatible.


	More attention is needed on the usage of environment hazardous biowaste, mineral waste, industrial waste, scrap, agricultural waste as reinforcement materials to AMMC.


	The synthesis of surface composite over large surface area is hard to achieve by FSP technique, requiring further investigation.


	Even though lot of studies have been carried out to explore the use of FSP to fabricate aluminium metal matrix and surface composites at the laboratory level, few aspects like high tooling and processing cost of FSP is hindering the growth of FSP in industrial applications. So, efforts are needed to scale up the FSP to industrial applications.



5 Conclusions
The current article presented a review of different reinforcements used in the fabrication of aluminium matrix composites using FSP. Reinforcement particles may be preplaced over the aluminium base matrix, or strengthening phases were obtained from the in-situ reaction during material formation. The preplacing of particles over the matrix can be achieved through different methods. Groove and hole method are widely used preplacement methods. Ceramic, metallic and carbonaceous particles are successfully incorporated into the aluminium alloys using FSP. Numerous researchers have reported improvements in mechanical, microstructural and tribological properties of composites fabricated through FSP. In this review article, use of SiC, B4C, TiC, WC, TiB2, ZrB2, TiO2, CeO2, Al2O3, MoS2 and CNT particles have been reported. Inclusion of hard ceramic particles SiC, TiC, B4C helped in enhancing strength and hardness of composites owing to their load bearing nature and activation of different strengthening mechanisms. The excellent ballistic efficiency parameters of TiB2 particle helped in improving ballistic properties of composites along with hardness and wear properties. The solid lubricating nature of Al2O3, MoS2, BN forms tribo film and thereby improves tribological properties of composites. The cathodic inhibitor property of CeO2 helped in fabricating aluminium composites with better resistance to pitting corrosion. Hybrid composites, which are successfully manufactured through the FSP route, also showed property enhancement. Along with reinforcement type, size and volume fraction, other FSP variables like rotational tool speed, tool traverse speed, tool geometry, number of FSP pass and reinforcement strategy have a greater impact on the distribution of reinforcement particles.
Researchers explored the advanced engineering materials like high entropy alloys, shape memory alloys, MAX phase materials and intermetallics as reinforcement particles. Further, industrial and agricultural waste byproducts are also used as reinforcement to bring down the overall cost and to eliminate the disposal problem. The selection of reinforcement for composite fabrication is based on availability, application, cost, and optimum enhancement of properties.
The current review paper examines various reinforcing particles employed in the fabrication of surface composites using the FSP method. This will greatly assist researchers in selecting appropriate reinforcement particles for producing property-enhanced metal matrix composites. The article also encourages researchers to investigate high entropy alloys, shape memory alloys, MAX phase materials, and intermetallics as reinforcement particles, as scope for further research is observed and is gaining importance owing to their excellent compatibility with metal matrix, good interfacial bonding.
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      Table 1 

      Industrial application of AMMC.

      
        


	Si.No
	Industry
	Applications
	Reasons





	1
	Automobile
	Pistons, connecting rods, brake rotors, current collectors, A/C
pump bracket, engine blocks, propeller shafts, brake disc
	higher damping, self-cleaning, self-healing capability, good corrosion and wear resistance, less noise



	2
	Aerospace and aircraft
	Fuselage, wings and supporting structure in airlines, landing gear parts, vertical tails and brakes, military aircrafts
	high strength to weight ratio, lower fuel consumption, lower thermal coefficient of expansion



	3
	Rail transport
	railway cars
	better fuel efficiency, higher load carrying capacities, Durability



	4
	Marine transport
	high speeds to boats at higher fuel efficiency
	reduced maintenance costs



	5
	Off-shore applications
	offshore platforms and seawalls
	greater strength, low cost



	6
	Building and construction
	supporting structure in building materials
	greater strength and stiffness



	7
	Packaging and Containerization
	beverage bottles and cans, food containers, industrial foils
	 



	8
	Sports and recreation
	sports goods
	greater strength and lightweight



	9
	Electrical transmission
	electrical transmission
	Lightweight, higher corrosion resistance, high efficiency in conduction
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        Schematic illustration of FSP [15].
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        SEM micrographs of AA6063- B4C surface composite [40].
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        SEM Micrograph of grains after friction stir processing AA1050/TiC composites at 1200 rpm and 300 mm/min [44].
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        SEM micrograph of AA6082 AMC containing TiB2 particles [47].
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        SEM micrographs of FSPed Al/SiC composites processed at a D/d ratio of 3 [58].
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        (a) SEM images of uniform distribution of reinforcements in the Al5083/CeO2 composites [59]. (b) Particle dispersion in A356/SiC/MoS2 reinforced hybrid composites [62].
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        SEM image of distribution of reinforcements after the third pass in Al5083/CNTs composites [82].
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        Morphology of NiTip and Ti3AlC2 MAX powder [84,86].

      

    

  
    
      Fig. 10 

      
        [image: thumbnail]
      

      
        SEM Micrographs of (a) RHA [90]; (b) Cenosphere fly ash; (c) Precipitator fly ash particles [96].
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        SEM micrographs of CoCrFeNiMn [102] Al0.8CoCrFeNi [101].

      

    

  
    
      Table 3 

      Work reported on composite fabrication via FSP.

      
        


	Base material
	Tool design parameters
	Operating parameters
	Reinforcement
	Reinforcement technique
	Remarks
	Reference





	AA5083
	SD-16 mm
PD-6 mm
PL-3 mm
	TR-800 rpm
TS-50 mm/min
	Al-Co-Cr-Fe-Ni series HEA powders
	Blind holes
	56% increase in hardness
42% increase in yield strength, 22%increase in UTS than FSPed base alloy
	[101]



	AA6061
	SD-14 mm
PD-5 mm,PL-2.7 mm
	TR-1200 rpm
WS-100 mm/min
	B4C
5-7 μm
	Groove
	Improver wear resistance and microhardness
	[31]



	A356
	SD-18 mm,PD-6 mm,PL=3.5 mm
	TR-800,1200,1600 rpm
WS-8,32,80 mm/min
	B4C −10 μm
	Groove
	Higher rotational to traverse speeds ratio gives optimal properties.
	[39]



	Al5083
	SD-18 mm,PD-6 mm,PL-4.5 mm
	TR-800 rpm
WS-35 mm/min
	CeO2 50 nm, SiC 80 nm
	Groove
	The maximum hardness and tensile strength were obtained for the composite containing 100%SiC reinforcement
	[59]



	AA6063
	SD-18 mm,PD-6 mm,PL-5.8 mm
	TR-1000 rpm
WS-30 mm/min
	SiC
	Groove
	The high value of hardness
	[112]



	Al7075
	SD-18 mm,PD 6-8 mm,PL-5.4 mm
	TR-1200,1400 rpm
WS-30,40 mm/min
	SiC
30-40 μm
	Groove
	1.65-2.15 times increase in Hardness
	[113]



	AA6082
	SD-16 mm,PD-5 mm,PL-4 mm
	TR-1250 rpm,
WS-135 mm/min
	Al2O3

50 nm
	Groove
	An increase in FSP passes enhances hardness, wear resistance
	[48]



	AA6061
	SD-27 mm,PD-10 mm,PL-3 mm
	TR-480 rpm
WS-203.2 mm/min
	Al2 O3 50 nm
	Hole
	The distribution of ceramic particles is more homogeneous as FSP passes increases.
	[114]



	AA2024
	SD-25 mm
PD-8 mm PL-2.5 mm
	TR-900,1120,1400,1800 rpm
TS-10,15,20 mm/min
	Al2O3 30 nm
	Groove
	A finer grain in second and third passes FSPed specimen, increase in ultimate tensile strength, hardness
	[115]



	AA6061
	SD-12.5 mm,PD-5 mm,PL-2 mm
	TR-1200 rpm
WS-3 mm/s
	Al2O3 320 nm, CNT 10-20 nm
	Cylindrical holes
	The presence of nano-sized reinforcement led to more pronounced grain refinement.
	[50]



	AA8026
	SD-18 mm,PD-5 mm,PL-5 mm
	TR-800,1200,1600 rpm
WS-40,80 mm/min
	TiB2 5 μm
Al2O3 70 nm
	Groove
	Type and size of reinforcement have an impact on mechanical properties
	[116]



	AA6082
	SD-18 mm,PD-6 mm,PL-5.5 mm
	TR-1600 rpm
WS-60 mm/min
	TiB2 20 μm
BN- 200 nm
	Groove
	The addition of reinforcement enhances wear resistance.
	[47]



	Al7075
	SD-24 mm,PD 6-8 mm
	TR-1200 rpm
WS-30 mm/min
	TiC 3.5 μm
	Groove
	Increased hardness and corrosion resistance
	[117]



	AA1050
	SD-15 mm,PD-3 mm,PL-3 mm
	TR- 1000 rpm
WS-20 mm/min
	TiC 10 μm
	Hole
	Substantial improvement in microhardness, friction factor, wears resistance.
	[118]



	AA5052
	SD-18 mm,PD-6 mm,PL-4.5 mm
	TR-700,1000,1300 rpm
WS-50,65,80 mm/min
	TiO2 2 μm
	Groove
	Optimal process parameter for enhancement in mechanical properties.
	[66]



	Al3003
	SD-18 mm,PD-3 mm,PL-4.3 mm
	TR-1200 rpm
WS-50 mm/min
	TiO2

	Groove
	Grain refinement and 70% reduction in grain size
	[69]



	AA5083
	SD-20 mm,PD-6 mm,PL-4.5 mm
	TR-1600 rpm
WS-60 mm/min
	WC
	Blind holes
	Accelerated dynamic recrystallization on increasing vol. fraction and also enhanced strength and ductility
	[25]



	AA7075-T6
	SD-18 mm
PD-4 mm
	TR-1200 rpm
TS-20 mm/min
	WC
	Groove
	9 wt% of WC nanoparticle addition improves metallurgical behavior in the matrix.
	[119]



	Al6061
	SD-15 mm,PD-5 mm,PL-5.5 mm
	TR-1200 rpm
WS-50 mm/min
	ZrB2

	Direct melt reaction
	Four pass FSP improves microstructural homogeneity
	[64]



	Al2024-T3
	SD-20.32 mm,PD-9.53 mm,PL-8.89 mm
	TR-400 rpm
Ws-355.6 mm/min
	CNT and Al mixture
	Groove
	Unique dispersion of CNTs in four zones
	[120]



	Al5083
	SD-16 mm, PD-4 mm
	TR-880 rpm
WS-25 mm/min
	MWCNTs
150 nm
	Side face groove
	No agglomeration, grain size refined in composites, increase in tensile strength
	[121]



	AA6061
	SD-18 mm, PD-6 mm,PL-5.7 mm
	TR-1200 rpm
TS-50 mm/min
	Al3Fe
(0-15 wt%)
	Addition of iron powder into molten aluminium
	Elimination of casting defects, improved tensile strength, removal of the sharp edge of Al3Fe particle
	[122]
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