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In the modern technological era, lightweight cost-effective materials with optimum 

property combinations are required to design and develop different engineering 

structures and products for complex applications. Poor tribological properties constrain 

wide applications of lightweight aluminum alloys. Aluminum matrix composites 

reinforced through ceramic particles exhibit a good combination of properties like high 

specific strength and elasticity, low thermal expansion, and good corrosion and 

tribological performance; hence considered as candidate structural material in different 

sectors. However hard ceramics reinforcements decrease toughness and ductility of the 

soft matrix and restrict their widespread applications.  

Surface properties generally determined the useful life of components. In surface metal 

matrix composites, particles are reinforced only in the surface layer of the substrate to 

improve the surface properties while preserving the properties of the matrix alloy. 

Surface composites manage a good combination of high hardness and wear resistance 

at the modified surface, accompanied by original composition and properties of an inner 

bulk metallic matrix, which offers a wide application base in different sectors. Surface 

aluminum matrix composites have gained more attention in material processing due to 

their noble tribological characteristics. The reinforcement of the solid lubricant particles 

with the hard ceramics adds to the improvement of the tribological performance of 

hybrid surface composites. Conventional liquid-phase processing techniques to 

fabricate surface composites results in the formation of undesirable brittle compounds, 

detrimental to noble properties of composites. Solid-state processing technique friction 

stir processing (FSP), has publicized great potential as a surface modification process; 

is widely used by different investigators for producing surface composites.  

AA6061 with good castability, weldability, strength to weight ratio, and corrosion 

resistance used for medium to high strength requirements in different sectors, however, 

it displays inferior tribological performance in extensive usage. The high hardness, 

specific strength, wear resistance, and excellent thermal and chemical stability make 

Al/B4C composites a candidate material for both existing and emerging applications. 

The wear performance of Al/B4C composites can be enriched through the addition of 

solid lubricant reinforcements. The hexagonal layered MoS2 is widely used as a solid 
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lubricant in different applications. Limited information is available in the public domain 

on surface composite manufacturing using the AA6061 substrate through FSP. 

Based on the research gap identified from the literature review, in the present study 

multipass FSP was used to manufacture mono (B4C) and hybrid (B4C+MoS2) surface 

composites in AA6061-T651. The hybrid surface composites were manufactured by 

varying an amount of MoS2. Three, 100% overlapped stirring passes were accomplished 

for homogeneous particle distribution in the aluminum matrix. Additionally, for the 

identical material flow on both advancing and retreating sides, opposite pass direction 

strategy was adopted by rotated samples to 180º among progressive processing passes. 

Moreover, to compare the effect of particle reinforcement and FSP processing alone 

AA6061 was processed with FSP without particle using identical parameters. The 

microstructure of friction stir processed (FSPed) regions was analyzed by optical and 

scanning electron microscopy (SEM). Micro-hardness test was carried out through the 

cross-sections of FSPed samples to study hardness distribution, and a pin-on-disk dry 

sliding wear test was performed on FSPed samples. The worn-out surfaces were 

investigated by the SEM. 

The microstructural analysis displayed a uniform distribution of reinforcement particles 

in the processing zone and well-bonded surface composites with the matrix. 

Microhardness and wear performance of mono and hybrid surface composites improved 

compared to the parent metal owing to homogeneous reinforcement distribution in the 

matrix. Mono surface composite (100%B4C) presented 38.6% highest increased average 

stir zone hardness while hybrid surface composite (87.5%B4C+12.5%MoS2) attained 

81.4% highest improved wear resistance compared to the base material attributed to the 

presence of solid lubricant MoS2. The particle reinforcement changed the wear mode 

from adhesive to both adhesive and abrasive. Microhardness and wear resistance of 

hybrid composites reduced with increasing MoS2 fraction due to layered structure and 

the relative softness of MoS2 particles compared to hard B4C particles. For hybrid 

surface composite (87.5%B4C+12.5%MoS2), the hole method revealed 13.3% better 

wear performance compared to the groove method, attributed to an improved 

homogeneity of particle distribution managed by hole pattern. Furthermore, the 

dissolution of strengthening precipitates during multipass FSP without reinforcement 

particles resulted in the reduced hardness and wear performance.   
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In this chapter, the background of metal matrix composites, surface metal matrix 

composites, and friction stir processing is described. Furthermore, the motive of the 

present research is addressed followed by the organization of the thesis. 

1.1 Metal Matrix Composites 

In the modern technological era, cost-effective engineering materials with an optimum 

combination of properties are required to design and manufacture different engineering 

products and structures. The optimum combination of properties may not be available 

in the conventional monolithic engineering material systems, i.e. metals, ceramics, and 

polymers. The other class of engineering materials i.e. composites may satisfy the need 

for desired functional properties by interfacial bonding in between matrix and 

reinforcement. The interface boundaries display perfect demarcation between the 

distinct components. Metals, ceramics, and polymers can be used as a matrix and 

reinforcement as well. The reinforcement material can be classified as particles or fibres, 

based on the shape. Particle-reinforced composites are preferred over the fibre-

reinforced composites due to comparatively low cost and automatic processing. 

Composites are the most promising material of recent attention which is specifically 

attributed to their enhanced properties like specific strength, hardness, stiffness, 

ductility, toughness, corrosion resistance, design flexibility, long life, etc. compared to 

their monolithic counterparts. Properties of composites are governed by matrix material, 

reinforcement material, and production method. The metal matrix composites (MMCs) 

combined the metallic properties of tough and ductile matrix alloys with desirable 

properties of reinforcement particles and develop the functional properties like high
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strength to weight ratio, surface durability, modulus, toughness, specific stiffness, 

thermal and electrical characteristics, damping capabilities, and better wear and 

corrosion resistance, etc. [1, 2].  

Since the last few decades, researchers had put their efforts into properties enhancement 

of MMCs to use in complex fields. However, poor supply of costly ceramic 

reinforcements mainly in developing countries is a key concern in MMCs development. 

Ceramic particles improve the hardness of the soft metal matrix but also deteriorate 

some properties like machining. To overcome such difficulties in the development of 

MMCs, more than one reinforcement materials can be used for possible cost-saving with 

property optimization. MMCs incorporating two or more reinforcement materials are 

known as hybrid metal matrix composites [3].   

1.1.1 Aluminum Matrix Composites  

Non-ferrous alloys, like aluminum (Al), magnesium, and titanium alloys, are considered 

as candidate materials to replace commonly used steels in different sectors due to their 

high specific strength. The self-explosive nature of magnesium and the higher cost of 

titanium make Al alloys suitable material for steels replacement. Al alloys are widely 

used for structural applications due to their high specific strength, thermal conductivity, 

and corrosion resistance; but inferior wear resistance restricts their tribological 

applications. 

Aluminum matrix composites (AMCs) reinforced through ceramic particles exhibit high 

specific strength and elasticity, low thermal expansion, good corrosion, and tribological 

performance; hence considered as candidate structural material for different sectors like 

automotive, aerospace and ship-construction. Al is one of the most used lightweight 

metal as a matrix with SiC, TiC, B4C, Al2O3, ZrO2, TiB2, AlN, etc. reinforcements 

particles. B4C is a robust light material with excellent chemical and thermal stability, 

high hardness, young’s modulus, and impact and wear resistance. Al/B4C composites 

exhibit high hardness, better strength to weight ratio, and excellent thermal and chemical 

stability, used in a bicycle frame, bulletproof vests, armor tank, transport, neutron 

absorber in nuclear power plants, etc. [4-6]. 
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1.2 Surface Metal Matrix Composites 

The hard ceramic reinforcement incorporated in the soft metallic matrix reduces the 

toughness and ductility of the matrix, which constrains the wide applications of MMCs 

[3, 7-9]. Fracture toughness and ductility of a matrix are essential for inhibiting material 

failures in stress or shock load uses. Generally, the surface characteristics govern the 

valuable lifecycle of components. If only the surface layer is reinforced by ceramic 

particles, the properties of the matrix alloy can be reserved and the altered surface layers 

are known as surface metal matrix composites (SMMCs). SMMCs attain a good 

combination of high hardness and wear resistance on the modified surface, accompanied 

by original composition and properties of an inner bulk metallic matrix compared to 

both MMCs and monolithic as-received materials. Thus SMMCs can demonstrate 

enhanced composite characteristics on the surface and maintain base metal properties 

below it [10-12].  

The presence of hard ceramic reinforcements in the metal matrix improves the 

tribological performance of the surface composites. However, ceramic particles have a 

probability to get detached from the matrix and behave as third-body abrasives which 

increased wear of counter body. The presence of solid lubricant reinforcement particles 

like MoS2, Gr, etc. along with hard ceramic reinforcements in the metallic matrix would 

develop self-lubrication properties in the surface composites and increase the wear 

resistance [13-17]. The surface composite that incorporates more than one 

reinforcement in the matrix to use individual characteristics of each reinforcement is 

categorized as hybrid surface metal matrix composites (HSMMCs). HSMMCs exhibit 

improved properties compared to mono composites, due to combined effects of 

constituent reinforcements [18-21]. In HSMMCs, wear resistance would be enhanced 

by the reinforcement of both hard ceramics and solid lubricant particles, however soft 

solid lubricant reinforcements limit the mechanical properties. The optimum ratio of 

hybrid reinforcements is required to achieve improved properties of the HSMMCs [18, 

22-36].  

The conventional liquid phase processing techniques of surface composite 

manufacturing result in the construction of undesirable brittle compounds, which can be 

controlled by the solid-state processing below melting temperatures of the matrix [11-

13]. 
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1.3 Friction Stir Processing  

Friction stir processing (FSP) has publicized great potential as a surface modification 

process and widely used for producing surface composites because of its solid-state 

characteristic. FSP is a variant of friction stir welding (FSW); followed the process 

principle and shares the same facilities as of FSW. FSW is joined two plates together, 

while FSP aims for many applications like surface composites manufacturing, grain 

refinement, superplasticity, and fusion weld modification, etc. During FSP a non-

consumable rotating tool pin is injected and forwarded into a base material (BM). The 

rotating tool shoulder generates heat due to friction with the work-piece and the rotating 

tool pin stirs the heated soft material, which forged by the shoulder pressure and results 

in a severe plastically deformed region with the fine-grained microstructure [37-39].  

1.3.1 Benefits of FSP  

FSP is an emerging green and energy-efficient technique that offers localized 

modification and microstructural control in a surface layer of processed metallic 

substrates to enhance surface properties. The distinct advantages of the FSP are:  

 Solid-state process with improved process robustness 

 Microstructural refinement with controlled processing zone 

 Dense solid without porosity  

 Homogeneous distribution of reinforcement particles in the matrix   

 Strong bonding between reinforcements and matrix 

 Improved surface properties with minimum distortion of processed components 

 Uses of existing machine tool technology 

 Minimum waste of the workpiece material during/ after processing 

 No need of expensive and time-consuming finishing processes 

 Time-saving and operating cost advantages 

 Energy-efficient and environment-friendly process 

1.3.2 Applications  

The distinct applications of FSP are as follow:  
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 Microstructural modification of metallic materials for the superplasticity, enhanced 

formability, etc.  

 Microstructural refinement of cast alloys 

 Microstructural modification of powder metallurgy components 

 Fusion weld modification  

 Coating modification 

 Surface composite manufacturing 

 Processing polymeric composite materials etc.  

AMCs are widely used in various sectors and surface aluminum matrix composites 

manufactured by FSP have extensive possible industrial applications such as in 

automobile sector, aerospace and aircraft industry, rail and marine transport, packaging, 

sports and recreations, electrical transmission, space, structural applications, defence, 

etc. [40-43]. Based on the literature survey, further detailed discussion on current and 

emerging applications of the surface composites is done in chapter 2.  

1.4 Motive of the Present Work  

The present research work addresses the following problem:  

The poor tribological performance of Al alloys is a major concern in various 

applications. Moreover, the addition of hard ceramic reinforcements to the entire Al 

matrix to improve tribological behavior; decreases bulk properties of the matrix like 

toughness and ductility, which in turn restricts applications of AMCs.  

In surface metal matrix composites, only the surface layer is reinforced through ceramic 

particles and the original composition, structure, and properties of the matrix alloy can 

be retained. FSP has exposed the great potential for fabricating surface composites due 

to its solid-state nature. The addition of solid lubricant reinforcement with the hard 

ceramics contribute to the improvement of the tribological performance of hybrid 

surface composites.  

Based on the above-mentioned problem statement, it is planned to manufacture hybrid 

surface aluminum matrix composite by reinforcing hard abrasive particle and lubricant 

particle using friction stir processing with the expected enhanced properties including 
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hardness and wear resistance. The matrix material and reinforcement particles are 

decided based on the literature survey and the research gap identified in chapter 2. 

1.5 Organization of Thesis  

The present research work is discussed in the following chapters in the thesis. 

Chapter 1 includes the basic introduction of metal matrix composites, surface metal 

matrix composites, and friction stir processing and applications followed by the motive 

of the present work. The last section presented the outline of the thesis. 

Chapter 2 highlights the manufacturing methods of metal matrix composites and 

surface metal matrix composites along with current and emerging applications. This 

chapter reviews the literature related to research work in the field of surface composite 

manufacturing by FSP till now in different sections such as FSP of aluminum alloys, 

surface aluminum matrix composite manufacturing by FSP along with the large table 

summary, hybrid surface aluminum matrix composite manufacturing by FSP along with 

the large table summary, and FSP variables for surface composite manufacturing. In the 

end, based on the research gap the objectives of the present research work are described. 

Chapter 3 is the experimental methodology carried out for present research work, 

which starts with a plan of FSP experiments and followed by a description of the 

materials, experimental setup, tooling, and parameters along with the experimental 

procedure of FSP for surface composite manufacturing and its execution. The specimen 

preparation for microstructural characterization and hardness and wear testing discussed 

in this chapter followed by the testing of prepared samples with respective standards. 

Chapters 4-6 covers experimental results and discussions based on the objective of 

research identified under section 2.8, chapter 2. 

Chapter 4 describes the effect of reinforcement particles and relative hybrid ratio on 

surface composite manufacturing by hole method FSP along with the effect of FSP on 

AA6061. It consists of the results and discussions of microstructural behavior and 

microhardness measurements of processed mono and hybrid surface composites, 

friction stir processed (FSPed) alloy without powder, and as-received alloy, i.e. 

experiment phase 1 and 2. 
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Chapter 5 includes the results and discussions of microstructural behavior and 

microhardness measurements of hybrid surface composite manufactured by hole and 

groove method FSP for optimized hybrid powder combination. Optimization of hybrid 

powder combination done in phase 3 of experiment work and comparison between hole 

and groove method FSP for optimized hybrid powder combination done in phase 4 of 

experiment work.   

Chapter 6 describes the effect of reinforcement particles and relative hybrid ratio on 

wear behavior of processed mono and hybrid surface composites.  It also describes the 

effect of FSP on wear behavior of AA6061 along with the effect of reinforcement 

method on wear behavior of optimized hybrid composites. It consists of the results and 

discussions of dry sliding pin-on-disk wear tests of processed surface composites, 

FSPed AA6061 without powder, and as-received alloy i.e. experiment phases 1 to 4. 

The SEM micrographs of worn-out pin surfaces and change in the coefficient of friction 

with sliding distance are described.   

Chapter 7 summarizes the conclusions and major contributions of the present 

investigation followed by the scope for future work.  
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This chapter describes the literature review in six different sections. In the first section, 

the metal matrix composites and their manufacturing methods are briefly described. The 

second section described FSP mainly of aluminum alloys. The third section contains 

surface composite fabrication by FSP with different reinforcement methods followed by 

current and emerging applications of the surface composites. The fourth section 

described surface aluminum matrix composite manufacturing by FSP in detail and 

summarised in Table 2.1. In the fifth section, hybrid surface aluminum matrix composite 

manufacturing by FSP is described in detail with the help of three subsections and 

summarised in Table 2.2 to 2.4.  This is followed by FSP parameters for surface 

composite manufacturing in four subsections. In the end, based on the literature survey 

the research gap and the objectives of the present work are described. 

2.1 Metal Matrix Composites 

Supplementary properties can be developed in MMCs by proper selection of 

reinforcements, for example, B4C reinforcement in metal matrix provides better neutron 

absorption characteristics for nuclear containment. The metallic matrix can 

accommodate a range of reinforcing agents; like hard ceramic particle reinforcements 

SiC, B4C, Al2O3, TiC, etc. in the tough and ductile matrix. MMCs are widely used in 

aerospace, automobiles, rail transport, marine transport, defence, space, packaging, 

electronics, sports, recreational and infrastructure sectors, etc. [1, 2, 44-46].  

Researchers working on the development of MMCs have found that incorporating more 

than one reinforcement material yields the composite having enhanced properties with 
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the possibility of cost-saving. They have successfully produced hybrid metal matrix 

composites with two or more reinforcement materials. Hybrid composites offer better 

properties compared to mono composites [3, 47].  Homogeneous reinforcement 

dispersion, wettability of reinforcement with matrix, and defect-free microstructure are 

the main issues of MMC fabrication. 

2.1.1 Metal Matrix Composites Manufacturing Methods 

Composite fabrication techniques are mainly categorized as liquid-state processing and 

solid-state processing. In liquid-state processing methods, the reinforcement is 

incorporated into the metal matrix in the liquid state, and the molten metal is cast into 

preferred shapes by conventional casting, while the solid-state processing operates 

below the melting temperature of the matrix. Stir casting, compocasting, squeeze 

casting, ultrasonic-assisted casting, infiltration, thermal spray, etc. are liquid-state 

processes. Powder metallurgy, high energy ball mill, spark plasma sintering, cold 

spraying, diffusion bonding, etc. are solid-state processing routes. In the stir casting 

process, the mechanical stirring of molten metal and reinforcement materials is the 

strategic element. Stir casting is a very simple, flexible, and most cost-effective process 

in the mass production of MMCs. However, as the cooling rate change from the surface 

to the center, the non-homogeneity of the constituents is the key limitation along with 

poor wettability of matrix and reinforcement [48]. A356/TiB2 and A356/TiO2 

nanocomposites have been processed successfully by the stir casting method [49]. The 

Schematic of facilities for the stir casting process is shown in Fig. 2.1. 

Good reinforcement dispersion with improved interfacial bonding is reported in 

extruded stir-cast AMCs [7]. The use of flux and preheated reinforcement particles 

improved the wettability in reinforcements and the aluminum matrix [50]. In the stir-

cast method, the particles incline to sink or float on the molten metal due to the density 

dissimilarities with the matrix and results in non-homogeneous dispersion, which leads 

to particle agglomeration in the melt and may outcome as porosities, oxide inclusions 

and unwanted interfacial reactions like defects. Two-stage additions of particles may 

avoid particle agglomeration [51].  

 



Literature Review 

10 

 

FIGURE 2.1: Schematic of facilities for stir casting process [49]. 

Higher surface area and surface energy of nano-sized reinforcement particles, make 

wettability and particle distribution issues more complex. The particle distribution can 

be improved by using long stir time in the stir casting, however, it may cause more gas 

and oxidation to the molten matrix. The cost-effective ultrasonic-assisted stir casting 

reduces stir time, oxidation, and gas and simultaneously manage good particle 

dispersion, matrix-reinforcement bonding, and fine-grain sized and near net shape cast 

products [52]. In the compocasting process, the second phase particles reinforce in the 

semisolid metallic matrix through mechanical mixing. The primary solid particles, made 

in the semisolid melt capture the reinforcements and reduces their segregation by 

gravity. The process manages better particle distribution and wettability along with 

lesser porosity and matrix shrinkage. Moreover, lower operating temperatures save 

significant energy with tool life and hinder chemical reactions in molten metal and 

reinforcements [53]. The squeeze casting method is the balance between gravity die 

casting and closed die forging, in which the superheat molten metal is solidified in a 

closed-end die and the squeeze pressure applied to attain dense and near net shape 

product along with good surface finish and precision dimensions. In direct squeeze 

casting, the process pressure is applied by the die-closing punch, whereas in indirect 

squeeze castings process, the pressure applied by a secondary ram. The squeeze cast 

MMCs revealed better properties than stir cast and can be used for high-end industrial 

applications in the as-cast condition. [3]. In the thermal spray route, a powder melt is 
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atomized by an inert gas jet and sprayed onto a substrate. As rapid solidification 

constrains segregation, thermal spray can coat larger surface area substrates with 

uniform coating thickness [54]. The infiltration method injects the molten matrix 

material into the voids in the porous reinforcement preforms, with or without vacuum 

or pressure; less contact time in matrix and reinforcement control the interfacial 

reactions. This method can acquire good wettability and is appropriate for mass 

production and structural shapes fabrication like tubes, beams, rod, etc. which needed 

uni-axial directional properties [55].   

To overcome the liquid-state processing limitations, MMCs are produced by solid-state 

processing below the melting point of the matrix. In the powder metallurgy process, fine 

powders are mixed and blended, degassed in a vacuum, compacted in the desired shape 

followed by controlled atmosphere sintering. Ceramic particles reinforced AMCs are 

easy to process and are almost isotropic compared to fiber-reinforced composites.  The 

powder metallurgy is an economical process for complex part production, better 

mechanical and structural properties, precision dimensions, and minimum scrap loss and 

machining operations. It needs expensive alloy powders and complex process steps, and 

hence may not be used for mass production [44]. Fig. 2.2 describes the schematic 

representation of powder metallurgy process steps. 

The one more powder processing method, high energy ball milling, is used to impart 

high energy impacts to powders from hard material balls in mechanical attrition mill. 

The balls caused frequent deformation, re-welding, and fracturing of premixed powder 

particles, which results as refined powder particles. This process requires a controlled 

atmosphere to prevent powder from atmospheric reactions and is a time-consuming 

process and not suitable for mass production [56]. In the spark plasma sintering process, 

the spark discharge is produced by a pulsed direct current through electrodes at the 

bottom and top of the die.  Spark discharge activated the particle surface and self-heating 

produced between voids in the particles. The high heating rate and reduced sintering 

time of this method offer dense composite with advanced properties [57]. In cold 

spraying feed powders accelerated in a supersonic gas jet, impact on the substrate, 

deformed plastically and bond to the surface. Cold spray powders are not melted unlike 

the thermal spray route [58]. 
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FIGURE 2.2: Schematic of powder metallurgy process steps [44]. 

In diffusion bonding, chemically treated matrix as sheet or foils and long fiber 

reinforcements are stacked in a definite order and then pressed at elevated temperature 

to confirm effective inter-diffusion and bonding. Supplementary machining is required 

and the multilayer structure attained as finished laminate composites. Diffusion bonding 

can accommodate a wide-range metal matrix with controlled fiber orientation and 

volume fraction and produce simple shape part MMCs like plates, and tubes [59]. Some 

other methods like the Cold Isotactic Pressing - Hot Isotactic Pressing sintering route, 

molecular level mixing, and sputtering are also used for MMCs fabrication. 

In the ex-situ methods, the reinforcement is produced separately. The ex-situ methods 

need costly reinforcements and complex equipment and procedures, which increases 

process costs. The alternate cost-effective in-situ methods involve chemical reactions 

between different elements, which produce thermodynamically stable reinforcement in 

the metallic matrix. One reacting element is normally a molten metallic matrix 

component and the other may be externally added fine powder particles or gaseous 

phases. Better particle distribution, good wettability, and potentially low cost make in-

situ processing methods more useful than the ex-situ techniques [60].  
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2.1.2 Aluminum Matrix Composites 

Aluminum alloys are classified in wrought alloys and cast alloys. The cast alloys 

generally have less strength than wrought alloys. Wrought aluminum alloys are sub-

classified in heat-treatable alloys and non-heat-treatable alloys. The non-heat-treatable 

alloys, mainly 1xxx, 3xxx, and 5xxx series do not respond to heat treatment for 

strengthening. The heat-treatable alloys, mainly 2xxx, 6xxx, and 7xxx series are 

strengthened by heat treatment, primarily solution heat treatment, and quenching. 

Among these, 6xxx series (Al-Si-Mg) alloys have good, weldability, formability, 

machinability, corrosion resistance, and medium strength.  

Lightweight Al-based metal matrix composites are popular as advanced structural 

materials in different sectors. Al matrix can accommodate a variety of reinforcing 

agents; reinforcement of ceramic particles in the matrix can resist load without 

deformation or fracture in tribological applications. Hybridization of abrasive and 

lubricant reinforcement particles in the Al matrix enhanced the tribological behavior of 

the hybrid composites like AA7068/WC+MoS2, even under extreme loading conditions 

and these hybrid composites can be used as a candidate material for different sectors 

where high strength wear-resistant components are required [61].   

2.1.3 Boron carbide (B4C) reinforced Aluminum Matrix Composites  

Lightweight Al/B4C composites exhibit high specific strength, and excellent thermal 

and chemical stability, used as a structural material in various sectors like defence, 

aerospace, rail and automotive, where a high strength to weight ratio is a prime concern 

[1, 4, 5]. AA6061/B4C composites are remarkably used in neutron shielding applications 

attributed to neutron-absorbing characteristics [6].   

Advanced properties of AMCs depend on particle distribution, manufacturing method, 

matrix, and material, volume fraction, and numbers of reinforcements. Al/B4C 

nanocomposites fabricated by microwave sintering and hot extrusion presented uniform 

nanoparticles distribution. With increasing B4C content, the coefficient of thermal 

expansion (CTE) and density reduced while porosity, elastic modulus, hardness, and 

compression and tensile strength improved [62]. Fig. 2.3 shows the influence of B4C 

fraction on hardness and CTE.  



Literature Review 

14 

 

FIGURE 2.3: Effect of B4C on hardness and CTE of AMCs [62]. 

The age-hardening response and tensile and yield strengths increased whereas the failure 

strain and electrical conductivity reduced with increased B4C fraction in AA6061/B4C 

composites [63]. In AA6061/B4C neutron-absorbing composites the neutron 

transmission ratio decreased with the increased B4C content [64]. The wear resistance 

of AA5083/B4C composites enhanced with increased reinforcement fraction and 

decreased with the increased load, sliding speed, and distance [65]. Compared to the 

coarse particles, fine particles displayed superior yield and fracture. The AA6061/nano-

B4C composites exhibited uniform particle dispersion, increased hardness, wear 

resistance, dislocation density, and tensile strength, maintaining a good extent of alloy 

ductility and impact resistance [52]. Compared to Al/Al2O3 and Al/SiC stir-cast 

composites, Al/B4C stir-cast composites demonstrated better particle distribution and 

interfacial bonding [7]. Use of two-step adding melt stirring method and K2TiF6 flux 

enhances the particle dispersion and wettability in AA6061/B4C composites and results 

in improved tensile and compression strength [51]. During fabrication of AA6061/B4C 

composites by powder metallurgy route the B4C-Al interfacial reactions result in 

different products like Al3BC, MgB7, MgAl2O4, Al4SiC4, AlB12C2, etc. which weakened 

the composites age-hardening ability [66]. Hybrid composites presented better 

properties than their mono composite counterparts. In stir cast nanocomposites 

AA2219/B4C, and AA2219/B4C+MoS2, uniform particle dispersion and increased 

microhardness with increased n-B4C/MoS2 particles have been managed [67]. 
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2.1.4 Surface Metal Matrix Composites Manufacturing Methods 

Conventional methodologies to fabricate SMMCs include high temperatures liquid 

phase processing such as high energy laser melt-particle injection, cast sinter, plasma 

spraying, electron beam irradiation, etc. consists of melting treatments.  Amongst these 

methods, the laser melt-particle injection is commonly used for surface composite 

fabrication. As shown in Fig. 2.4, in the laser melt-particle injection method the 

reinforcement powder is inserted by a nozzle using a carrier inert gas and simultaneous 

laser beam radiation on the matrix surface. The powder particles reinforced in the 

surface melted pool formed by laser beam radiation. Powder particles enclosed melted 

bath rapidly solidify and surface composite developed after complete solidification. The 

surface composites produced thus consists of unreacted particles in the matrix as well 

as the reacted particles [68].  

 

FIGURE 2.4: Laser surface treatment phenomena with powder injection [68]. 

In the centrifugal casting method, the mixture of molten metal and reinforcement 

particles poured in a rotating hot mould, where the particles are forced in the radial 

direction to the mould edges by the centrifugal force as schematically represented in 

Fig. 2.5. The density difference in the reinforcement particles and the base material 

assist particle distribution at the cast object surface. The cast component geometry is the 

main constrain and only axe symmetric component can be manufactured by this method 
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[69]. In the plasma spraying method, the materials to be developed as a surface 

composite are added in the plasma jet and forced on the substrate as molten droplets. 

These liquid droplets solidify on the substrate surface and form a composite layer [69]. 

 

FIGURE 2.5: Centrifugal casting method to manufacture SMMCs [69]. 

In the liquid phase processing techniques the unwanted interfacial reactions of 

reinforcement particles with molten metal matrix result in the construction of 

undesirable brittle compounds, which are detrimental to composite resulting properties 

[11, 68-71]. Also during liquid phase processing, the energy associated with primary 

manufacturing processes is lost while melting. So, to overcome limitations of liquid-

phase processing and obtain the desired microstructure in SMMCs, solid-state 

processing below the melting temperatures of the base matrix is required with an acute 

control over process parameters.  

2.2 Friction Stir Processing 

Friction stir processing (FSP) is a solid-state processing technique, which functions 

below the melting point of matrix and controls the interfacial reaction issues of liquid-

state processing [72-74]. FSP is a newly established scrap-free advanced green 

manufacturing method with several metallurgical and environmental benefits compared 

to orthodox composite fabrication techniques. FSP aims for several applications like 

Surface composite manufacturing [10, 11, 75-81], super-plasticity [82-86], grain 
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refinement [87-91], fusion weld modification [92], etc. As displayed in Fig. 2.6 (a), 

during FSP a specially designed non-consumable rotating tool having a pin and shoulder 

is first inserted and then traverse into the matrix in the planned route. The rotating tool 

shoulder generates heat due to friction with the specimen and the pin of the rotating tool 

stirs the hot material, which flows around the rotating pin. FSP results in a severe 

plastically deformed region; nugget or stir zone (SZ) with the fine equiaxed grained 

microstructure due to dynamic recrystallization (DRX). The SZ reveals the fully 

recrystallized region stirred by the rotating tool pin. The nearby region of the SZ is 

thermomechanically affected zone (TMAZ), which is affected by heat generation during 

the process. The region next to the TMAZ is heat affected zone (HAZ), which is not 

much dominant due to solid-state processing. Fig. 2.6 (b) schematically illustrates 

different zones developed in FSP with inherent microstructural characteristics. The 

severe plastic deformation by FSP modifies only the surface, the bulk material 

properties, and structure remain the same [37, 93]. 

 

FIGURE 2.6: Schematic of (a) FSP and, (b) cross-sectional views of processed zones [37]. 

Friction stir surfacing (FSS) applied to manufacture a surface composite layer on the 

specimen using a consumable tool packed with reinforcement particles. Defect and 

inclusion free surface composite layers were attained in the absence of tool wear, but 
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with varied thickness as the tool consumption increased with temperature. The 

functionally graded Al-SiC surface composite layer has been developed by FSS [94]. 

Like FSW, inappropriate choice of FSP parameters may result in defects in SZ. Higher 

chances of defect formation are at advancing side (AS) where a sudden microstructural 

change takes place from the ultra-refined SZ to the thermomechanically affected zone; 

whereas the microstructural change is steady at the retreating side (RS). Unsatisfactory 

pressure and heat on the AS decrease pin velocity which fallouts in voids and tunnel-

like defect formation. The tunnel defect formed on AS of FSPed samples can be 

transformed into a continuous channel; this process is called as friction stir channeling 

(FSC).  Recently, mini-channels were fabricated by FSC in a 6 mm thick AA6061-T6 

plate [95]. 

2.2.1 FSP of Aluminum Alloys  

Many investigators explored FSP of Al alloys for emphasizing the properties 

enhancement. The intense plastic deformation and frictional heat generated in the FSP 

processed zone result in dynamically recrystallized fine grain microstructure. The 

modified microstructure resulted in enhanced properties of processed specimens. FSP 

of commercially pure Al results in grain refinement by dynamic recrystallization, 

improved yield strength, and hardness with slight loss of ductility. The maximum 

hardness was detected to the advancing side [91]. The ultrafine-equiaxed grains 

achieved in stir cast hybrid composite AA7075/SiC+CB by FSP technique, effectively 

improve the mechanical and wear performance [89]. FSPed AA2219 achieves better 

hardness and equivalent corrosion resistance than laser melted AA2219 [96]. FSP 

enhanced the tensile properties of a cast Al-Zn-Mg-Sc alloy. The microstructure 

developed in FSP has an important effect on the post-FSP heat treatment to improve 

tensile properties. The ultrafine-grained FSPed sample could not attain high strength in 

the post-FSP heat treatment lacking grain coarsening, while the coarse-grained FSPed 

sample attains strength >560 Mpa in post-FSP age-hardening [97]. The microstructure 

and mechanical properties of FSPed Al-7B04 alloy under different initial base metal 

temper and FSP cooling conditions were studied by Chen et al. [98]. Compared to the 

air-cooled, the water-cooled samples were strengthened. However, the strengthening 

was comparatively high in annealed alloy then artificially aged alloy due to the joint 

effect of strengthening precipitates and grain refinement. The FSPed continuous cast 
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AA5083 display better superplastic properties compared to FSPed rolled or extruded 

AA5083 and even superplastic forming grade AA5083 [86].  

The in-situ cast AA6061/Al3Ti and AA6061/Al3Zr discontinuously reinforced AMCs 

(DRAMCs) were exposed to FSP. FSP fragmented and homogeneously distributed the 

particles, refined the grains, and improved the microhardness and sliding wear behavior 

of the composites. FSP showed efficiency to improve the properties of DRAMCs 

reinforced by Al-rich intermetallic particles [99]. FSP carried out on AA6061/ (0-15 wt. 

%) Al3Fe cast AMCs. Severe plastic strain and impact of the stirred tool fragmented the 

Al3Fe particles, which was homogeneously distributed in the matrix. The consolidation 

of plasticized material in FSP eliminates the casting defects like pores. Severe plastic 

deformation and frictional heat generated in FSP refined the matrix grains.  Moreover, 

the plastic deformation and thermal misfit increased the dislocation density. The 

microstructure development resulted in enhanced tensile strength and ductility of 

processed composites [100]. Similarly, the FSP on AA6061/ (0-15 wt. %) Al2Cu cast 

AMCs resulted in a homogenous distribution of refined particles, removal of casting 

defect-pores, grain refinement, and increased dislocation density. The microstructural 

modifications improved tensile strength and ductility [101].  

The tool design governs the FSP to achieve the required microstructure. The bigger 

shoulder area tool endorsed added plastic deformation on the microstructure and create 

a more appropriate microstructure for better superplastic behavior [85]. The effects of 

FSP tool pin profiles on the superplasticity of AA7075 have been studied. Out of three 

polygonal pin profiles square, pentagon, and hexagon used, the square pin sample 

managed fine-grained uniform microstructure without cavitation in the SZ and 227% 

superplastic elongation in the gage region attributed to the larger shoulder area of square 

pin tool [83]. The application of stationary shoulder tool in FSP of high strength 

AA7075 results in nearly the same grain refinement with homogenous mechanical 

properties across the SZ thickness [90].  

The FSP parameters governed the microstructure evolution and resultant properties. The 

influence of FSP parameters on grain refinement, microstructure, and superplasticity of 

AA7075 was examined by Patel et al. [82]. At higher tool rotation, the grain growth by 

higher heat input increased the grain size, while at higher traverse speed, less heat input 

decreased the grain size. Tool tilt angle has not shown any effect on grain size, however, 
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at higher tilt angle distorted grains were detected. Superplastic elongation 225% 

revealed at lower heat input process parameters 765 rpm, 31.5 mm/min, and 2º tilt angle 

attributed to defect-free material flow. In a different study, for FSPed cast Al alloy 

AlSi9Mg, the increased tool rotational speed resulted in higher heat generation and 

decreased torque and volume of mixed material, while the increased tool traverse speed 

resulted in less heat generation and increased torque and volume of mixed material. FSP 

also caused fragmentation of large Si particles, their even distribution in the matrix, and 

elimination of porosity in the as-cast alloy [102]. Rajeshkumar et al. [103] reported that 

FSP of Al-Graphite composite refined the matrix grains from size 150 µm to 14 µm, 6 

µm and 0.5-1 µm for the tool travel speeds of 20, 40 and 60 mm/min, respectively. At 

lower tool travel speeds, the coarse grains credited to higher heat generation. FSP also 

improved the hardness of processed samples due to the refined structure, high 

dislocation density, and uniformly dispersed fine graphite particles.  

Multipass FSP advances the grain refinement in FSPed samples. Fine and equiaxed 

grains attained in multipass FSPed AA6063, however, the reduced strength and 

microhardness attributed to precipitate dissolution in the multipass FSP [87]. FSP 

resulted in grain refinement and improved hardness and wear resistance of AA5083. 

Moreover, the increased number of FSP passes leads to more grain refinement, better 

hardness, wear-resistance, and load-bearing capacity of the AA5083 in sliding [104]. 

Paidar et al. [105] exposed the Al/2%B4C composite made by a 10-cycle accumulative 

roll bonding to multipass FSP. The grain refinement and dispersion of B4C particles in 

the matrix increases with the increased FSP passes. The microstructural evolution by 

the severe plastic deformation of multipass FSP improved the tribological, and 

mechanical response of the composites. Double-pass FSP on AA6061 dynamically 

recrystallized the SZ which reduced the grain size and improved the hardness [106]. 

Yadav et al. [107] used FSP to advance the distribution of in-situ TiB2 particles in Al-

based composites. Double-pass FSP broken the TiB2 particle agglomerates, distributed 

evenly in the matrix, eliminated the casting defects, and refine the matrix grains, which 

results in improved strength and ductility of the as-cast composite. 

FSP is also used to advance the fatigue strength of fusion welds in Al alloys. The fatigue 

strength of the Gas Metal Arc Welding (GMAW) T-fillet weld joints made on 6 mm 
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thick AA5083-H111 plate was suggestively improved by grain refinement, porosity 

elimination, and stress concentration reduction resulted from FSP [92].  

2.3 Surface Composites Manufacturing by FSP  

In the fabrication of surface composites by FSP, reinforcement particles can be packed 

in groove [77, 108] or holes [75, 76] followed by compaction by pinless tool and then 

processing along the planned path to distribute the packed particles in solid-state into 

the plasticized metallic matrix and finally attained surface composites. Reinforcing 

particles can be applied directly to the matrix as a layer in a volatile medium followed 

by processing along the planned path [10, 94, 109]. The particle reinforcement method 

for the fabrication of the FSPed surface composites illustrated in Fig. 2.7. 

During FSP, the heat-induced by the friction between the rotating tool and matrix, 

softens matrix and deform it plastically. During stirring, as the tool plunged in the 

substrate a cavity is developed, which depends on the pin profile. The plasticized 

material exists around the pin and under the shoulder, where the tool rotation managed 

the stirring and mixing of reinforcements with the soft and plasticized matrix material. 

With the traveling of the rotating tool, material from the tool leading edge is gradually 

plasticized and flows towards the trailing edge through the retreating side. Kumar and 

Kailas [110] reported two kinds of material flow, shoulder-driven flow, and pin-driven 

flow. The tool shoulder transmits the material by bulk from the RS which forged against 

the AS while the tool pin transmits the material as layer by layer. A finer and more even 

microstructure can occur in the surface area attributed to better stirring and mixing 

caused by the shoulder. The plasticized material flows around the tool pin from one side 

to another, forged through the shoulder pressure producing a surface composite. Hence 

the stirring action of the rotating tool refines matrix grains and disperse secondary 

particles into the matrix surface to produce a surface composite. During FSP ultra-

refined grains attributed to plastic deformation, dynamic recrystallization mechanism, 

and reinforcement particle’s pinning effect [111]. A schematic illustration of the pinning 

effect of reinforcement particles is shown in Fig. 2.8.   
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FIGURE 2.7: Schematic of FSP by (a) Holes method, (b) Groove method, (c) Sandwich method, 

and (d) Surface coating method to produce surface composites [109]. 

(a)  

(b)  

(c)  

(d)  
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FIGURE 2.8: Reinforcement pinning of grain growth in recrystallization [111]. 

The high resistance to the material transfer towards the tool trailing edge forced the 

material to run out and results as the flash in the retreating side. Usually 1 to 3 degrees 

tilt angle used for efficient downward forging by the trailing edge of a tool. FSP provides 

mechanical mixing of the reinforcements and soft matrix and can offer severe plastic 

deformation of the material in temperature range 0.5-0.9 Tm to improve mixing [12]. 

Mishra et al. [10] first explored successfully the potential of FSP technique to fabricate 

surface composites in AA5083/SiC SMMC. Subsequently, FSP evolved as a promising 

applicant to fabricate both mono and hybrid surface composites and effectively used by 

several investigators. Surface composites fabrication by FSP is a promising practice 

having added potential in MMC development. However, in FSP attainment of 

homogeneous distribution of second phase particles is critical. The degree of particle 

distribution governs the resultant properties of processed composites and dissimilarity 

in the particle distribution adversely affects the properties. Emphasis on different 

approaches to increase the degree of particle distribution can address the issue. An 

optimization of FSP process parameters can result in a more homogeneous dispersion 

of the secondary phase. With the other aspects, multipass and change in the direction of 

subsequent passes are also found to play a major role in the homogeneous particle 

distribution and successful development of surface composites. Fig. 2.9 display 

schematic illustration of multipass and reverse direction multipass FSP. The multipass 

strategy leads to better particle dispersion and properties compared to single-pass FSP. 

Microstructural homogeneity increased with an increased number of FSP passes [22, 

112, 113]. During FSP, the material flow occurs on the AS, which outcomes as particles 

accumulation on AS. To balance the material flow at both the AS and RS, stirring passes 

should apply by changing the pass direction after each subsequent pass. The multipass 
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strategy with the change in the pass direction after each pass offers a balance in material 

flow along with more uniform particle distribution on both AS and RS without 

accumulation of particles in SZ, which enhanced processed surface composites 

properties [17, 18, 29-31, 114]. 

 

FIGURE 2.9: Schematic of SMMC manufacturing by (a) multipass FSP, and (b) multipass revere 

direction FSP. 

The reinforcement method governs the successful fabrication of the FSPed surface 

composites. Each method used to incorporate reinforcements in the matrix has its own 

advantages and limitations.  

2.3.1 Hole Method  

In the hole method FSP, many small blind holes of planned depth and diameter are 

drilled on the workpiece surface; the holes are filled with the reinforcements [41, 115-

117]. Then the holes are closed using a non-consumable pinless tool so that the packed 

reinforcements do not escape during stirring, this pass is known as capping pass. The 

friction in the tool flat shoulder and workpiece surface caused by the applied load in 

capping pass generated heat which plastically deforms the surface of the holes and 

finally closes the holes. After it, stir pass carried out along the planned path to develop 

surface composites using a tool having a designed shoulder and a pin. Fig. 2.7 (a) 

(a) (b) 
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displays a schematic representation of the FSP by holes method. Holes method 

displayed added homogeneous distribution of reinforcements paralleled to the groove 

method in processed surface composites and control volume fraction of reinforcements 

by varying number of holes rows. FSPed A356/B4C+MoS2 surface composites were 

developed by reinforcement of B4C and MoS2 powders in 2 mm diameter and 2 mm 

depth holes at 1 mm equal distance. Uniformly distributed reinforcements in the SZ 

improved hardness and wear resistance [116]. The surface composite AA7075/B4C 

fabricated using zigzag hole pattern FSP demonstrated homogeneous particle 

distribution and enhanced wear performance [75]. Zigzag hole pattern managed superior 

efficiency to incorporate reinforcements in the processed region with enhanced 

homogeneity [76]. The hybrid surface composite A356/Al2O3+SiO2 processed using 

zigzag hole pattern FSP demonstrated even dispersion of fine Si and reinforcement 

particles inside the SZ, which enhanced mechanical and corrosion performance of A356 

alloy [117]. Hole method usually developed surface composites with homogeneous 

particle distribution, however, the particle distribution homogeneity enriched by 

multipass FSP [115] and reveres direction multipass FSP [77].  

The theoretical and actual volume fractions of reinforcement particles can be calculated 

by the following expressions [117]: 

Theoretical volume fraction (Vt) =
Volume of holes

Projected volume of tool pin
 X 100           (2.1) 

Actual volume fraction (Va) =
Volume of holes

Volume of surface composite
 X 100                   (2.2) 

Volume of holes = volume of single hole (πr2𝐷) X number of holes                   (2.3) 

Projected volume of tool pin                                                                                                       

= Pin diameter X Pin length X Processed region length                (2.4) 

Here, r is the radius and D is the depth. 

2.3.2 Groove Method  

The groove method FSP is an alternative method to reinforce particles in the matrix [17, 

114]. This method is simple and needs less machining compared to the hole method. As 

shown in Fig. 2.7 (b), one or more grooves of planned width and depth are machined on 
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the workpiece surface and then packed by particles. Similar to the holes, the groove is 

closed in capping pass followed by FSP to fabricate surface composites. FSPed 

AA5083/B4C surface composite produced with improved mechanical and tribological 

behavior [108]. The groove can be made from the centerline away. AA6061/SiC+Al2O3 

surface composites developed using a 3 mm x 3 mm groove, 1 mm away from the 

centerline, tangent to the pin in the AS. Processed composites managed uniform particle 

dispersion with improved microhardness and wear resistance [35]. The effect of groove 

location with respect to the tool pin was studied by Gandra et al. [118] and concluded 

better particle distribution for the groove situated below the pin compared to the groove 

outside the pin interaction area but within the shoulder interaction area. Variable 

dimension grooves based on planned volume fractions of reinforcement can machine in 

the workpiece. Hybrid nitride particles (25%AlN+75% BN) with 5, 10, and 15 vol. % 

filled in 5 mm deep groove machined in the Cu matrix with 0.3, 0.6, and 0.9 mm width 

respectively. Microhardness and wear resistance of FSPed composite enhanced with the 

volume fraction of particles [119]. Compared to a single macro groove, the multiple 

micro groove strategy achieved better secondary phase distribution with resultant 

properties [120]. FSPed surface composite AA7075/SiC fabricated using three parallel 

gradient grooves with increasing depth from the AS to RS and managed better particle 

dispersion compared to a single groove [121]. The grooves can be made on the cross-

sectional surface, packed with particles, compacted, and then the plates are clamped 

facing secondary phase-filled surfaces each other followed by FSP [122].  

Rather than capping pass, the groove can be covered by a thin plate. The groove 

machined in the AA1050 matrix and packed by SiC and Al2O3 particles, covered by an 

Al plate to inhibit particles scattering during the FSP [27]. As in FSP, the particle 

distribution is governed by pin rather than the shoulder, in the groove method, the 

reinforced area is restricted to SZ. FSPed groove method usually managed 

homogeneously dispersed particles, however, the homogeneity advanced with multipass 

FSP [123] and reverse direction multipass FSP [24]. Compared to the groove method, 

holes method delivers an opportunity to reinforce more particles with less particle 

scattering during FSP. If applications mandate more secondary particles in the surface 

composites, holes method can be favored.  

The theoretical and actual volume fractions of reinforcement particles can be calculated 

by the following expressions [25]:  
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Theoretical volume fraction (Vt) =
Volume of groove

Projected Volume of tool pin
 X 100           (2.5) 

Actual volume fraction =
Volume of groove 

Volume of surface composite
 X 100                            (2.6) 

Volume of groove                                                                                                                              

= Groove width X Groove depth X Processed region length              (2.7) 

Projected volume of tool pin                                                                                                       

= Pin diameter X Pin length X Processed region length                (2.8) 

2.3.3 Sandwich Method 

As shown in Fig. 2.7 (c) in the sandwich method, reinforcements are placed on the 

workpiece surface as a layer followed by matrix plate cladding to inhibit as-sprayed 

layer ejection in the stir pass and to rise composite layer thickness. Then FSP is carried 

out along the targeted path. Travel motion of the rotating tool fragmented the second 

phase coat into small particles. The plasticized matrix and the secondary particles are 

mixed to fabricate a composite layer. The sandwich method can be used as an advanced 

process for large-scale surface composites fabrication. FSPed AA3105/SiC surface 

composites developed using the AA3105/SiC coating/AA3105 sandwich joint for 

particle incorporation [124]. Li et al. [125] processed Cu/Al2O3+TiO2 surface composite 

using a Cu/coating/Cu sandwich lap joint. A 2 mm thick T2 Cu plate was used as the 

substrate and cladding material both. Pre-mixed spraying powders (Al2O3-40wt.% TiO2, 

20–70 μm thick AT40 ceramic coating) agglomerated using polyvinyl alcohol solution 

and plasma sprayed on the Cu plate to form nearly 200 μm thick layer followed by Cu 

plate cladding to inhibit the as-sprayed layer drop out in the FSP and to increased 

composite thickness. Approximately 2200 μm thick, dense FSPed composite layer 

attained with the homogeneously distributed particles, improved hardness, and absence 

of pores and interlamellar contact defects of the sprayed layer.  

The reinforcement volume fraction in the processed composites can be controlled by 

altering the number of layers. The sandwich method does not need any machining 

operation prior to FSP and has no non-filling holes or grooves related issues. Moreover, 

it also eliminates capping pass before stirring pass. However, it is very difficult to 

incorporate the hard and brittle ceramic particles as the layers. In processed composites, 
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reinforcement particles may exist as bulky particles, due to lack of control on the 

secondary particle layer fragmentation in the FSP; particle size completely managed by 

the tool design and FSP parameters. 

2.3.4 Surface Coating Method 

In another method to incorporate the secondary phase in the matrix, the pre-mixed 

reinforcement particles are coated on the workpiece surface by any appropriate coating 

method and then applied FSP directly to produce surface composites. Fig. 2.7 (d) 

presents a schematic illustration of the surface coating followed by the FSP method to 

produce surface composites. With the traverse motion of the stirred FSP tool, the 

plasticized matrix and the secondary phase mix properly and produce a composite 

layer. Liu et al. [33] developed the AZ31/Al+Cu  surface composites by the laser 

cladding-pin and pinless FSP hybrid method. Well-stirred Al and Cu powders (both ~ 

50 μm) mixed with ethylene glycol and applied evenly on the AZ31 surface in ~1 mm 

thickness followed by laser cladding and FSP with and without pin tool. Laser cladding 

created microcracks and pores in the composite, which was eliminated after FSP, 

particularly with pin and the microstructure turn more homogeneous, refined, and dense 

credited to dynamic recrystallization. The Al-Cu layer exhibited a sound bond with the 

matrix. The processed composite with laser cladding-FSP with pin hybrid procedure 

exhibited optimum corrosion performance. This methodology also used to modify Al-

Si coatings on the AZ31B substrate by the laser cladding-pin less FSP hybrid method 

with comparable outcomes [126]. The volume fraction of second phase reinforcements 

can be controlled by controlling coating thickness. Similar to the sandwich method, the 

surface coating method followed by FSP does not require any machining operation and 

capping pass before FSP as in the case of holes and groove methods. The entire effort 

to produce a surface composite increases by supplementary surface coating process 

before FSP, moreover the resultant properties of processed surface composites directed 

by coating methodology and process parameters.  

2.3.5 Applications  

FSPed surface composites can be considered as novel opportunities in manufacturing 

technology to produce surface composite materials. The surface composites 
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manufactured by FSP permits customized property combinations like high hardness and 

toughness, high wear resistance and low density, etc. in a single component, which are 

tough to combine in a conventional monolithic engineering material systems. FSPed 

surface composites can be used for location-specific property enhancement to allow 

advancement in mechanical design. The complex structures can be produced by hybrid 

friction stir based processes and provide the required properties for different loading 

areas of a component. AMCs are extensively used in different sectors and FSPed surface 

aluminum matrix composites have widespread possible industrial applications. The 

specific industrial applications of AMCs are listed as [1, 4, 5, 40, 46, 127, 128]:  

1. Automobile sector: Pistons, cylinder liners, main bearings, connecting rods, engine 

blocks, brake rotors, current collectors, propeller shafts, Brake calipers, brake disc, 

chain covers, alternator/transmission housings, valve covers, intake manifolds, 

chassis, suspension components, etc. Fig. 2.10 (a) shown the cutaway section of the 

Honda Prelude cast Al engine block with integral MMC cylinder liners. A cross-

section of the MMC liners is shown in the inset. The liner and the engine block are 

cast in a single operation to eliminate the supplementary processing steps.  Fig. 2.10 

(b) shows the AMC brake rotors; the DRAMCs rotors are suitable for lightweight 

applications in many automobile vehicles as well as high-speed rails [46]. Fig. 2.11 

shows the other lightweight automotive components [40].  

 

FIGURE 2.10: (a) Cutaway section of the Honda Prelude Engine with integral cast Al MMC 

cylinder liners, and (b) AMC brake rotors [46].  
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FIGURE 2.11: (a) Car brake disc of AMCs, and (b) diesel piston of light metal [40]. 

2. Aerospace and aircraft industry: Lightweight aerospace structure components like 

wing slat tracks, bulkheads, doors, landing gear parts, wheels, vertical tails, interior 

furnishings, engines, fuselage, and brakes, etc. like in Boeing 787 aircraft and Airbus 

A380. Fig. 2.12 shows the F-16 aircraft with ventral fins on the bottom of the 

fuselage behind the wings. The AA6092/SiC AMCs ventral fins with higher strength 

and stiffness used to steady the aircraft in high angle ascents [1].  

 

FIGURE 2.12: F-16 aircraft, with AMCs ventral fins [1]. 
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3. Rail transport: Railway cars with better fuel efficiency and greater load-carrying 

capacities like the Japanese high-speed “bullet” train. 

4. Marine transport: Shipbuilding, boats with high speeds, higher fuel efficiency, and 

less maintenance cost.   

5. Packaging and containerization Sector: Beverage bottles and cans, industrial foils, 

and food containers. 

6. Sports and recreation: Lightweight sports goods with greater strength like tennis 

rackets, badminton rackets, pole vaults, polo rods, golf club shaft and head, skating 

shoe, baseball shafts, and bicycles.  

7. Electrical transmission: Electrical transmission applications.   

8. Space: Satellites, space shuttle mid-fuselage mainframe, space telescope, antenna, 

and landing gear drag link of the space shuttle orbiter. AMCs have been used on 

Apollo spacecraft, the Skylab, the space shuttles and the International Space Station. 

9. Structural applications: walkways, platforms, bridge structures, window frames, 

door panels, roof structures, large signage, storage containers, marine and offshore 

structures, power plant structures, and handrail components, etc. 

10. Defence: Lightweight track shoes in military tanks, armors, flight control hydraulic 

manifolds, aircraft ventral fins and fuel access cover doors, helicopters rotating 

blade sleeves, ship body, high speeds fuel-efficient boats, high strength structures, 

satellites, and antenna, etc. Easy movement of combat vehicles can be improved by 

replacing orthodox steels from equal armor standards lightweight AMCs. 

11. Thermal applications: aerospace and automotive components, semiconductor 

devices and power electronics components, microprocessor lids and integrated heat 

sinks in electronic packaging, etc.  DRAMCs offer a good combination of high 

thermal conductivity and coefficient of thermal expansion and used as candidate 

material in electronic packaging and thermal management applications. Fig. 2.13 

shows the lightweight SiCp/Al and Gr(p)/Al electronic packages, used in 

communication and global positioning system satellites [128].  
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FIGURE 2.13: DRAMCs for electronic packaging uses (a) SiC/Al for a remote power controller 

(Courtesy Lockheed Martin Corp.), and (b) cast Gr/Al components (Courtesy MMCC, Inc.) [128]. 

The military requires smaller and swifter components with lesser radar cross-section 

which can be developed by advanced manufacturing methods like friction stir welding 

and processing [4]. FSP has shown its potential for improvement of ballistic behavior 

of AA7075 which is extensively used in the defence sector [41, 42]. For the components 

like gears, cams, shafts, pistons, etc., good tribological performance with bulk properties 

and improved hardness is required, which can be fulfilled by the surface metal matrix 

composites [129]. In joint research of South Dakota School of Mines and Technology 

Advanced Materials Processing Center and Department of Energy’s Pacific Northwest 

National Laboratory TiB2 particles reinforced in class 40 gray cast iron surface to 

enhance the wear performance of heavy vehicle brake rotors. Wear test according to 

ASTM G 65 revealed a four times improvement in the dry abrasive wear resistance. The 

subscale brake rotor/pad wear investigations on FSPed cast iron/TiB2 rotors exhibited 

enhanced friction and wear characteristics compared to baseline heavy vehicle brake 

friction pairs [43].   

2.4 Surface Aluminum Matrix Composite Manufacturing by FSP 

The FSPed fine grain structure and homogeneously distributed reinforcement particles 

in SZ of SMMCs collectively enhanced the surface properties.  Mishra et al. [10] were 
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first to explore the potential of FSP in surface composite manufacturing by developing 

50-200 µm thick AA5083/SiC SMMC. The SMMC was well bonded to the Al matrix 

and exhibited good particle distribution and increased microhardness. Subsequently, 

FSP used by several researchers successfully to manufacture surface composites. 

AA1050/Mo SMMCs manufactured using different shoulder diameter tools with single 

and double grooves. SMMCs showed improved hardness by the presence of Mo 

reinforcements and refined grains. Moreover, the hardness, grain refinement, and 

quantity of Mo particles increased with reduced tool shoulder diameter (small processed 

area). SMMCs developed with 22, 20, and 18 mm shoulder diameter tools revealed ~ 

23, ~ 22, and ~ 21 µm average grain size, respectively than BM ~ 99 µm. SMMCs 

developed with an 18 mm shoulder diameter tool revealed 52 HV microhardness 

compared to BM 26 HV. Mo particles also refine by shearing through severe plastic 

deformation in FSP. Any intermetallic was not observed in SMMCs [130].  

FSPed AA6061/B4C SMMCs displayed 6 times improved hardness, and 75 times 

decreased wear than BM. FSPed alloy without powder has shown 10% less hardness 

than BM due to dynamic recovery in FSP. BM and FSPed alloy without powder have 

shown similar friction, which was also reduced by 30% by the presence of B4C particles 

in SMMCs [11]. FSPed AA6061/Al2O3and AA6061/SiC SMMCs displayed 40% and 

90% reduced friction and wear, respectively. T6 heat treatment of FSPed Al/25 vol. % 

Al2O3 SMMC further improved the wear resistance. High dislocation density improved 

mechanical and tribological properties [131].  

FSP was used to reinforce hard B4C particles in armor grade AA7075 to improve 

ballistic behavior for probable defence applications. FSP uniformly distributed 

reinforcement particles in the matrix and improved the hardness of AA7075/B4C 

SMMCs. Processed SMMCs showed better ballistic behavior than BM in the ballistic 

test according to the military standard (JIS.0108.01). Hardness and ballistic efficiency 

of SMMCs improved with the fineness of B4C particles. The presence of abrasive hard 

B4C reinforcement in SMMCs break the projectile tip during the ballistic test and 

reduced the penetration depth of projectile in the SMMCs. Penetration depth estimated 

analytically found nearer to experimental outcomes [42]. 



Literature Review 

34 

Multipass FSP has been used in SMMC development for better refinement and 

distribution of particles as well as enhanced properties. Effect of multipass FSP and 

particle size on microstructural evolution and resultant properties of AA5059/SiC 

SMMCs was studied by Rathee et al [123]. As shown in Fig. 2.14 better microstructure 

with uniformly distributed particles and minimum agglomeration and clustering was 

attained by multipass FSP. Moreover, Better mechanical properties were achieved with 

nano SiC particles than micro SiC particles with 3-pass FSP. Approximately 58% 

improved microhardness, 340 MPa UTS (BM 321 Mpa) was managed by 3-pass FSP 

with nano SiC particles.  

 

FIGURE 2.14: Micrograph of (a) BM, (b-h) FSPed AA5059/SiC 

SMMCs processed with (b-d) micro-SiC, (e-h) nano-SiC, with  

(b, e) 1-pass, (c, f) 2-pass, and (d, g, and h) 3-pass [123].    
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AA1060/SiC SMMC has been developed by 4-pass FSP at varied rotating and travel 

speeds. Best refinement and distribution of the SiC particles in the matrix, 

microhardness, and wear performance were attained with the 950 rpm tool rotational 

speed and 60 mm/min travel speed. The direct bonding in second phase particles and 

matrix was achieved by the diffusion and inlay. The particle size and distribution 

considerably affect the microhardness and coefficient of friction of the SMMCs. For the 

SMMCs, the highest microhardness achieved was approximately 4 times of BM (about 

105 HV), and the minimum coefficient of friction was about half of the BM. The second 

phase particle refinement and the outstanding bonding of the particles with the Al matrix 

altered the wear mechanism from severe adhesive to mild abrasive [74]. 

SMMCs AA5083/B4C, AA5083/SiC, and AA5083/TiC particles were developed by 3-

pass FSP. The dense particulates formation from RS to AS, particulates distribution at 

the SZ, and particle-free area were observed. Multipass FSP results in grain refinement 

and particle pinning effect controlled the grain growth. The FSPed SMMCs have shown 

improved hardness, tensile, and wear properties. The maximum microhardness was 

detected by AA5083/B4C SMMC. Tensile strength was increased by the presence of 

particulates, hindering dislocations movement. Wear rate decreased by the even 

dispersal of particulates and refined grains and the wear mode altered from abrasive 

wear to delamination wear. The FSPed SMMCs Al/TiC and Al/SiC presented a ductile 

fracture, while Al/B4C showed bimodal type fracture [79]. 

AA6061/SiC functionally graded composite fabricated by 4-pass FSP displayed 

improved mechanical properties and wear resistance with increased SiC reinforcement. 

However, the highest mechanical properties and wear resistance attained with optimized 

Al/10 wt% SiC composite. The mechanical properties and wear resistance decreased for 

Al/13 wt% SiC composite, credited to particle clustering with higher SiC wt% [132].  

To study the effect of multipass FSP on particle distribution, processed zone, and 

microhardness of SMMCs, AA6063-T6/SiC SMMCs processed with 2, 4, 6, and 8 

passes. Test results revealed that increased FSP passes, increases particle distribution, 

and decreases voids and particle accumulation. The average microhardness of the 

processed zone decreased initially but increased with the FSP passes. However, the 

highest microhardness of all the SMMCs was more than BM. The highest microhardness 

81.9 HV was attained by 8-pass processed SMMC. Processed zone exhibit grain-
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refinement and good bonding with the matrix. Dimensions of the processed zone 

increased with FSP passes [133]. 

Adetunla and Akinlabi [40] developed AA7075/Ti-6Al-4V SMMCs by 3-pass FSP to 

enhance the mechanical and corrosion performance of AMCs for the automotive sector. 

The presence of Ti-6Al-4V particles in SMMC enhances the mechanical, tribological, 

and corrosion behavior of AMCs.  Multipass FSP used to develop defect-free SMMCs 

with reduced particle size and even particle dispersion, which further enhanced SMMCs 

performance. SMMCs developed by 3-pass FSP exhibited enhanced strength, ductility, 

hardness, corrosion resistance, steady friction through sliding distance, and steady wear 

performance under heavy load. Minimum 3-pass recommended for SMMCs 

manufacturing by FSP to inhibit AMCs failure and enhance their useful service life in 

the automotive sector.  

FSPed A356/B4C SMMCs developed by using cylindrical, threaded, square, and 

hexagonal profile probs. Nonuniform particle distribution displayed by cylindrical, 

square, and hexagonal pins due to the lack of vertical material movement. Square and 

hexagonal pins displayed better distribution than a cylindrical profile, however, it was 

still nonuniform. The threaded pin managed nearly uniform particle dispersion. FSPed 

SMMCs have shown finer B4C particles, improved hardness, and wear resistance. 

SMMC processed by hexagonal pin has shown maximum microhardness of ~ 132 HV, 

while best wear resistance has been revealed with threaded pin [134].  

The multipass FSP with the reverse direction after each subsequent pass balance the 

material flow on both AS and RS and delivers a more homogeneous distribution of 

reinforcement particles without agglomeration in SZ and enhanced properties. AA6061-

T6/B4C SMMCs were developed by the same direction and reverse direction 3-pass FSP 

approach. FSP of SMMC outcomes as refinement and even dispersion of the 

reinforcements in the matrix, which helps to improve wear resistance of SMMCs. 

Reverse direction FSP further improves the refinement and dispersion of particles as 

shown in Fig. 2.15. The 3-pass FSPed SMMC developed with the same direction 

displayed 72.15% less wear, while reverse direction displayed 74.82% less wear than 

BM [77].  
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FIGURE 2.15: SEM images of AA6061/B4C SMMCs developed by (a) 3-pass FSP, and (b) reverse 

direction 3-pass FSP [77]. 

FSPed AA3105/SiC SMMCs manufactured using the AA3105/SiC coating/AA3105 

sandwich joint for particle incorporation. During multipass FSP, severe plastic 

deformation outcomes in a higher particle refinement and more even distribution. 

SMMCs processed with 4-pass reverse direction FSP displayed outstanding bonding in 

SiC and the matrix. The toughness of the SMMCs improved 156%, 160%, 216%, and 

253% after the 1-pass (7.7 kJ), 2-pass (7.8 kJ), 3-pass (9.5 kJ), and 4-pass (10.6 kJ), 

respectively, than BM (3.0 kJ). The tensile strength of the SMMCs after the 1-pass 

(154.43 MPa), 2-pass (200.88 MPa), and 3-pass (209.11 MPa) reduced 31%, 10%, and 

6%, respectively, while after the 4-pass (236.01 MPa) improved 5%, as compared to 

BM (220.21 MPa) [124]. 

AA5024/B4C SMMCs effectively processed by 4-pass reverse direction FSP and FSPed 

specimens cold rolled to 2 mm thickness (~ 60% reduced thickness) with 0.5 mm 

SMMCs. Uniformly distributed particles, good bonding with BM, refined grains, and 

improved hardness and Young’s modulus managed by SMMCs. Almost double 

modulus than BM for the composite layer was attained [76]. Yuvaraj et al. [108] 

manufactured AA5083/B4C SMMCs by single and 3-pass reverse direction FSP. The 

increased FSP passes and decreased particle size resulted in a more uniform distribution 

of particles in the matrix and better properties. The SMMC with nano B4C particles and 

3-passes reveals refined grains, hardness (124.8 HV), UTS (360 Mpa) and wear rate 

(0.00327 mg/m) compared to BM hardness (82 HV), UTS (310 Mpa) and wear rate 

(0.0057 mg/m). In a different research, AA5083/SiC SMMCs were developed using 

various FSP strategies like multipass reverse direction processing, varied rotating and 

travel speed, dual-tool processing, and tool offset 50% overlapping after 4-pass. Particle 

bands were observed at rotational speed 1000 and 1400 rpm, and not at 2000 rpm. Probe-
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driven flow observed at lower rotational speeds 1000 and 1400 rpm, while shoulder-

driven flow observed at 2000 rpm and particles uniformly distributed under shoulder 

influenced region. Tool offset shifted particle bands position. Post-processing of 

SMMCs using a bigger diameter tool produced defects and nonhomogeneous particle 

distribution [135].  

Graphene nanoplatelets (GNP) incorporated in the AA6061 matrix by 2-pass reverse 

direction FSP using a single macro groove and multiple micro groove strategy to 

develop SMMCs. The multiple micro groove strategy managed more even distribution 

and random orientation of GNP’s in the matrix, ∼18% greater peak temperature, less 

and more uniform axial force, ∼84% higher hardness, and ∼28% higher UTS than single 

macro groove. SMMCs showed outstanding interfacial bonding in GNP and matrix 

attributed to the severe plastic deformation in processing.  The grain refinement with the 

shear lag model was the prime strengthening mechanism of the SMMCs developed by 

multiple micro groove strategy [120].   

Two FSPed SMMCs AA6061/SiC and AA6061/Al2O3 were developed with different 

pass strategy and compared with each other. For 2-pass reverse direction FSP, 

homogeneously distributed Al2O3 particles attained. Stirred tool fragmented the 

intermetallic compounds and reinforcements, which was more intense for SiC particles. 

Loss of T6 condition, decreased hardness in FSPed zone. FSP reduced friction 

coefficient also. Specific wear rate was reduced for Al/SiC SMMC in the single pass 

and 2-pass reverse direction FSP, however, for Al/Al2O3, it was reduced only for 2-pass 

reverse direction FSP. The dominant wear mechanism was both adhesive and abrasive 

in BM, while abrasive in SMMCs [136]. 

FSPed AA7075/B4C and AA6061/B4C SMMCs developed with same parameters. More 

even distribution of particles was detected in AA6061 compared to AA7075. The best 

particle distribution in AA7075/B4C attained with fine powder and reverse direction 

multipass FSP approach. Almost double hardness and wear resistance of the 

AA7075/B4C SMMCs achieved due to grain refinement and Orowan mechanism. 

Defects like particle agglomeration, channel, elongated holes, etc., detected in the SZ of 

processed samples, due to high flow stress of the AA7075, and hole extended till the 

shoulder interaction area. Least defects detected with reverse direction multipass FSP 

[137].  In a similar study of FSPed AA7075/B4C at varied rotational speed and powder 
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size, the best particle distribution and wear resistance attained with a fine powder, low 

tool rotation speed 545 rpm, and reverse direction multipass FSP approach. Higher 

rotation speed generates more frictional heat and sample processed revealed grain 

growth in SZ, which decreased wear resistance. No detrimental phases found in the 

XRD spectra of the SMMCs. However, particle agglomeration and other defects 

detected in the SZ of some samples, due to high flow stress of the BM, hole extended 

till the shoulder interaction region, and the FSP parameters mishmash [75].  

FSPed SMMCs AA7075/B4C developed with different strategies like pinless and pin 

tool, different rotational speeds 400 and 600 rpm, and increased FSP passes 1 to 4. 

Increased FSP passes outcomes in improved B4C distribution in the matrix, however, 

rotational speed showed a negligible influence on particle distribution. The pinless tool 

showed added homogeneous dispersion in the outside area of the processed zone, than 

the pin tool. FSP without reinforcement caused enhanced hardness and wear behavior, 

which was further improved by B4C reinforcement. The B4C particles also raise the 

COF, as hard ceramics inclined to abrade the counterface material, however, negligible 

counterface wear was witnessed. SMMC developed at 600 rpm and 4-pass with a pin 

tool revealed maximum hardness 151.5 ± 18.1 HV [138]. 

Several researchers manufactured FSPed SMMCs to improve the tribological behavior 

of Al alloys [11, 40, 74, 75, 77, 79, 108, 131, 132, 134, 136-138]. FSPed Al/B4C 

SMMCs exhibit refined microstructure with improved mechanical and tribological 

behavior compared to BM. Moreover, multipass FSP with the change in pass direction 

results in better particle distribution and resultant properties [75, 77, 79, 108, 137, 138]. 

The substrate, reinforcement, tool, processing parameters, and strategies used for the 

production of surface aluminum matrix composite by FSP summarized in Table 2.1. 
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TABLE 2.1: Summary of the surface aluminum matrix composites manufactured by FSP* 

Author Substrate Reinforcement Reinforcement 

strategy 

Tool FSP 

Parameters 

Pass Findings / Remarks 

Mishra 
et al. [10] 

AA5083 SiC (0.7 µm) Particle layer on 
substrate 

PiL 1.0 mm RSp 300 rpm, 
TSp 101.6 

mm/min, 

tilt angle 2.5° 

1 50-200 μm thick SMMC was well bonded to the matrix, 
showed good particle distribution, increased hardness.  

Microhardness of the AA5083/27vol. % SiC was 173 

HV, nearly double of BM (85 HV).  

Lorenzo-

Martin  

et al. [11] 

AA6061 

(1 inch) 

B4C  

(0.2-10 µm) 

Groove Tungsten 

alloy (densimet) 

tool,  

PiL 4 mm 

RSp 800 rpm, 

TSp 4 mm/sec,  

plunging speed 

0.5 mm/sec 

1 FSPed AA6061/B4C SMMCs shown 6 times improved 

hardness, 75 times decreased wear, and 30%  less 

friction than BM. FSPed alloy without powder shown 

10% less hardness, similar friction than BM.  

Mahesh  

et al. [130] 

AA1050 

(6 mm) 

Mo particles Groove 

2 mm x  0.5 

mm, 

single and 

double 

High-speed steel, 

ShD 22, 20, 18 

mm, 

PiD 6 mm,  

PiL 1 mm 

RSP 900 rpm, 

TSP 20 

mm/min,  

tilt angle 2° 

1 Hardness, grain refinement, and Mo particles increased 

with reduced ShD. SMMCs developed by 22, 20, and 

18 mm ShD tools shown ~ 23, ~ 22, and ~ 21 µm grain 

size, than BM ~ 99 µm. 18 mm ShD SMMC shown 52 

HV hardness compared to BM 26 HV.  

Qu et al. 

[131] 

AA6061-

T651 

(6.35 mm) 

Al2O3 (200 nm), 

SiC (300 nm) 
- 

ShD 19.05 mm, 

threaded pin,  

PiD 6.35 mm,  

PiL 4 mm. 

RSp 1000 -1800 

rpm,  

TSp 0.1-1.0 

mm/sec 

1 SMMCs displayed 40% and 90%, respectively reduced 

friction and wear. T6 heat treatment of FSPed Al/25 vol. 

% Al2O3 SMMC further improved the wear resistance.  

Tang et al. 

[74] 

AA1060 

(8 mm) 

SiC Groove 

W 2 mm,  

D 2.5 mm 

HCHCr steel, 

ShD 22 mm, 

threaded conical 
pin, root PiD 8 

mm, tip PiD 6 

mm, PiL 3 mm 

RSp 800, 950, 

1300 rpm,  

TSP 60, 80 
mm/min,  

ShPD 0.2 mm 

4 Best refinement and distribution of particles, 

microhardness, and wear performance attained with 950 

rpm and 60 mm/min travel speed. Best microhardness 
was approximately 4 times of BM (about 105 HV), and 

minimum COF was about half of the BM, altered wear 

mechanism from severe adhesive to mild abrasive. 

Sudhakar  

et al. [42] 

AA7075-

T6 

(40 mm) 

B4C  

(160, 60, 30 

μm) 

- - 

RSp 925-

1000rpm,  

TSp 50 mm/min 

1 Improved hardness and ballistic efficiency of SMMCs, 

which further improved with the fineness of B4C 

particles 

Rathee  

et al. [123] 

AA5059-O 

(6.7 mm) 

SiC  

(8-15 μm and 

45-55 nm) 

Groove 

2 mm x 2 mm 

ShD 20 mm, 

threaded pin, 

PiD 6 mm,  

PiL 3 mm 

RSp 710 rpm, 

TSp 50 mm/ 

min, tilt 2°, 

ShPD 0.3 mm, 

pin offset 1.5 

mm 

1, 2, 

3 

Better particle distribution, least agglomeration by 3-

pass FSP. Better mechanical properties achieved by 

nano SiC than micro SiC particles with 3-pass FSP. 

Approximately 58% improved microhardness, 340 MPa 

UTS (BM 321 Mpa) managed by 3-pass FSP with nano 

SiC particles.  
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Jain et al. 

[79] 

AA5083  

(6 mm ) 

B4C (3 μm),  

SiC (8μm),  
TiC (5μm)  

Groove 

W 1 mm,  
D 2.5 mm 

ShD 18 mm,  

PiL 4 mm, 
taper threaded 

pin,  

top PiD 6 mm,  

bottom PiD 4 mm 

RSp 1600 rpm, 

TSp  20 
mm/min,  

tilt angle 3°. 

3 Multipass FSPed SMMCs shown refined grains, 

improved hardness, tensile and wear properties. 
Maximum microhardness detected by AA5083/B4C.  

Saadatmand 

et al. [132] 

AA6061-

T6  

(8 mm) 

SiC (50 nm) Groove 

W 1, 2, 3, 4, 5 

mm, D 5 mm 

H13 steel,  

ShD 20 mm, 

threaded PiD 7 

mm, PiL 5 mm 

RSp 1,600 rpm, 

TSp 40 

mm/min,  

tilt angle 3° 

4 Highest mechanical properties and wear resistance 

attained with optimized 10 wt. % SiC. 

Gangil  

et al. [133] 

AA6063-

T6 

(4.75 mm) 

SiC (∼14 μm) Groove 

2 mm x 2 mm 

HCHCr steel, 

ShD 20 mm, 

thread pitch 1mm,  

PiD 6 mm,  

PiL 2.5mm 

RSp 1120 rpm 

TSp 63 

mm/min,  

tilt angle 2.5°,  

ShPD 0.35mm 

2, 4, 

6, 8, 

SPD 

Increased processed zone, particle distribution, and 

removal of particle accumulation and voids type defects 

with increased FSP pass. Highest microhardness 81.9 

HV was attained by 8-pass processed SMMC.  

Adetunla 
and 

Akinlabi 

[40] 

AA7075 Ti-6Al-4V  
(35 nm) 

Groove 
3 mm x 3 mm, 

covered by Al 

strips 

H13 steel,  
ShD 20 mm, 

threaded tapered 

pin 

RSp 1200 rpm, 
TSp 30 mm/min 

3 3-pass showed better microstructure, strength, ductility, 
hardness, corrosion resistance, and steady wear 

performance under heavy load.  

Shojaeefard 

et al. [134] 

A356 

alloy 

(10 mm) 

B4C (10 μm) Groove 

W 1.4 mm, 

D 3.5 mm 

H13 steel,  

ShD 18 mm,  

PiL 3.5 mm,  

PiD 6 mm,  

Cylindrical, 

threaded, 

hexagonal, and 

square pin. 

RSp 1200 rpm, 

TSP 

32mm/min.,  

tilt angle 3° 

1, 4, 

SPD 

Nonuniform particle distribution by cylindrical, square, 

and hexagonal pins. Uniform dispersion by threaded 

pin. Improved hardness, wear resistance of SMMCs; 

hexagonal pin showed maximum microhardness 132 

HV, while threaded pin showed best wear resistance.  

Mehta  

et al. [77] 

AA6061-

T6  

(6 mm) 

B4C 

(800 mesh) 

Groove 

2 mm x 2 mm 

Tungsten Carbide 

tool (T15) 

RSp 545 rpm,  

TSp 50 

mm/min,  
tilt angle 3° 

3, 

SPD,  

CPD 

3-pass FSP SMMC showed 72.15% less wear than BM. 

3-pass reverse direction FSPed composite showed 

74.82% less wear than BM, more refinement, even 
particle dispersion. 

Houshyar  

et al. [124] 

AA3105 SiC (11-18 μm) Sandwich 

method 

ShD 18 mm, 2° 

conical cavity, 

threaded pin,  

PiD 6 mm,  

PiL 5.8 mm. 

RSp 800 rpm, 

TSp 31.5 

mm/min,  

tilt angle 2° 

1 to 

4, 

CPD 

Toughness improved after 1-pass (7.7 kJ), 2-pass (7.8 

kJ), 3-pass (9.5 kJ), and 4-pass (10.6 kJ) than BM (3.0 

kJ). Tensile strength reduced after 1-pass (154.43 MPa), 

2-pass (200.88 MPa), and 3-pass (209.11 MPa), while 

improved after 4-pass (236.01 MPa) than BM (220.21 

MPa). 
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Yuvaraj  

et al. [108] 

AA5083-O 

(8 mm) 

B4C  

(20 μm and  
30-60 nm) 

Groove 

W 1 mm,  
D 3 mm 

H13 steel,  

ShD 18 mm, 
threaded  

PiD M6 ×1.0,  

PiL 5 mm 

RSp 1000 rpm, 

TSp 25 mm/min 

1, 3, 

CPD 

3-pass FSPed SMMC with nano B4C particles reveals 

hardness (124.8 HV), UTS (360 Mpa) and wear rate 
(0.00327 mg/m) compared to BM hardness (82 HV), 

UTS (310 Mpa) and wear rate (0.0057 mg/m). 

Komarasamy 

et al. [76] 

AA5024 B4C (6 μm) Holes, zigzag 

pattern 

ɸ 2 mm,  

D 1.6 mm 

- 

RSp 1000 rpm, 

TSp 2 inch per 

meter,   

tilt angle 2.5° 

4, 

CPD 

Uniform particle dispersion good bonding in SMMC 

and BM, refined grains, improved hardness, and almost 

double modulus of the composite layer than BM 

modulus.  

Sharma  

et al. [135] 

AA5083 

(6.3 mm) 

SiC (30 μm) Holes, 

ɸ 2 mm,  

D 2 mm,  

covered by 0.8 

mm Al sheet 

H13 steel, 

concave ShD 

21mm, 

square pin width 

3.53 mm, PiL 4 

mm, 5, 6 mm,  
ex-circle diameter 

RSp 1000, 

1400, 2000 rpm, 

TSp 25, 40 

mm/min,  

tilt angle 2.5°, 

4, 6, 

CPD, 

Probe-driven flow at lower RSp 1000 and 1400 rpm.  

Shoulder-driven flow at 2000 rpm with particles 

uniformly distributed in the shoulder region. 

 

  

Sharma  

et al. [120] 

AA6061  

(5 mm) 

GNP  

(3-10 layer,  

5-10 nm, 

5 μm lateral 

dimension) 

Macro- groove 

1.95 mm × 3 

mm,  

3 micro grooves 

0.65 mm × 3 

mm 

ShD 24 mm, 

PiD 6 mm,  

PiL 4 mm 

RSp 1400 rpm, 

TSP 40 

mm/min,  

ShPD 0.2 mm, 

tilt angle 2° 

2, 

CPD 

Multiple micro groove strategy managed more even 

distribution and random orientation of GNP’s in the 

matrix, ∼18% greater peak temperature, less and more 

even axial force, ∼84% higher hardness, and ∼28% 

higher UTS than single macro groove.  

María 

Abreu 

Fernández  

et al. [136] 

AA6061-

T6  

(6 mm) 

SiC (22.7 μm), 

Al2O3 (33.3 μm) 

Groove 

1.5 mm x 1.5 

mm 

H13 steel, 

concave shoulder 

(7°),  

ShD 18 mm,  

pin tapered 

threaded,  

PiD 6-7 mm,  
PiL 3.41 mm 

RSp 1000 rpm,  

TSp100 

mm/min,  

tilt angle 3°, 

penetration 

depth 3 mm 

1, 2, 

SPD 

and 

CPD 

FSP reduced COF and hardness. The specific wear rate 

was reduced for Al/SiC in a single pass and 2-pass 

reverse direction FSP, while for Al/Al2O3 reduced only 

for 2-pass reverse direction FSP.  

Rana et al. 

[137] 

AA7075-

T651  

(6.5 mm),  

AA6061 

B4C  

(8-12 µm and 

15-18 µm) 

Holes, zigzag 

pattern 

2 mm × 2 mm 

Tungsten carbide 

tool,  

ShD 18mm,  

root PiD 5 mm,  

tip PiD 3 mm, 

PiL 3 mm. 

RSp 545 rpm,  

TSp 50 

mm/min,  

tilt angle 3° 

3, 

SPD 

and 

CPD 

More even particle distribution in AA6061 than 

AA7075. Best particle distribution with almost double 

hardness and wear resistance in AA7075/B4C attained 

with fine powder and reverse direction multipass FSP.  
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Rana et al. 

[75] 

AA7075-

T651  
(6.5 mm) 

B4C  

(8-12 µm and 
15-18 µm) 

Holes, zigzag 

pattern 
2 mm × 2 mm 

Tungsten carbide 

tool,  
ShD 18mm,  

root PiD 5 mm, 

tip PiD 3 mm,  

PiL 3 mm. 

RSp 545, 765 

rpm,   
TSp 31 

mm/min, 

tilt angle 3° 

3, 

SPD 
and 

CPD 

Best particle distribution and wear resistance attained 

with a fine powder, low tool rotation speed 545 rpm, 
and reverse direction multipass FSP. 

Tonelli  

et al.[138] 

AA7075–

O  

(20 mm) 

B4C (20 µm) Groove 

W 1 mm,  

D 2 mm,  

3 grooves 

UNI EN 

X210Cr12 steel, 

ShD 25 mm,  

root PiD 5 mm, 

tip PiD 3.6 mm, 

PiL 3.83 mm,  

grooved 

RSp 400, 600 

rpm,   

TSp 50 

mm/min,  

tilt angle 3° 

1 to 

4, 

CPD 

Increased FSP passes improved B4C distribution. FSP 

and B4C enhanced hardness and wear behavior. B4C 

also raises the COF. SMMC at 600 rpm and 4-pass with 

a pin tool, revealed maximum hardness 151.5 ± 18.1 

HV. 

Anvari  

et al [139]. 

AA6061-

T6  

(13 mm) 

Cr2O3  

(20-40 μm) 

150 μm thick, 

plasma spray 

Cr2O3 coating 

H13 steel,  

ShD 18mm, 

root PiD 6 mm,  

tip PiD 4 mm,  

PiL 4 mm 

RSp 630 rpm, 

TSp 100 

mm/min, 

tilt angle 3°. 

1 to 6 Fully dense in-situ Al–Cr–O nanocomposites, with 

hardness (147 HV) and tensile strength (518 MPa) 

Mehraban  

et al. [140] 

AA6061-

T6  
(13 mm) 

NiO powder 

(Max. 1 μm) 

Groove 

W 2 mm,  
D 2 mm 

 

H13 steel,  

ShD 18mm, 
threaded frustum 

pin root PiD 6 

mm,  

tip PiD 4 mm, 

PiL 4 mm 

RSp 630 rpm, 

TSp 100 
mm/min,  

tilt angle 3°. 

1, 3, 

5 

Hardness and UTS of FSPed samples decreased due to 

precipitate dissolution, while tribological behavior 
enhanced at 350°C by in-situ Al3Ni and Al2O3 

reinforcements. 

* Note: COF: coefficient of friction, CPD: Change in pass direction, D: Depth, El: Elongation, PiD: Pin diameter, PiL: Pin length, RSp: Rotation speed, ShD: Shoulder diameter, 

ShPD: Shoulder plunge depth, SPD: same pass direction, TSp: Travelling speed, UTS: ultimate tensile strength, W: Width, YS: Yield strength, ɸ: Diameter. 
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2.5 Hybrid Surface Aluminum Matrix Composite Manufacturing by 

FSP   

The incorporation of hard ceramic reinforcement particles in metal surface enhances the 

surface properties of SMMCs. In hybrid surface composites, more than one 

reinforcements are used to optimize resultant properties with the help of individual 

characteristics of reinforcements. Many researchers developed Al-based HSMMCs with 

different arrangements of hybrid reinforcements. HSMMCs demonstrated better 

performance compared to mono SMMCs due to combined efforts of constituent 

reinforcements [13, 16-30, 41, 73, 113, 114, 141-144]. The reinforcement of solid 

lubricant particles like MoS2, Gr, etc. with the hard ceramic particles in the metal matrix 

would cultivate self-lubrication in the HSMMCs and improve the tribological 

performance [13, 16, 19, 21, 36, 41, 73, 116, 142, 143, 145-147]. 

2.5.1 Single-pass FSP 

The MoS2 reinforcement in the matrix creates a MoS2-rich stable mechanically mixed 

layer (MML), which avoids metal-to-metal interaction and decreases the wear loss of 

the HSMMCs. 

Wear and ballistic resistances of armor grade AA7075 were improved by reinforcement 

of B4C and MoS2  using FSP [41]. B4C powder (160 μm, 60 μm, and 30 μm) and MoS2 

powders were reinforced in AA7075. The fine and uniform microstructure was 

witnessed.  The presence of B4C particles in surface improved the hardness and wear 

resistance of composites, however, it further improved with decreasing B4C particle 

size. Adding solid lubricant MoS2 in the matrix with B4C further improved the wear 

resistance. In FSPed surface composites, predominant wear shifted from abrasion to 

adhesion. Best ballistic performance managed by FSPed HSMMC AA7075/B4C+MoS2 

which is attributed to increased hardness and wear resistance, and decreased friction 

coefficient; can find widespread defence applications. 

The effect of different percentages of nano α–Al2O3 reinforcement on the 

Al6061/x wt.% α–Al2O3+0.5 wt.% Gr (x  = 0, 2, 4, 6, 8 and 10 wt.%) surface composites 

was examined by Prakash et al. [32]. Al/6%Al2O3+0.5%Gr HSMMC displayed the 
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highest hardness 165BHN), minimum wear rate 0.812 g/sec, refined SZ microstructure 

(~10 μm) as compared to BM (100 μm) and HAZ (70 μm) attributed to FSP tool-assisted 

severe plastic deformation, dynamic recrystallization and even dispersion of particles. 

During wear test of HSMMCs, a continuous film of Gr produced on the tribo-surface, 

which inhibits the contact of metal-to-metal by acting as a solid lubricant and reduce 

wear. 

Effect of MoS2 solid lubricant particles on the microstructural, mechanical, and 

tribological performance of FSPed A413/50%SiC+50%MoS2 surface composites was 

studied by Janbozorgi et al [19]. Modified Al matrix with uniformly distributed tinny Si 

flakes and α (Al) dendrites found. HSMMC A413/SiC+MoS2 displayed lower 

microhardness compared to SMMC A413/SiC due to the presence of soft MoS2 

particles. MoS2 solid lubricant particles reduced coefficient of friction and wear loss of 

A413/SiC+MoS2 HSMMC attributed to MoS2 lubricant containing MML, which 

restricts metal-to-metal contact and improved wear behavior. Predominant wear 

mechanisms for both composite samples were formation and delamination of MML. 

The average coefficient of friction and maximum mass loss values for A413/SiC SMMC 

were 0.436 and 14.5 mg, while for A413/SiC+MoS2 HSMMC was 0.391 and 5.1 mg, 

respectively.  

The particle size of reinforcements affects the resultant properties of surface composites. 

Srinivasu et al. [116] manufactured hybrid surface composites by using different sized 

B4C particles (78 μm, 6 μm, and 40 nm) and solid lubricant MoS2 particles (30 μm) with 

equal volume % combination in Cast Al alloy A356 matrix to study the effect of particle 

size on wear and hardness of HSMMCs. The microstructure exhibited fragmentation of 

coarse silicon needles and uniform distribution of reinforcements in the matrix. It is 

tough to attain the uniform distribution of two different reinforcements in hybrid 

composites by conventional liquid processing techniques owing to the segregation or 

clustering of particles [29]. Hardness and wear resistance of HSMMCs was enhanced 

with decreasing B4C particle size and maximum hardness and wear resistance was 

attained by Al/40nm-B4C+MoS2. The higher wear resistance of FSPed HSMMCs was 

associated with reduced coefficient of friction and changed wear mechanism. FSPed 

HSMMCs in the as-cast A356 matrix with enhanced wear behavior can be used for high-

performance industrial uses like torpedoes in defence. 
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Soleymani et al. [141] developed AA5083/SiC+MoS2 HSMMCs. Homogeneous 

distribution of particles without any voids and good bonding in the processed surface 

layer and BM achieved. Component's load-bearing competency depends on bonding 

between the surface composite layer and the BM matrix. Good bonding in processed 

surface composite and BM is mandatory to obstruct the peeling of the composite layer 

in loading conditions. Maximum hardness achieved by Al/SiC: 102 HB, followed by 

Al/SiC+MoS2: 98 HB, Al/MoS2: 88 HB, FSPed alloy without particles: 86 HB and BM: 

77 HB. The highest wear resistance was described by HSMMC, followed by Al/MoS2 

and Al/SiC SMMCs, FSPed Al alloy without reinforcement particles, and BM, which is 

attributed to the formation of a stable mechanically mixed layer by solid lubricant MoS2, 

which prevents metal-to-metal interaction and increased wear resistance. Dry sliding 

conditions dominant wear mechanism was severe adhesion for base metal, while light 

abrasion and light delamination for hybrid composite. They had also studied the effect 

of tool rotational rate on grain refinement and mechanical behavior of FSPed HSMMC 

Al5083/ SiC+MoS2 [142]. Grain refinement, hardness, and wear resistance of the 

processed samples further enhanced with increased rotation speed due to the restoration 

mechanism at increased heat input. The ultra-fine grained microstructure was attained 

by HSMMC with an average grain size of 0.5 μm from the 45 μm of BM at 1250 rpm, 

which managed best wear resistance and hardness amongst all samples, however, higher 

heat input at increased rpm possibly caused additional dynamic recrystallization and 

grain growth. 

Alidokht et al. [13] developed FSPed A356/SiC+MoS2 HSMMCs and compared them 

with A356/SiC mono SMMC, FSPed A356, and BM. Microstructure showed 

fragmented Al dendrites and acicular Si particles with even dispersal of fragmented Si 

particles and reinforcements in the nugget zone. The HSMMCs shows maximum wear 

resistance despite lower hardness than A356/SiC mono composite due to the existence 

of hard SiC, microstructural modification, and presence of solid lubricant MoS2. For 

FSPed HSMMC A356/SiC+MoS2, Fig. 2.16 (a) has shown a smooth worn surface with 

some grooves made on it and Fig. 2.16 (b) has shown a mixed-material film with ~10 

µm thickness of enclosed the top of the worn surface at the cross-section booked parallel 

to the sliding direction. Microhardness tests under the worn surface reported large value 

for HSMMCs owned to the MoS2-rich MML on the pin surface. They also studied effect 

of tool rotation rate (630, 1000, 1600 rpm) on particle distribution of FSPed HSMMC 
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A356/SiC+MoS2 [16]. Uniform distribution of reinforcements was attained at 1600 rpm 

by the higher stirring and frictional heat of the rotating tool. At 10 and 25 N lower loads, 

dry sliding wear reported smooth with abrasion mechanism, but at higher load 40 N, it 

was altered to shallow craters, because of shear stresses shifted to the subsurface area 

and microcrack transmission by delamination wear. 

 

FIGURE 2.16: FSPed HSMMC A356/SiC+MoS2 SEM of (a) the worn surface, and (b) cross-section 

booked parallel to the sliding direction [13]. 

The effect of tool rotational speed and reinforcement volume on FSPed AA6061-

T6/SiC+Gr was studied by Devaraju et al. [36] using SiC: Gr reinforcement volume 

ratio 8%: 2%, 6%: 3%, 4%: 4% and variable rotation speeds 900, 1120, 1400 rpm, which 

were optimized by the Taguchi method. Microstructures of all the FSPed hybrid 

composites have shown uniformly dispersed and refined reinforcement particles in the 

nugget zone. Microhardness at optimal condition was improved by the pinning effect of 

stiff SiC particles. Wear resistance at optimal condition was increased as fractured SiC 

and Gr contained MML created between the pin and counter disk. SiC particles serve as 

load-bearing elements and Gr particles function as a solid lubricant. Similarly, the effect 

of rotational speed and reinforcement volume on FSPed HSMMC AA6061-

T6/SiC+Al2O3 was studied by Devaraju et al. [35]. The rotational speed and 

reinforcement volume percentage optimized by the Taguchi method to enhance the 

mechanical characteristics of HSMMCs. Microstructures of all the FSPed HSMMCs 

have shown uniformly dispersed and refined reinforcement particles in the nugget zone. 

The good bonding of the SiC particles with the matrix was detected whereas micro-

voids were detected in the case of Al2O3 particles. Microhardness at optimal condition 

was improved by the pinning effect of stiff SiC and Al2O3 particles. Wear resistance at 

optimal condition was increased as fractured SiC and Al2O3 contained MML created 

between the pin and counter disk. SiC particles serve as load-bearing elements and 
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Al2O3 particles functions as both load-bearing element and solid lubricant. At optimal 

condition, tensile properties were decreased as hard particle reinforcement results in a 

brittle matrix. Regression models were established to expect the quality outcomes with 

used process parameters and results were validated through ANOVA. In a different 

study, FSPed HSMMCs AA6061/(8vol.%SiC+4vol.%Gr) and AA6061/(8vol.%SiC+ 

4vol.%Al2O3) were prepared at variable tool rotational speeds 900, 1120, 1400 rpm and 

examined [145]. Uniformly distributed particles were seen in SZ.  At higher rotation 

speed, higher heat generated in the SZ causes matrix softening, which leads to 

coarsening and/or loss of strengthening precipitates in the Al matrix, mainly in heat-

treatable Al alloys. The loss of matrix strength decreases the microhardness, wear-

resistance, and tensile properties. The highest microhardness showed by Al/SiC+Al2O3 

HSMMC because of the existence and pining effect of stiff SiC and Al2O3 particles. 

Al/SiC+Gr HSMMC has shown the highest wear resistance due to fractured SiC and Gr 

contained MML produced on the composite pin. The SiC particles function as a load-

bearing element and Gr particles act as a solid lubricant. Worn debris is more at the 

Al/SiC+Al2O3 HSMMC due to the existence of both hard pulled out particles SiC and 

Al2O3 on the steel disc which alters the mode of wear from adhesive to abrasive. The 

reinforcement of hard particles in Al alloy results in a brittle matrix and decreased tensile 

properties of composites.  

Khan et al. [148] developed mono and hybrid surface composites with B4C and 

MWCNTs in AA5083. Al/B4C displayed the best tensile strength and hardness results; 

also passed the bend-ductility test. Al/MWCNTs exhibited the least fracture strain, 

while hardness and tensile strength were equivalent to FSPed alloy without 

reinforcements; but fractured during the bend-ductility test. For FSPed alloy, 

Al/MWCNTs, Al/B4C, Al/MWCNT+B4C attained microhardness (HV) was 91±1.5, 

92±1.6, 102±2, 96±1.3, tensile strength (Mpa) was 272±10, 275±12, 350±9, 300±10, 

and fracture strain (%) was 12, 6, 11, 10 respectively. The HSMMCs exhibited superior 

tensile strength, hardness, and fracture strain values than Al/MWCNT but less than 

Al/B4C, also it did not fully fracture in the bend-ductility test though a crack seemed on 

the surface. The weak interfacial Al/MWCNT bonding and uneven distribution of 

MWCNTs were established to be the probable reasons. Distribution of MWCNTs may 

be upgraded by multipass FSP whereas Al/MWCNT bonding may be improved by 

evolving ex-situ or in-situ MWCNTs coatings well-suited to Al matrix. The inter-cavity 
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spacing influence the resultant properties of FSPed composites. In a different study, the 

effect of cavity spacing (8 mm and 10 mm) was examined on FSPed mono and hybrid 

surface composites AA5083/MWCNT+B4C [149]. Maximum improvement in hardness 

~20% and tensile strength ~41% were detected for 10 mm spacing Al/B4C whereas the 

least increase in hardness ~4% and tensile strength ~7% were showed in 8 mm spacing 

Al/MWCNTs. The HSMMCs in both spacings exhibited in-between results for 

mechanical characteristics. In bending test 8 mm spacing Al/MWCNT fails, while too 

lowermost failure strain in the tensile test, composite fabricated using 10 mm spacing 

did not fail. Clustering bands of MWCNTs are the clear reason for early failure. The 

reinforcement sinking in the matrix is necessary to pay the material loss. 10 mm spacing 

permitted more sinking to reinforcement resulting least bunching of MWCNTs in single 

pass FSP. Thus, compared to 8 mm spacing, 10 mm spacing was established superior 

for the mechanical presentation of FSPed composites. 

Effect of tool rotational speed and axial force variation on FSPed Al6061/SiC+Gr 

HSMMCs fabricated with 1800, 2200, 2500 rpm, was examined by Sharma et al. [21].  

Gr governs the axial force variations owned to high thermal conductivity and flaky 

nature. In the presence of hard SiC abrasive, the maximum force was observed. The 

noticeable upshift of Raman peaks in the presence of Gr reported as an outcome of 

generated residual compressive stresses governed by Gr straining, while in SiC 

reinforced composite temperature increase was governed the downshift of Raman peaks 

locations.  Change in intensity and Raman peak locations shifts were detected, 

specifying residual stresses and different disorders in the crystal structure of the 

processed samples. The presence of SiC in composite controls the edge disorder of Gr 

and exfoliation of Gr layers was governed by FSP. XRD analysis endorses the 

absenteeism of detrimental intermetallic compounds in all composite samples. The 

HSMMC Al/SiC+Gr displays superior mechanical behavior paralleled to Al/SiC and 

Al/Gr. The tool rotational speed had a significant control on the FSP zone, agglomerates 

dispersion, grain refinement, and mechanical properties of processed samples. As rpm 

increases, the plastic flow of metal becomes easier by a huge amount of heat generation. 

Electrochemical behavior of the FSPed surface composites in 3.5 wt.% NaCl solution 

checked by linear potentiodynamic polarization test [143]. The Al6061/SiC+Gr 

HSMMC produced at 2200 rpm attained the best nano-mechanical and electrochemical 

properties. 0.38 GPa maximum nano-hardness for Al/SiC surface composite was 
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obtained, whereas it was 0.30 and 0.35 GPa for Al/Gr and hybrid Al/SiC+Gr composite, 

respectively as compared to ~ 0.30 GPa of BM. The enhanced corrosion performance 

was credited to the reduced interfacial corrosion pits and intergranular corrosion owned 

to Gr layer and grain refinement, respectively.  

The influence of different reinforcements on the microstructural development and 

surface characteristics of the FSPed surface mono composites with GNP, CNT, SiC, and 

hybrid composites with SiC+CNT and SiC+GNP in  AA6061 matrix were examined by 

Sharma A. et al [150]. The peak temperature was detected in FSP passes and the absence 

of intermetallic compounds in XRD endorses the solid-state nature of FSP. The 

outstanding thermal conductivity of GNP resulted in a greater cooling rate of GNP 

reinforced surface composites. Reinforcement clustering was observed in Al/GNP and 

Al/CNT SMMCs. In Al/SiC+GNP HSMMC the even dispersion of GNP was observed 

whereas in Al/SiC+CNT HSMMC few damaged CNTs owing to flow shear stresses 

were observed. Dislocation barrier by SiC and GNP with defect-free Al/GNP interface 

was detected. For HSMMCs Al/SiC+GNP and Al/SiC+CNT, the surface nano-hardness 

exhibited ~207% and ~27% rise whereas the microhardness exhibited ~36% and ~17% 

rise compared to BM, respectively. The supreme hardness of Al/SiC+GNP HSMMC is 

credited to the mechanical exfoliation of GNPs into FLG in the existence of SiC 

particles, thermal mismatch, refined grains, and Orowan mechanism. The tribolayer 

developed on the surface by the squeezed out GNP enhanced the wear behavior of 

HSMMC Al/SiC+GNP. Similarly, the tribological studies on FSPed 

Al/SiC+(graphene/graphite/CNT) HSMMCs were carried out [146]. The maximum 

improvement in wear resistance and hardness displayed by Al/SiC+GNP HSMMC due 

to wrinkled and layered arrangement of GNP, and large specific surface area; the 

specific wear rate and coefficient of friction reduced by ~ 50 % and ~ 34% paralleled to 

BM. The plastic flow stresses during FSP caused GNP exfoliation to few-layered 

graphenes (FLG), which facilitates surface properties improvement. Even Al/SiC+CNT 

HSMMC owns improved microhardness, the wear resistance severely deteriorates 

compared to BM as it is hard for CNT to produce a defensive tribolayer on the worn 

surface. The distorted CNT morphology with reduced length and damaged ends 

reported. Abrasion was the leading wear in Al/SiC+GNP and Al/SiC+Graphite 

HSMMCs, whereas delamination by adhesion with the counter surface was the leading 

wear in the Al/SiC+CNT HSMMC. Interfacial analysis by TEM and phase analysis by 
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XRD funds the outcomes. GNP was recognized as the outstanding reinforcement 

between the carbonaceous materials to improve surface hardness along with the wear 

performance of Al/SiC SMMCs. 

Improvement in peak strength of high-strength AA7050-T7451 used in aerospace and 

aircraft sectors is extremely useful and difficult. The strength of particle reinforced 

SMMCs depends on particle distribution homogeneity, which may achieve by multipass 

FSP. High heat input in multipass is unfavorable to strength. A novel approach for 

effective particle distribution along with suitable temperature range harmless to T7451 

strength is the ultimate solution to this problem. A new strategy, the use of small 

softening temperature HCP metal powders as particle distribution facilitator to improve 

reinforcement distribution in single-pass FSP was demonstrated by Gangil et al. [151]. 

Taguchi’s L27 orthogonal array used in experiments to achieve suitable processing 

parameters including time and temperatures to protect overaging and provide 

homogeneous particle distribution in single pass FSP. TiB2, Al2O3, Mg, and Zn in 67.5, 

22.5, 6.5, and 3.5 wt. % respectively reinforced in the A7050-T7451 matrix. TiB2+Al2O3 

particles used as reinforcement and Mg + Zn used as dispersal facilitators. The tensile 

tests exhibit improved strength of many surface composites samples, compared to BM. 

Mg and Zn boosted the particle dispersal in the high-strength age-hardened alloy, 

attributed to their low softening temperature and HCP structure which assisted in 

reinforcements movement during stirring and resulted in the construction of surface 

composites successfully in a single pass. Homogeneously distributed particles showed 

in SZ without any defects. 242-313°C HAZ temperature range along with 149-200 s 

FSP time was reported suitable for AA7050-T7451 base high strength FSPed surface 

composite fabrication without risk of overaging and Mg and Zn facilitated effective 

reinforcement distribution. In a different study, for FSPed HSMMCs the in-process 

traverse force information for the different combinations of important processing 

parameters was studied using Taguchi’s L27 orthogonal array statistical approach [152]. 

The in-process traverse force information is supportive to describe material flow 

mechanism along with the development and design of tools and fixtures. The direct type 

instrument used for traverse force measurement consists of a 10 kN capacity load cell 

attached to fixture and force value digital display connected to the load cell. During FSP 

the traverse force was transferred to the load cell by a fixture plunger, where load 

magnitude was altered into a corresponding electromotive force (EMF). EMF input in 
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the data display system altered into equivalent force in kilogram-force (kgf), after that 

the converted traverse force data plotted with processing time. Tool rotational and travel 

speed and shoulder diameter were nominated as the FSP factors. The evolution of 

traverse force influenced by heat generation rate, the volume of processed material, and 

reinforcement and base material mixing condition. Tool rpm followed by traverse speed 

and diameter of tool shoulder considerably governs the traverse force variation. The 

traverse force was not trendily affected by tool rpm, whereas increased traverse force 

reported with increased tool traverse rate, as for greater processing rate the material was 

comparatively cool and tough. Increased traverse force also reported with increased 

shoulder diameter due to large shoulder diameter associated increased drag force. The 

optimal combination of processing parameters to minimize traverse force during FSPed 

surface composite production was identified as 900 rpm rotational speed, 63 mm/min 

traverse speed, and 16 mm shoulder diameter. 

FSPed hybrid surface nanocomposites A356/Al2O3+SiO2 were presented improved 

mechanical and corrosion properties with decreased quantity and dimensions of the 

corrosion pits parallel to FSPed A356 and the BM. FSP has resulted in fragmentation of 

large silicon needle-shaped particles and coarse dendrites of Al, decrease in alloy 

porosity, and even dispersal of fine Si and reinforcement particles inside the SZ. 

Average microhardness for the FSPed A356 was about 70 HV which was increased to 

about 100 HV for surface hybrid nanocomposite. The maximum nanoindentation 

hardness for base alloy was ~70 HV, which was increased to about 110 HV for surface 

hybrid nanocomposite. The nanoindentation results were in good agreement with 

microhardness data [117]. 

The influence of particle ratio on the microstructural and mechanical behavior of FSPed 

AA5083/Al2O3+TiO2 HSMMC was examined by Ahmadifard et al. [25]. Surface 

composites were processed with Al2O3 to TiO2 ratios: 0-100, 75-25, 50-50, 25-75, 100-

0 wt. %. All FSPed composites shown improvement in mechanical properties with 

maximum improvement in Al/25%Al2O3+75%TiO2. For BM, FSPed alloy, and 

Al/25%Al2O3+75%TiO2, the microhardness was 80 HV, 85 HV, 128 HV, and ultimate 

tensile strength was 280 Mpa, 290 Mpa, and 361 Mpa. SEM displayed even distribution 

of nano-sized particles in the Al matrix with micro-clusters of agglomerated particles in 

some FSPed samples. 
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The influence of FSP tool geometry on microstructure and mechanical characteristics of 

hybrid surface nanocomposite AA6061/Al2O3+TiB2 were studied by Khojastehnezhad 

et al. [153].  FSPed samples were displayed grain refinement and uniform particle 

distribution. The average grain size attained by square, triangular, cylindrical, taper, and 

threaded pin profile samples were 1.1 mm, 1.2 mm, 2.4 mm, 2.3 mm, and 1.8 mm, 

respectively. Square and triangular pin profile samples displayed additional refinement, 

more uniform particle distribution, less clustering, higher hardness and wear resistance 

as compared to cylindrical, taper, and threaded pin profile samples attributed to better 

material stirring and flow by tool geometry having sharp edges and corners. The 

maximum hardness was 160 HV for the square pin specimen, whereas for straight 

cylindrical pin specimen and the as-received AA6061 was 138 HV and 110 HV, 

respectively.   

Kurt et al. [154] have examined the influence of reinforcements volume fraction and 

FSP parameters on the wear behavior of FSPed AA6061-T6-based hybrid surface 

composites and derived a mathematical formulation to estimate wear volume loss of 

composites with 87.16% accuracy. Wear volume loss of hybrid Al surface composites 

considerably increased with increasing sliding distance, tool rotational, and travel speed; 

whereas decreased with the increasing reinforcement’s volume fraction. 

AA7075/SiC+Gr HSMMCs were developed by single-pass FSP with varied rotational 

rate (500, 1000, 1500 rpm), traverse speed (20, 30, 40 mm/min), reinforcement vol. % 

(4%, 8%, 12%), and hybrid ratio (60:40, 75:25, 90:10). The parameters were optimized 

by response surface methodology and checked by analysis of variance. Uniformly 

distributed particles in the matrix managed.  The lowest wear rate of 0.01194 mg/m was 

attained for 1500 rpm, 40 mm/min, 60:40 ratio, and 4 vol. % whereas the highest 

microhardness 300 HV achieved for 1000 rpm, 30 mm/min, 75:25 ratio, and 12 vol. % 

[147]. Recently, FSPed AA6082/Y2O3+Gr HSMMCs produced with different (2, 4, and 

6) Vol. % Y2O3 particles and constant 4 vol. %. Gr.  Hardness and tensile properties of 

HSMMCs increased and ductility decreased with the Y2O3 addition. With Gr addition 

wear rate and COF decreased due to the formation of tribofilm on the pin surface. Wear 

mechanism altered from delamination to abrasive with an increased volume fraction of 

particles [155]. The substrate, reinforcement, tool, processing parameters, and strategies 

used for the production of hybrid surface aluminum matrix composite by single-pass 

FSP summarized in Table 2.2. 
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TABLE 2.2: Summary of the hybrid surface aluminum matrix composites manufactured by single-pass FSP* 

Author Substrate Reinforcement Reinforcement 

strategy 

Tool FSP Parameters Findings / Remarks 

Srinivasu et al. 

[116] 

AA A356 

(50 mm)  

B4C  

(78 μm, 6 μm, and 

40 nm),  

MoS2 (30 μm)  

Holes 

ɸ 2 mm,  

D 2 mm, 

spacing 1 mm  

Cylindrical  

ShD 20 mm,  

PiD 6mm,  

PiL 3 mm 

RSp 1000 rpm , 

TSp 50 mm/min 

Maximum hardness and wear resistance achieved 

with 40 nm B4C+MoS2. 

Sudhakar et al. 

[41] 

AA7075-

T6 
(40 mm)  

B4C  

(160, 60, 30 μm),  
MoS2  

Holes, 

D 3 mm  

H13 steel,  

ShD 20 mm,  
PiD 6mm,  

PiL 3 mm, 

cylindrical 

RSp 960 rpm,  

TSp 50mm/min, 
plunge rate 30 

mm/min 

Al/B4C+MoS2 display improved wear resistance 

and ballistic performance. With increased B4C 
particle size hardness, wear resistance decreased. 

Aruri et al.  

[145] 

AA6061-

T6 

(4 mm) 

SiC, Gr, Al2O3  

(All 20 μm) 

Groove 

W 2 mm,  

D 3 mm 

H13 Steel,  

screwed taper pin, 

ShD 24 mm,  

PiD 8 mm,  

PiL 3.5 mm 

RSp 900, 1120, 

1400 rpm,  

TSp 40mm/min, 

axial force 5 kN,  

tilt angle 2.5° 

Highest microhardness in Al/SiC+Al2O3. Highest 

wear resistance in Al/SiC+Gr. Microhardness, wear 

resistance, UTS, YS and % EL decreases with 

increased RSp. 

Devaraju et al. 

[35] 

AA6061-

T6  

(4 mm) 

SiC, Al2O3  

(both 20 μm) 

Groove 

W 3 mm,  

D 3 mm 

H13 Steel,  

screwed taper pin, 

ShD 24 mm,  

PiD 8 mm,  

PiL 3.5 mm 

RSp 900, 1120, 

1400 rpm,  

TSp 40 mm/ min, 

axial force 5 kN,  

tilt angle 2.5° 

RSp and reinforcement volume % optimized by the 

Taguchi method. Microhardness and wear resistance 

increased and tensile properties decreased.  

Devaraju et al. 
[36] 

AA6061-
T6  

(4 mm) 

SiC, Gr  
(both 20 μm) 

Groove 
W 3 mm,  

D 3 mm 

H13 Steel,  
screwed taper pin, 

ShD 24 mm,  

PiD 8 mm,  

PiL 3.5 mm 

RSp 900, 1120, 
1400 rpm,  

TSp 40 mm/ min, 

axial force 5 kN,  

tilt angle 2.5° 

Microhardness and wear resistance increased and 
tensile properties decreased. Regression models to 

expect quality outcomes validated by ANOVA. 

Alidokht et al. 

[13, 16] 

Cast A356  

(10 mm)  

SiC (30 µm),  

MoS2 (5 µm) 

Groove 

W 0.6 mm,  

D 3.5 mm  

H13 steel,  

ShD 20 mm, 

threaded pin,  

PiD 6 mm,  

PiL 3.7 mm,  

Pitch distance  

1 mm 

RSp 630, 1000, 

1600 rpm,  

TSp 50 mm /min.  

tilt angle 3° 

Even dispersal of tiny broken Si and reinforcements. 

HSMMCs showed maximum wear resistance 

despite lower hardness than A356/SiC, Better 

particle dispersion with increased RSp.  Wear 

increased with the load. 
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Soleymani  et al. 

[141]  

AA5083 

alloy  
(3 mm)  

SiC (5 µm),  

MoS2 (5 µm) 

Groove 

W 0.65 mm,  
D 2 mm 

H13 steel,  

ShD 20 mm,  
6 mm diagonal 

length pin,  

PiL 2.8 mm  

RSp 1250 rpm,  

TSp 50 mm/ min, 
tilt angle 3°  

Hardness of Al/SiC 102 HB, Al/SiC+MoS2 98 HB, 

Al/MoS2 88 HB, FSPed alloy 86 HB, BM 77 HB. 
Highest wear resistance by HSMMC, then by 

Al/MoS2, Al/SiC, FSPed alloy and BM.  

Soleymani  et al. 

[142] 

AA5083 

alloy  

(3 mm)  

SiC (5 µm),  

MoS2 (5 µm) 

Groove 

W 0.65 mm,  

D 2 mm 

H13 steel,  

ShD 20 mm,  

6 mm diagonal 

length pin,  

PiL 2.8 mm, 

RSp 630, 800, 

1000, 1250, 1600 

rpm,  

TSp 50 mm/ min,  

tilt angle 3° 

Ultra-fine grained microstructure at 1250 rpm, 

showed the highest wear resistance and hardness. 

Average grain size for FSPed AA5083: 2 μm, 

HSMMCs: 0.5 μm, and BM: 45 μm.  

Sharma et al.  

[21, 143] 

AA6061  

(6 mm) 

SiC (~100 µm),   

Gr (~44 µm) 

Groove 

2 mm X 3  mm 

H13 Steel,  

square probe tool 

5 mm X 5 mm,  

ShD 25 mm 

TSp 25 mm/min, 

ShPD 0.2, 0.3, 

and 0.4 mm for 

RSp 1800, 2200, 

and 2500 rpm. 

Gr influences axial force fluctuations. With SiC 

maximum force observed. RSp affects grain 

refinement and mechanical properties. Better 

mechanical and electrochemical properties by 

HSMMC at optimized 2200 rpm. 

Sharma et al. 
[146] 

AA6061  
(5 mm) 

Gr flakes (~ 44μm),  
GNP 

(5-10 nm, 5 μm 

lateral dimension, 

3-10 layer), 

CNT  

(ɸ 25 nm, length 1-

10 μm,  12 layers),  

SiC (30 μm)  

Groove 
W 3 mm,  

D 3.5 mm 

H13 hardened 
steel,  

ShD 24 mm,  

PiD 6 mm,  

PiL 4.5 mm  

 

RSp 2200 rpm,  
TSp 25 mm/min,  

0.2 mm plunge 

depth,  

2° tilt angle 

Maximum wear resistance and hardness displayed 
by Al/SiC+GNP, COF, and specific wear rate 

decreased by ~ 34% and ~ 50 % compared to 

AA6061. Abrasion wear mechanism in 

Al/SiC+GNP and Al/SiC+Gr, while delamination 

by adhesion with a counter surface in Al/SiC+CNT. 

Sharma et al. 

[150] 

AA6061  

(5 mm) 

GNP  

(5-10 nm, 5 μm 

lateral dimension, 

3-10 layer),  

CNT  
(ɸ ~25 nm, length 

1-10 μm, 12 layers),  

SiC (30 μm)  

Groove 

W 3 mm,  

D 3.5 mm 

H13 hardened 

steel,  

ShD 24 mm,  

PiD 6 mm,  

PiL 4.5 mm  

RSp 2200 rpm,  

TSp 25 mm/ min, 

0.2 mm plunge 

depth,  

2° tilt angle 

Better dispersion in Al/SiC+GNP than 

Al/SiC+CNT. For Al/SiC+GNP and Al/SiC+CNT 

surface nano-hardness rises ~207% and ~27% 

whereas microhardness rises ~36% and ~17% than 

BM. Specific wear rate drop ~56% for 
Al/SiC+GNP, while rising ~122% for Al/SiC+CNT 

than BM.  

Gangil et al.  

[151] 

AA7050-

T7451  

67.5, 22.5, 6.5, and 

3.5 wt.% 

respectively TiB2, 

Al2O3, Mg and Zn   

Groove 

W 1.5 mm,  

D 1.5 mm 

ShD 16, 18,  20 

mm, scroll of  0.5 

mm x 0.75 mm,  

PiD 6.5 mm,  

PiL 3 mm 

RSp 710, 900, 

1120 rpm,  

TSp 50, 63, 80 

mm/min 

SMMCs improved tensile strength. 242–3130C 

HAZ temperature, 149–200 s FSP time was suitable 

for AA7050-T7451 based SMMC fabrication. 
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Gangil et al.  

[152] 

AA7050-

T7451  

67.5, 22.5, 6.5, and 

3.5 wt.% 
respectively TiB2, 

Al2O3, Mg and Zn   

Groove 

W 1.5 mm,  
D 1.5 mm 

ShD 16, 18,  20 

mm,  
scroll of  0.5 mm 

height, 0.75 mm 

width,  

PiD 6.5 mm,  

PiL 3 mm 

RSp 710, 900, 

1120 rpm,  
TSp 50, 63, 80 

mm/min 

RSp followed by TSp and ShD considerably 

governs traverse force variation.  900 rpm RSp, 63 
mm/min TSp and 16 mm ShD were optimal 

parameters to minimize traverse force. 

Khan et al.  

[148] 

AA5083  

(8 mm) 

B4C (10 μm), 

MWCNTs  

(length 1 μm, ɸ 20-

30 nm) 

Holes, 

ɸ 2 mm, 

D 3 mm, 

spacing 8 mm  

H13 steel,  

ShD 16 mm,  

conical PiD 4.5 

6.0 mm,  

PiL 4.5 mm,  

Taper angle 5°.  

RSp 750 rpm,  

TSP 16 mm/min, 

tilt angle 2° 

For FSPed alloy, Al/MWCNTs, Al/B4C, 

Al/MWCNT+B4C hardness (HV) was 91±1.5, 

92±1.6, 102±2, 96±1.3,  UTS (Mpa) was 272±10, 

275±12, 350±9, 300±10, and fracture strain (%) was 

12, 6, 11, 10.  

Khan. et al.  

[149] 

AA5083 

(8mm) 

B4C (> 10μm), 

MWCNTs  
(length 1 μm and ɸ 

20-30 nm) 

Holes, 

ɸ 2 mm, 
D 3 mm, 

spacing 8 mm, 

10 mm 

H13 steel,  

ShD 16 mm,  
conical threaded 

PiD 4-6 mm,  

PiL 5 mm,  

Taper angle 5°. 

RSp 750 rpm,  

TSP 16 mm/min, 
tilt angle 2° 

~20% hardness, ~41% UTS improved for Al/B4C 10 

mm spacing. ~4% hardness, ~7% UTS increased for 
Al/MWCNTs 8 mm spacing. In-between properties 

of HSMMCs in both spacing. Bending test:  8 mm 

spacing Al/MWCNT fails, 10 mm spacing 

composites not fail.  

Khojastehnezhad 

et al. [153] 

AA6061  

(6 mm) 

Al2O3, TiB2  

(both < 500 nm) 

Groove 

W 2 mm,  

D 3.5 mm 

H13 steel,  

ShD 16 mm,  

PiD 5 mm,  

PiL 4 mm,     

cylindrical, 

threaded, taper, 

square and 

triangular pin 

RSp 1500 rpm,  

TSp 25 mm/min, 

tilt angle 3° 

Better refinement, particle distribution, less 

clustering, higher hardness and wear resistance by 

square and triangular pin. Maximum hardness 160 

HV by a square pin, 138 HV by a cylindrical pin, 

and 110 HV for BM.  

Ahmadifard et al. 

[25] 

annealed 

AA5083  
(5 mm)  

TiO2 ( 15 nm),  

Al2O3 (80 nm)  

Groove 

W 1 mm,  
D 2 mm 

H13 steel,  

ShD 20 mm, 
threaded  

PiD 6 mm,  

PiL 3 mm 

RSp 500 rpm,  

TSp 56 mm/min, 
tilt angle 3° 

For BM, FSPed alloy and Al/ 25%Al2O3+ 75%TiO2, 

microhardness (HV) was 80, 85, 128, and UTS 
(Mpa) was 280, 290, and 361.  

Prakash et al. [32] AA6061-

T6  

(6 mm) 

α–Al2O3 (95 nm), 

Gr 

Groove 

1.0 mm x 1.5 

mm 

HCHCr steel,   

ShD 18.5 mm,  

PiD 4.5 mm,  

PiL 3 mm, 

threaded  

RSp 700 rpm,  

TSp 60 mm/min,  

axial force 7 kN,   

tilt angle 2° 

AA6061/6%α–Al2O3+0.5%Gr: highest hardness 

165 BHN, minimum wear rate 0.812 g/sec, refined 

SZ microstructure (~10 μm) compared to BM (100 

μm) and HAZ (70 μm). 



Hybrid Surface Aluminum Matrix Composite Manufacturing by FSP  

57 

Janbozorgi et al. 

[19] 

A413  

(8 mm)   

SiC (7 μm),  

MoS2 (10 μm),  

Groove 

W 2 mm,  
D 3 mm 

H13 steel,  

ShD 16 mm,  
PiD 6 mm, 

PiL 3 mm 

RSp 1600 rpm,  

TSp 25 mm/min, 
tilt angle 3°  

The lower hardness of HSMMC than Al/SiC. 

Average COF, mass loss for Al/SiC were 0.436, 
14.5 mg, for HSMMC were 0.391, 5.1 mg. 

Jalilvand et al. 

[117] 

A356 AA 

(10 mm) 

α-Al2O3 (80 nm), 

SiO2 (155 nm) 

Holes,  

zigzag pattern,  

ɸ 2 mm, 

D 4 mm, 

spacing 1 mm  

H13 steel,  

ShD 16 mm,   

PiD 4 mm,  

PiL  4 mm,  

Helix groove and 

curvature on pin 

RSp 500,  1000, 

1500 rpm,  

TSp 56, 112 mm/ 

min,  

3° tilt angle 

TSp 112 mm/min and RSp 1000 rpm optimized. 

Improved mechanical and corrosion performance of 

HSMMC. Microhardness of FSPed A356 ~70 HV 

and HSMMC 100 HV. Nanoindentation hardness of 

BM ~70 HV, and HSMMC ~110 HV. 

Patil N. A. et al. 

[147]  

AA7075-

T651  

(6.35 mm) 

SiC  

(200 nm - 2 μm),  

Gr flakes  

(W ~ 2 μm, 
thickness < 40 nm) 

Holes,  

ɸ 2 mm, 

D 4 mm, 

spacing 2, 4, 6 
mm 

H13 steel,  

ShD 20 mm,  

PiD 6 mm,  

PiL 4.5 mm 

RSp 500, 1000, 

1500 rpm,  

TSP 20, 30, 40 

mm/min,  
tilt angle 2°,  

Axial load 10 kN. 

Uniformly distributed particles.  Lowest wear rate 

0.01194 mg/m for 1500 rpm, 40 mm/min, 60:40 

ratio and 4 vol. % reinforcements.  Highest 

microhardness 300 HV for 1000 rpm, 30 mm/min, 
75:25 ratio, and 12 vol. % reinforcements.  

Kumar T. S. et al. 

[155] 

AA6082  

(6 mm) 

Y2O3 (1-5 μm), Gr 

(10-20 μm) 

Groove 

W 0.7 mm,  

D 2.7 mm 

Tungsten carbide 

tool,  

ɸ 8 mm,  

length 5 mm  

RSp 1200 rpm,  

TSp  30 mm/min, 

axial load 10 kN 

HSMMC’s hardness, tensile properties increased 

and ductility decreased with Y2O3 addition. With Gr 

addition wear rate, COF decreased.  

* Note: COF: coefficient of friction, D: Depth, El: Elongation, PiD: Pin diameter, PiL: Pin length, RSp: Rotation speed, ShD: Shoulder diameter, ShPD: Shoulder plunge depth, 

TSp: Travelling speed, UTS: ultimate tensile strength, W: Width, YS: Yield strength, ɸ: Diameter.  
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2.5.2 Multipass FSP  

The multipass FSP approach leads to even distribution of reinforcement particles and 

enhanced properties compared to single-pass FSP. Three-pass FSPed 

AA6063/B4C+SiO2 HSMMCs was successfully made-up using B4C/SiO2 weight ratio 

20:80, 40:60, 50:50, 60:40, 70:30, 80:20 [34]. The uniform distribution of reinforced 

particles with refined grains (8 μm) was achieved by multipass FSP. Specific wear rate 

(mm3/N-m) varied with B4C/SiO2 weight ratio and applied load. The maximum decrease 

in specific wear rate has shown by FSPed Al/80%B4C+20%SiO2 HSMMC at 10 N 

(49.11%) and 20 N (56.28%) load compared to BM. At 30 N load, the maximum 

decrease in specific wear rate (71.66%) has shown by FSPed Al/70%B4C+30%SiO2 

HSMMC compared to BM. 

Hosseini et al. [18] examined the effect of multipass (three passes) FSP on CeO2 

particles and MWCNTs reinforced AA5083 mono and hybrid surface composites (25, 

50 and 75 reinforcements volume ratios). Microstructural modification, grain 

refinement, better reinforcement distribution, and intermetallic particle fragmentation in 

the nugget zone were resulted by multipass FSP. Fig. 2.17 has shown increased 

uniformity of the microstructure with the number of FSP pass. In Fig. 2.17 (a) after two 

passes FSP, still there are un-affected sections left between the rings, in Fig. 2.17 (b) 

after three passes FSP, the microstructure is more homogeneous though rings are 

detectable. The average grain size of the BM was 21 μm, which was refined to 6.31 μm 

after 3-pass FSP and 3.98 μm with 75–25 CNTs/CeO2. Maximum tensile strength 42% 

and hardness 118% were developed for a hybrid volume ratio of 75–25 CNTs/CeO2 and 

3-pass FSP compared to the BM. Maximum hardness for 75–25 CNTs/CeO2 was 173 

VHN compared to BM 80 VHN. Nano-sized cathodic inhibitor CeO2 resulted in 

increased pitting resistance of AA5083. AA5083/MWCNT surface composites 

displayed maximum pitting among FSPed composites owing to the micro-galvanic 

corrosion between the anodic Al matrix and cathodic CNTs.  



Hybrid Surface Aluminum Matrix Composite Manufacturing by FSP  

59 

 

FIGURE 2.17: AA5083/CNTs NZ Micrographs after (a) two passes, and (b) three passes [18].  

The effect of the multipass FSP on particle distribution, hardness, and wear behavior of 

hybrid surface nanocomposite AA6061/Al2O3+TiB2 were studied using one to four FSP 

passes [156]. Uniformly distributed particles with reduced particle clustering and grain 

size managed with the increased number of FSP passes, which results in improved 

properties. Fig. 2.18 displayed increased hardness and wear resistance with increased 

FSP passes. After four FSP pass, the grain size of the FSPed AA6061 was ~ 6 µm, which 

was reduced to 0.7 µm for FSPed AA6061/Al2O3+TiB2. The maximum hardness for the 

HSMMC was 175 HV, while for FSPed alloy was 101 HV and for as-received AA6061 

was 110 HV. Hardness was improved by the uniform distribution of reinforcements and 

the pinning effect of hard Al2O3 and TiB2 particles. The wear mechanism was a blend 

of abrasive and adhesive.  

 

FIGURE 2.18: Effect of multipass FSP on (a) microhardness, and (b) wear rate of 

AA6061/Al2O3+TiB2 [156]. 
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Influence of CNTs and SiC reinforcements either separately or collectively on the 

advancement of grain structure, texture, and mechanical behavior of AA5083 based 

FSPed surface composites were studied by Jain et al.  [20]. Fig. 2.19 (a) shown 

uniformly distributed SiC particles, Fig. 2.19 (b) shown fragmented SiC particles, and 

Fig. 2.19 (c) shown agglomerated CNTs after 1-pass FSP, which was uniformly 

distributed after 3-pass FSP as shown in Fig. 2.19 (d). Refined grains, fragmentation, 

and re-precipitation of secondary particles, the formation of in-situ Al4C3 intermetallic 

compound by partial interfacial reaction of CNTs with Al observed. Grain size attained 

was BM 40.00 μm, FSPed alloy 5.83 μm, Al/SiC 5.24 μm, Al/SiC+CNT's 6.06 μm, 

Al/CNT's 6.36 μm. Multipass FSP resulted in weak texture through the SZ. CNTs/SiC 

along with secondary particles activated the particle-stimulated nucleation mechanism 

and Zener-Holloman mechanism via arbitrarily oriented grains development. Maximum 

hardness was achieved by Al/SiC composite 124.50±6.22 HV followed by 

Al/SiC+CNTs 112.50±5.62 HV, Al/CNTs 107.50±5.37 HV, FSPed alloy 94.00±4.70 

HV, and BM 79.25±3.96 HV, whereas maximum tensile strength was achieved by 

Al/SiC+CNTs HSMMCs 361MPa followed by Al/SiC 335MPa, Al/CNTs 316MPa, 

FSPed alloy 306Mpa, and BM 298MPa. The voids’ introduction on the matrix-particle 

interface appeared on the Al/SiC mono composite’s fractured surface.  

Tool rotational speed and travel speed affect the mechanical behavior of FSPed 

SMMCs. Eskandari et al. [113] evaluated the effect of tool rotational speed (800, 1200, 

1600 rpm), travel speed (40 and 80 mm/min), and multipass (2 and 4) FSP on hybrid 

nanocomposites AA8026/40% TiB2+60Al2O3 and compared with mono composites and 

BM.  Increased rotational speed and FSP passes with decreased travel speed lead to 

more even dispersion of particles in the matrix, enhanced hardness, wear resistance, and 

yield and tensile strengths. The best distribution of both particles was attained using 

rotational speed 1600 rpm, travel speed 40 mm/min and four FSP pass with noteworthy 

enhancement (~70-100%) in the mechanical properties. For the optimized processing 

conditions and AA8026/TiB2+Al2O3 the microhardness, UTS, Young’s modulus (E), 

and YS, were reached to ~141 HV, 271 MPa, 134 GPa, and 233 MPa, from the initial 

values of ~85.6 HV, 164 Mpa, 70 GPa, and 138 MPa, respectively. The wear resistance 

of the FSPed nano-HSMMCs was enhanced continuously up to more than eight times 

of BM subject to rotational speed/travel speed ratio and FSP passes.  
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FIGURE 2.19: 3-pass FSPed AA5083/SiC (a) optical micrograph, and (b) SEM micrograph; (c) 

agglomerated CNTs after 1-pass FSP, and (d) CNTs uniformly distributed by 3-pass FSP [20] . 

Two-pass FSPed surface composites were developed by reinforcement of mono Al2O3 

and Gr and hybrid 2:3 Al2O3 and Gr in A356 cast Al alloy, to study the effect of Al2O3 

and Gr reinforcements on the macro - and microstructures, hardness, and wear of 

processed composites [72]. Uniform distribution of particles without any defects was 

observed with the least accumulation of reinforcements in the hybrid surface 

composites. Maximum hardness and wear resistance were achieved by A356/Al2O3 

composite compared to other samples, due to good bonding in Al2O3 and Al matrix 

along with the higher hardness of Al2O3 particle compared to Gr particles. The dominant 

wear mechanism for all composites was identified adhesive.  

The influence of the hybrid ratio on microstructure, mechanical, and tribological 

behavior of 3-pass FSPed nano-HSMMC AA5083/Gr+Al2O3 was examined [28]. 

Microstructure showed improved distribution and lesser reinforcement accumulation for 

the low volume fraction of Al2O3 and Gr particles. Up to 50% Al2O3, nano-composites 

hardness, YS, and UTS increased with the Al2O3 ratio owing to a decrease in mean inter-

particle spacing of Al2O3 particles after that agglomeration of Al2O3 particles resulted 
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in decreased hardness. YS and UTS improved up to 75% Gr, due to a decent 

combination of improved hardness, low coefficient of friction, and fine-distributed 

Al2O3 particles. Wear resistance of the nano-composites improved with the Gr ratio and 

showed mild abrasive wear, however, decreased mechanical properties, more than 75% 

Gr resulted in an increased wear rate.  

Recently, Mischmetal oxide (MMO) powder (mainly contains CeO2, La2O3, and Nd2O3) 

was reinforced in the AA1050-O matrix by 6-pass FSP. Homogeneously distributed 

particles and refined grains managed improved hardness and UTS of Al/MMO 

HSMMCs by 130% and 120%. The lubrication effect of MMO particles and lesser metal 

to the metal interaction managed reduced friction coefficient and wear rate by 17% and 

40%. Adhesive wear was the main wear mechanism for BM and FSPed alloy, which 

changed as abrasive wear for HSMMC. MMO reduced the corrosion rate by 1.5-fold 

less than the BM and the pitting susceptibility [157].  

Du et al. [115] examined the effect of spherical and thread-like nanoparticle Al2O3 and 

CNTs reinforcement on the microstructural and mechanical behavior of the three-pass 

FSPed mono and hybrid surface composites AA6061/10.3 wt.% Al2O3+0.5 wt.% CNTs. 

FSP resulted in grain refinement and even dispersal of nanoparticles in the matrix, 

moreover, FSPed composites displayed more refined grains credited to the pinning 

effect of nanoparticles, which decreased dynamic recrystallization controlled grain 

growth. Average grain size (μm) for BM, FSPed alloy, Al/CNTs, Al/Al2O3, and 

Al/Al2O3+CNTs was 70±3, 5.0±2, 4.7±2, 2.5±2, and 3.1±1 respectively. FSP in process 

SZ extreme plastic deformation, instigated a significant breakdown of reinforcement 

particles as reported by different researchers [13, 16, 41, 141]. Crushing of 

reinforcement powder particles employed by the tool rotation force resulted in particle 

size refinement through rounding / breaking off the sharp ends. Substantial enhancement 

in the micro-hardness and tensile strengths were attained by adding nanoparticles. 

Maximum hardness displayed by Al/Al2O3 +CNTs (108.4 HV), followed by Al/Al2O3 

(103 HV), Al/CNTs (90.6 HV), FSPed alloy (66.2 HV) and BM (55 HV). UTS (MPa), 

YS (MPa), and El (%) for Al/Al2O3+CNTs were 236±3, 163±4, 4±1 as compared to 

125, 55, and 25 for BM, respectively. The YS of the HSMMCs improved 70% paralleled 

to FSPed alloy attributed to the pull-out mechanism of CNTs at sub-micron scale 

around/in the fracture dimples governed by Al2O3. Shallower dimples were detected on 

the fracture hybrid composite surface which leads to substantial elongation reduction. 
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Improved mechanical performance was credited to grain refinement and the Zener 

pinning effect resulted from nanoparticle reinforcement. Voids introduction at Al/Al2O3 

interfaces areas described by Al2O3 particles detected at the bottom of the fracture 

dimples. Thus, different shaped multiple reinforcements can be effectively increased the 

tensile strengths, particularly yield strength of MMCs.  

Effect of various tool rotational and traverse speed on microstructure evolution, 

mechanical and wear performance of FSPed nano-HSMMCs Al5083/Al2O3+TiO2 was 

examined [111]. Double-pass FSP has been homogeneously distributed particles in the 

matrix. Pinning effect of reinforcements inhibits grain growth and resulted in a refined 

matrix. The best combination of properties was attained by HSMMC at 710 rpm and 20 

mm/min by more refined grains and effectively distributed particles. The 

microhardness, tensile strength, and wear rates after 500 m sliding distance of the BM 

and HSMMCs processed with optimum parameters were about 80 HV, 285 Mpa, 0.58 

mg/m; and 140 HV, 375 MPa, 0.28 mg/m respectively. Abrasive wear was identified as 

the dominant wear mechanism. 

Yaqoob et al. [23] examined the effect of nanoparticle mixing strategy (solvent-based 

mixing and dry mixing) on 4-pass FSPed AA6061/Graphene+CeO2 nano-HSMMCs. 

Nanoparticle mixing strategies had governed the mechanical properties of surface 

nanocomposites. Maximum improvements in microhardness 69.3% and tensile strength 

12.9% was displayed by Al/50%Graphene+50%CeO2 with the solvent mixing scheme 

attributed to even mixing and de-agglomeration of clusters of nano-particles. For dry 

mixing, the maximum improvement in microhardness was 57.5% and tensile strength 

was 7.5%. Fracture changes ductile to brittle with an increased amount of graphene and 

Al4C3 formation caused the brittle failure.  

Multi-pass FSPed surface composites were fabricated in annealed AA6061 matrix using 

micro-TiB2/nano-graphene platelets wt.% ratio 10/0, 20/0, 30/0, 0/0.5, 0/1, 0/2, 20/0.5, 

20/1, and 20/2 [22]. Refined SZ grains attributed to the micro-sized TiB2 particle’s 

accelerated PSN mechanism and nano-graphene platelet’s controlled Zener-pinning 

mechanism. Al/20 wt.% TiB2 +1 wt.% graphene displayed the best combinations of 

properties tested like hardness 101.6 ± 1.4 HV,  yield strength ~191 ± 3 MPa, UTS 271 

±4  compared to BM hardness 61.0 ± 1.0 HV,  yield strength ~75 ± 6 MPa, UTS 160 ± 
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5. Reduced coefficient of friction with dominant sliding wear on the worn-out surface 

attributed to lubricant agent graphene in the composite. 

High strength AA7075 has regular applications in aerospace, marine, and automobile 

sectors. Strengthening precipitates are accountable for the better mechanical 

characteristics of AA7075 alloy. During fabrication of surface composites, FSP 

temperature is sufficient to overage and dissolve the strengthening precipitates in the 

FSPed zone and decreased hardness as well as wear resistance which may recover by 

post-FSP heat treatment of surface composites. Patle et al. [73] examined the effect of 

post-FSP heat treatment on multipass FSPed surface composites manufactured in 

precipitation-hardenable AA7075-T6 matrix using B4C/MoS2 reinforcement ratio 100/0 

and 50/50. FSPed composites heat-treated to T6 condition (0.5 h solution heat treatment 

at 515 °C, cold water quench trailed by 24 h aging at 120 °C) to develop the mechanical 

properties. Agglomeration of B4C particles observed in the Al/B4C surface composite. 

Solid lubricant MoS2 enhanced the even distribution of particles in Al/B4C+MoS2 

HSMMCs. Higher microhardness displayed by Al/B4C (160 HV) and Al/B4C+MoS2 

(156 HV) surface composites compared to FSPed alloy (113 HV) credited to the 

existence of reinforcements in the surface composites. All FSPed samples displayed 

lower hardness compared to BM (180HV) owing to intermetallic phases dissolution in 

FSP, however, fine precipitates resulted from T6 heat treatment enhanced the hardness 

value of the surface composites as shown in Fig. 2.20. Heat-treated Al/B4C+MoS2 

HSMMC demonstrated the maximum wear resistance credited to the solid lubricant 

MoS2. Mass loss average values for samples of Al/B4C and Al/B4C+MoS2 were 7 mg 

and 5.6 mg, and of heat-treated Al/B4C and Al/B4C+MoS2 were 5.9 mg and 4.1 mg, 

respectively and for BM was 8.8 mg.  

Recently, Al/CNT+Al2O3 nano-HSMMC, and Al/CNTs, Al/Al2O3 mono SMMCs were 

produced in the AA5083 matrix by double-pass FSP. The nano-HSMMC was presented 

improved hardness, wear, and tensile behavior than mono SMMCs due to hybrid 

reinforcements. CNTs were pinned in grain boundary areas, whereas Al2O3 distributed 

in various regions [158].  
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FIGURE 2.20: Effect of heat-treatment on SZ hardness of FSPed surface composites [73]. 

Defect-free AA7075/B4C+TiB2 mono and hybrid surface composites with varied 

amounts of particles developed by Karpasand et al. [159]. Surface composites displayed 

good interfacial bonding with matrix, fine recrystallized grains, and homogenous 

particle distribution. The maximum hardness (2.2 times of the BM) was attained by the 

Al/TiB2 mono composite. All hybrid composites attained better hardness and wear 

resistance than Al/B4C mono composite. The best particle dispersion with maximum 

hardness and wear resistance managed by the hybrid composite with an equal weight 

percentage of both ceramic particles. The hardness and wear resistance of the mono 

composites AA7075/B4C, AA7075/TiB2, and hybrid composite AA7075/50% B4C+ 

50%TiB2 were improved by (91%, 121%, 107%) and (67%, 82%, 87%) respectively 

compared to BM.  

The substrate, reinforcement, tool, processing parameters, and strategies used for the 

production of hybrid surface aluminum matrix composite by multipass FSP in the same 

direction summarized in Table 2.3.
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 TABLE 2.3: Summary of the hybrid surface aluminum matrix composites manufactured by the same direction multipass FSP* 

Author Substrate Reinforcement Reinforcement 

strategy 

Tool FSP Parameters Pass Findings / Remarks 

Hosseini  

et al. [18] 

Annealed 

AA5083 

alloy    

(5 mm) 

CeO2 (30 nm), 

MWCNTs 

(axial length 10-

20 μm, ɸ 10-20 
nm) 

Groove 

W 1.2 mm,  

D 2 mm 

H13 steel, 

concave,  

ShD 18 mm, 

threaded pin, 
PiD 6mm, 

PiL 4.5 mm 

For 1, 2 passes 

RSp 800 rpm, 

TSp 35mm /min, 

for 3rd pass RSp 
600 rpm, TSp 45 

mm/min, tilt 5° 

3 Grain size of BM: 21 μm, FSPed alloy: 6.31 μm, Al/ 

75%CNTs+25%CeO2: 3.98 μm. For 

Al/75%CNTs+25%CeO2, UTS and hardness (173 

VHN) were 42% and 118% higher than BM. Nano-
sized CeO2 increased pitting resistance. 

Asl et al. 

[28] 

AA5083-

H116  

(10 mm) 

nano α-Al2O3 

(80 nm), 

Gr (10–50 μm) 

Groove 

W 1 mm,  

D 4.5 mm 

H13 hot 

working steel, 

ShD 18 mm, 

PiL 5 mm 

RSp 1250 rpm, 

TSp 20 mm/min, 

tilt angle 3° 

3 Up to 50% Al2O3, hardness, YS, and UTS increased 

with Al2O3 ratio after that hardness decreased; YS, 

UTS, wear resistance improved up to 75% Gr. Mild 

abrasive wear in composites. 

Jain et al. 

[20] 

AA5083  

(6 mm) 

SiC (5-20 μm), 

CNTs  

(ɸ 05-20 nm, 

length 1-10 μm) 

Groove 

W 1.5 mm,  

D 2.5 mm 

ShD 18 mm, 

PiL 4 mm, 

taper threaded 

pin top PiD 6 

mm, bottom 

PiD 4 mm 

RSp 1600 rpm, 

TSp  20 mm /min, 

tilt angle 3° 

3 Refined grains.  Hardness Al/SiC: 124.5±6.22 HV, 

Al/SiC +CNTs: 112.5±5.62 HV, Al/ CNTs: 107.5±5.37 

HV, FSPed alloy: 94±4.7 HV and BM: 79.25±3.96 HV. 

UTS Al/SiC+ CNTs 361Mpa, Al/SiC 335 MPa, 

Al/CNTs 316MPa, FSPed alloy 306Mpa, BM 298 MPa  

Eskandari  

et al. [113] 

AA8026  

(9 mm) 

TiB2 (5 μm), 

Al2O3 (70 nm) 

Groove 

W 1.2 mm,  

D 4.2 mm 

H13 steel, 

ShD 18 mm, 

PiD 5 mm, 
PiL 5 mm,  

0.5 mm pitch 

threads   

RSp 800, 1200, 

1600 rpm,  

TSp 40, 80 
mm/min,  

tilt angle 3° 

2, 4 For optimal parameters 1600 rpm, 40 mm/min and 4-

pass FSP,  microhardness, UTS, YS, and young’s 

modulus (E) of HSMMC reached to ~141 HV, 271 
MPa, 233 MPa, and 134 GPa from initial values ~85.6 

HV, 164 Mpa, 138 MPa, and 70 GPa respectively.  

Dinesh  

et al. [34] 

AA6063  

(6 mm) 

B4C and SiO2 

(both 10 μm) 

Groove 

W 1.9 mm,  

D 3 mm 

High speed 

steel,  

ShD 24 mm,  

PiD 8 mm, 

PiL 3.2 mm 

RSp 1200 rpm, 

TSp 40 mm/ min, 

8 kN axial force 

3 Uniform particle distribution, refined grains (8 μm). 

Maximum decrease in specific wear rate by Al/80%B4C 

+20%SiO2 at 10 N (49.11%) and 20 N (56.28%) load, 

whereas Al/70%B4C+ 30%SiO2 at 30 N (71.66%) load 

than BM.  

Du et al. 

[115] 

Annealed 

AA6061 

Al2O3 (320nm), 

MWCNTs  

(10-20 nm ɸ, 

10-30 μm 

length) 

Holes, 

ɸ 2 mm, 

D 2 mm, 

spacing 4 mm 

ShD 12.5 mm, 

threaded probe 

(3 flats),  

PiL 2 mm, 

PiD 5mm 

RSp 1200 rpm, 

TSp 3 mm/sec,  

tilt angle 3° 

3 Even particle dispersal, refined grains. Hardness (HV) 

was Al/ HSMMC: 108.4, Al/Al2O3: 103, Al/CNTs: 

90.6, FSPed Alloy: 66.2, BM: 55. UTS (MPa), YS 

(MPa), and El (%) for HSMMC were 236±3, 163±4, 

4±1 than 125, 55, and 25 of BM.  
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Adibpour  

et al. [72] 

A356 cast 

AA  
(5 mm) 

Al2O3 and Gr 

(less than 15 µ) 

Holes, 

ɸ 2 mm, 
D 2.5 mm 

H13 hot work 

tool,  
ShD 30 mm,  

3 mm high 

square pin 

RSp 1000 rpm, 

TSp 100 mm/min, 
tilt angle 2°, 

ShPD 0.2 mm 

2 Maximum hardness and wear resistance in Al/Al2O3. 

Weight loss reduced ~22.5%, 86%, 49%, and 76% for 
FSPed alloy, Al/Al2O3, Al/Gr, and HSMMC. Mean 

COF of BM, Al/Gr, Al/ Al2O3, HSMMC was 0.6±0.05, 

0.50±0.05, 0.57±0.05, 0.55±.05 

Vatankhah 

Barenji  

et al. [156] 

AA6061  

(6 mm) 

Al2O3, TiB2 

(both  ~ 500 

nm) 

Groove 

W 2 mm,  

D 3 mm 

H13 steel, 

ShD 16 mm, 

PiD 5 mm, 

 PiL 3.5 mm 

RSp 1250 rpm, 

TSp 16 mm/min, 

tilt angle 3° 

1 - 4 Particle dispersion, grain refinement, hardness and wear 

resistance increased with FSP passes. After 4-pass, 

hardness (HV) of HSMMCs, FSPed alloy, and BM was 

175, 101, and 110.  

Heidarpour 

et al. [111] 

Annealed 

AA5083  

(5 mm) 

Al2O3 (80 nm), 

TiO2 ( 15 nm) 

Groove 

W 1 mm,  

D 2 mm 

H13 steel, 

ShD 20 mm, 

threaded  

PiD 6 mm,  

PiL3 mm 

RSp 500, 710, 

1000 rpm,  

TSp 20, 56 

mm/min,  

tilt angle 3° 

2 Best properties in HSMMCs at 710 rpm and 20 

mm/min. Microhardness, UTS, and wear rates after 500 

m sliding distance of BM and optimum composite were 

~80 HV, 285 Mpa, 0.58 mg/m; and 140 HV, 375 MPa, 

0.28 mg/m.  

Yaqoob   

et al. [23] 

AA6061-

T6  
(6.6 mm) 

CeO2  

(10-30 nm),  
Graphene 

nanoplatelets-

GNPs  

(2-10 nm) 

Groove 

1 mm x 3.5mm,  
solvent-based 

mixing and dry 

mixing strategy 

H13 steel 

tapered 
threaded,  

ShD 15 mm, 

root PiD 7.7 

mm,  

tip PiD 5 mm 

RSp 1000 rpm,  

2° tilt angle,  
TSp for first 3 

pass 40 mm/min, 

for 4th pass 60 

mm/min 

4 Al/50%Graphene+50%CeO2:  maximum improved 

microhardness 69.3% and UTS 12.9% by solvent 
mixing; 57.5% microhardness and 7.5% UTS by dry 

mixing. Fracture changes ductile to brittle with 

increased graphene. 

Nazari  et al. 

[22] 

Annealed 

AA6061 

(10 mm) 

Micro-sized 

TiB2,  

Nano Graphene 

platelets 

Groove 

W 2 mm,  

D 3 mm 

H13 steel, 

ShD 18 mm, 

prismatic PiD 

6 mm, 

PiL 3 mm, 0.5 

mm deep 

thread 

RSp 1000 rpm, 

TSp 340 mm/min, 

tilt angle 3° 

Multi

pass 

Best hardness, YS, UTS in Al/20wt%TiB2 +1 wt.% 

graphene as 101.6 ± 1.4 HV,  ~191 ± 3 MPa, 271 ±4 

Mpa than BM 61± 1 HV,  ~75 ± 6 MPa, 160± 5 MPa.  

Reduced COF with dominant sliding wear showed with 

lubricant agent graphene. 

Patle et al. 

[73] 

AA7075-

T6   
(6 mm) 

B4C  

(10-15 μm),  
MoS2  

(60-80 nm) 

Holes, 

ɸ 3 mm, 
D 2.5 - 3.5 mm 

ShD 18 mm, 

PiL 3.5 mm 

RSp 900 rpm for 

1, 2 pass, 1120 
rpm for 3, 4 pass , 

1400 rpm for 5, 6 

pass,  

TSp 25 mm/ min, 

tilt angle 3°,  

ShPD 120 μm 

6 Precipitates dissolution in FSP decreases microhardness 

(HV) as Al/B4C 160, Al/B4C+MoS2 156, FSPed alloy 
113, compared to BM 180. Post-FSP T6 heat treatment 

improved composite’s hardness and wear resistance. 

The mass loss for Al/B4C and Al/B4C+MoS2 was 7 and 

5.6 mg and after heat treatment was 5.9 and 4.1mg, for 

BM 8.8 mg.  
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Alishavandi 

M.  
et al. [157] 

AA1050-O 

(4 mm) 
 

Mischmetal 

oxide- MMO 
powder  

(30 nm)  

Groove 

W 1 mm,  
D 3 mm 

ShD 18 mm, 

PiD 5 mm, 
PiL 3.5 mm,  

0.5 mm deep 

30° angle 

threads 

RSp 1600 rpm, 

TSP 100 mm/min 

6 Homogeneous distribution, refined grains, improved 

hardness, and UTS by 130 and 120%. Reduced COF 
and wear rate by 17 and 40% for HSMMC.  MMO 

reduced corrosion rate 1.5-fold less than BM and pitting 

susceptibility.  

Ostova F.  

et al. [158] 

AA5083  

(8 mm) 

Al2O3  

(~ 58 µm),  

MWCNT  

(< 20 nm) 

Groove 

2 mm x 3 mm 

 

H13 steel  

ShD 18 mm, 

PiD 5mm,  

PiL 3mm 

RSp 800 rpm, 

TSP 36 mm/ min, 

tilt angle 3° 

2 Al/CNT+Al2O3 nano-HSMMC presented improved 

hardness with wear and tensile behavior.  

Karpasand  

et al. [159] 

AA7075-

T6  

(5 mm) 

B4C (50 μm),  

TiB2 (10 μm) 

Groove 

W 2 mm,  

D 3 mm 

Hot work tool 

steel threaded 

conical,  

ShD 20 mm, 

root PiD 7mm, 
tip PiD 3 mm,  

PiL 3.5 mm 

RSp 1200 rpm, 

TSp 30 mm/min, 

tilt angle 3° 

4 The hardness and wear resistance of the AA7075/B4C, 

AA7075/TiB2, and AA7075/ 50% B4C+50 %TiB2 were 

improved by (91 %, 121 %, 107 %) and (67 %, 82 %, 

87 %) respectively compared to BM.  

 

Zangabad  

et al. [112] 

AA5052  

(5 mm) 

Pure TiO2  

(~30 nm),  

In-situ: Al3Ti,  

MgO  

(both 50 nm) 

Groove 

W 0.8, 1.2 mm, 

D 4 mm 

H13 tool,  

ShD 18 mm,  

PiD 5 mm 

RSp 1200 rpm, 

TSp 100 mm/min,  

forge force 10 kN 

4, 6 Grain refinement. Enhanced hardness and UTS with 

reduced ductility (up to 30%). ~90% and 31% enhanced 

YS and UTS. At 107 cycles fatigue strength enhanced 

by ~28% and 33% with 2 and 3.5 vol. % TiO2 than BM. 

AzimiRoeen 

et al. [160] 

AA1050  

(5 mm) 

Fe3O4  

(20-30 nm),  

Al (100 μm)  

1 hour Argon  

atmosphere 

milled 

Groove 

W 1.4 mm,  

D 3.5 mm 

H13 steel, 

ShD 18 mm, 

threaded  

PiD 5 mm, 

 PiL 4mm 

RSp 1400 rpm, 

TSp 40 mm/min 

4 In-situ Al13Fe4 and α-Al2O3 stable reinforcements 

develop HSMMC AA1050/Al13Fe4+ Al2O3.  Improved 

hardness ~ 56%, UTS 49% and El 25% of HSMMC 

than BM.  

Alishavandi 

M.  
et al. [161] 

H14 heat-

treated 
AA1050  

(4 mm) 

 

MMO powder 

(50 nm),  
in-situ MM3Al 

and MM3Al11 

Groove 

W 2 mm,  
D 3.5 mm 

ShD 18 mm, 

PiD 5 mm, 
PiL 3.5 mm,  

0.5 mm deep 

30° angle 

threads 

RSp 1600 rpm, 

TSP 100 mm/min, 
tilt angle 3° 

2, 4, 

6 

Even particle distribution, fast in-situ reactions, better 

mechanical properties of in-situ HSMMCs with 
increased FSP passes. Combined ductile-brittle fracture 

in HSMMCs.   

* Note: COF: coefficient of friction, D: Depth, El: Elongation, PiD: Pin diameter, PiL: Pin length, RSp: Rotation speed, ShD: Shoulder diameter, ShPD: Shoulder plunge depth, 

TSp: Travelling speed, UTS: ultimate tensile strength, W: Width, YS: Yield strength, ɸ: Diameter.  
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2.5.3 Multipass FSP with Change in Pass Direction 

The multipass reverse direction FSP (change in direction after each pass) strategy 

provides a more uniform dispersion of reinforcement particles on both advancing and 

retreating sides without segregation or accumulation in SZ, which leads to better 

properties. Palanivel et al. [17] fabricated mono and hybrid (reinforcements in equal 

volume percentage) surface composites AA6082/TiB2+BN by two-pass reverse 

direction FSP. Micrographs displayed homogeneous dispersion without segregation 

with extensive grain refinement in the SZ. The average grain size of BM, Al/TiB2, 

Al/TiB2+BN, Al/BN were 39.4 μm, 9.7 μm, 6.6 μm, and 4.4 μm, respectively. The 

interface at SZ/BM has shown solid bonding in the composite and the Al matrix. Wear 

resistance increased more for hybrid composite than mono composites and FSPed alloy. 

The wear rate (mm3/Nm) of BM, Al/TiB2, Al/BN, and Al/TiB2+BN, were 23.75×10−5, 

15.50×10−5, 14.25×10−5, and 13×10−5, respectively. Nano-BN particles function as solid 

lubricants and form tribo film, which improved wear resistance and reduced counterface 

wear. TiB2 and BN particles altered the wear debris morphology from large platelet type 

structures to a finer flake type debris.   

FSPed A356/SiO2+Al2O3 surface composites with various reinforcement ratios were 

fabricated in the direction of increased hardness and wear performance of Al piston alloy 

to advance piston life and decreased coefficient of friction to advance engine efficacy 

[24]. Surface composites were developed using SiO2: Al2O3 ratios 100:0, 80:20, 50:50, 

20:80, 0:100, and one to four pass FSP with the change in direction approach after each 

subsequent pass. The best homogeneous particle distribution was attained by 4-pass FSP 

with the change in pass direction and 32 mm/min travel speed as shown in Fig. 2.21. 

Stirred FSP tool converts the coarse needle-shaped Si particles into very fine particles. 

Maximum hardness and friction coefficient displayed by A356/Al2O3 mono composite, 

which reduced with increased SiO2 content in the composites. The best arrangement of 

properties displayed by A356/80%Al2O3 +20%SiO2 with improved average hardness ~ 

83 HV compared to ~ 44 HV of BM and considerably less wear mass loss ~4.2 mg 

compared to BM ~19 mg; the SiO2 particles act as solid lubricant.  
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FIGURE 2.21: Macrostructure of the FSPed specimens (a-d) and (f) at 32 

mm/min, and (e) at 80 mm/min travel speed; (a-e) with change in pass 

direction (a) 1-pass, (b) 2-pass, (c) 3-pass, (d-f) 4-pass FSP [24]. 

Effect of nano-sized CeO2 and SiC particles and their relative ratio (100, 75:25, 50:50, 

25:75, 100) on mechanical and corrosion behavior of AA5083 based FSPed surface 

nanocomposites was reported by Amra et al. [26]. Three-pass reverse direction FSP was 

headed substantial grain refinement, uniform reinforcement distribution in the SZ, and 

defect-free interface and processed zone. All FSPed samples have shown improved 

hardness and tensile properties compared to BM. Surface composite Al/SiC displayed 

maximum hardness and tensile strength; increased by 51% and 20%, respectively as 

compared to the BM. The average hardness of the BM, FSPed alloy, and Al/SiC was 77 

HV, 85 HV, and 117 HV respectively. Increased passivation range which is the measure 

of pitting resistance was displayed by FSPed composites with higher amounts of 

cathodic inhibitors CeO2 particles, whereas Al/SiC displayed no passivation range 

compared to BM and other FSPed samples, due to micro-galvanic coupling between 

anodic Al matrix and cathodic SiC particles. The best combination of corrosion 

resistance and mechanical properties was attained by FSPed hybrid composites 

AA5083/25%SiC+75%CeO2. Results throw light on the scope and usage of CeO2 to 

increase the Al alloy’s corrosion resistance. In a further study, room temperature dry 



Hybrid Surface Aluminum Matrix Composite Manufacturing by FSP   

71 

sliding pin-on-disc wear performance of the developed mono and hybrid 

AA5083/CeO2+SiC surface composites was examined [144]. With the increased 

number of FSP passes and changed processing directions, more even distributed 

particles, refined grains, and the well-bonded interface was attained. Fig. 2.22 has shown 

the effect of the number of FSP passes on the uniformity of HSMMC SZ microstructure. 

After 1-pass FSP, grains not appropriately mixed with reinforcements seen. After a 2-

pass reverse direction FSP, more even rings appeared and after 3-pass reverse direction 

FSP, completely homogeneous refined microstructure with well-bonded interface in 

AA5083 and HSMMC without any defects observed. All the FSPed composites showed 

higher wear resistance paralleled to FSPed alloy and BM. The average hardness of the 

BM, FSPed alloy, Al/CeO2, Al/SiC, and Al/CeO2+SiC was 77 HV, 85 HV, 95 HV, 117 

HV, and 106 HV respectively. The HSMMC Al/CeO2+SiC experienced the maximum 

wear resistance attributed to the solid lubricant CeO2 particles. The mean friction 

coefficients were~ 0.66, ~ 0.57, ~0.75, ~0.85 and ~0.91 for BM, FSPed alloy, 

Al/CeO2+SiC, Al/CeO2, and Al/SiC, respectively. The particle reinforcement changed 

the wear mode from the severe adhesive in the BM and the FSPed alloy to the shallow 

abrasive and delamination in SMMCs, while only shallow abrasive in the HSMMC. 

Morphologies of the wear debris and flakes altered from bigger and irregular in the BM 

and the FSPed alloy to much finer in mono as well as hybrid composites. 

Yuvaraj et al. [114] produced mono and hybrid (reinforcements in equal volume 

percentage) surface composites by incorporation of B4C and TiC particles in the 

AA5083-O matrix by four passes reverse direction FSP and examined the effect of 

applied load in dry sliding wear test. Multipass reverse direction FSP was presented 

uniformly distributed particles in the matrix and refined grains with grain size value 

(μm) 14.5 for FSPed alloy, 3 for Al/B4C, 4.5 for Al/TiC and 4.2 for Al/B4C+TiC in 

comparison to 49.85 for BM. Among the FSPed composites, Al/B4C has shown the 

maximum hardness. Al/B4C+TiC composite has shown maximum wear resistance, even 

though less hardness than Al/B4C. The microhardness of Al/TiC, Al/B4C+TiC, Al/B4C, 

FSPed alloy, and BM was about 118 ± 1 HV, 124 ± 2 HV, 127 ± 2 HV, 107 ± 5 HV, 

and 83 ± 1 HV, respectively. B4C particles acted as a load-bearing component and TiC 

particles acted as solid lubricants in HSMMC. Wear rate increases with increasing load 

for entire samples under test. In the composites, at 20 N lower load wear mechanism 

was largely due to oxidization and mild wear was detected, whereas at 40 N and 60 N 
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loads, wear mechanism was detected abrasive, and severe plastic deformation and the 

wear type changed from mild to severe. At greater loads of 80 N and 100 N, wear 

mechanism was detected abrasive, and delamination wear and wear type transformed 

from severe to very severe.  

 

FIGURE 2.22: Effect of Multipass FSP on SZ microstructure (a, c, d) optical micrograph 

after (a) 1-pass, (c) 2-pass, and (d) 3-pass; (b) SEM micrograph after 1-pass [144]. 

Mahmoud et al. [27] produced AA1050/SiC+Al2O3 HSMMCs with reinforcements 

volume ratios of 20, 33, 43, 50, 57, 67, and 80, respectively and compare with mono 

composites and FSPed alloy without reinforcements. Particles were filled in the groove 

and covered by a 2 mm thick Al sheet before 3-pass reverse direction FSP. Uniform 

dispersal of reinforcement particles in the nugget zone was seen lacking defects 

excluding few small voids formed about Al2O3 particles. The particle clustering was 

observed after 1-pass FSP in SZ of surface composites, homogeneously distributed by 

3-pass reverse direction FSP. Maximum hardness was reported by Al/SiC. Hardness and 

friction coefficient was decreased with increasing Al2O3 particles in HSMMCs. As 

compared to average hardness 23 HV of FSPed Al alloy, Al/Al2O3 and Al/SiC mono 

composites were displayed 47 HV and 60 HV, respectively, while the hybrid composites 

were displayed intermediate microhardness value of both mono composites. The wear 

loss of the HSMMCs governed by the applied load and the fraction of Al2O3 particles. 



Hybrid Surface Aluminum Matrix Composite Manufacturing by FSP   

73 

20%Al2O3 + 80% SiC hybrid surface composite was displayed superior wear resistance 

to other FSPed samples at 5 N load. At 10 N load, the wear resistance of composites 

was found close to the FSPed monolithic sample and nearly independent from the 

relative ratio of Al2O3 particles.  

AA6360 based mono and hybrid surface composites fabricated using 100 TiC, 75 

TiC+25 B4C, 50 TiC+50 B4C, 25 TiC+75 B4C and 100 B4C particles [29]. Double-pass 

opposite direction FSP was managed uniform dispersion of reinforcement in the matrix. 

The hybrid surface composite was symmetric around the tool axis and sound bonded to 

the matrix without any defect. Among the developed composites, HSMMC 

50%TiC+50%B4C experienced the lowest wear due to tribo film development and 

lowest Fe content in wear debris, which indicates reduced counterface wear. TiC and 

B4C broadened wear track of worn surfaces due to plastic deformation resistance. Wear 

debris morphology of BM and FSPed alloy exhibited thin sheet or plate-type structure 

while wear debris of hybrid composites displayed fine equiaxed and flaky debris.  

The influence of reinforcements and their relative ratio (100, 75:25, 50:50, 25:75, 100) 

on the microstructural and wear behavior of FSPed surface composites 

AA6063/TiB2+B4C were investigated by Narimani et al. [30]. In-situ TiB2+10 wt. % Al 

composite powder was fabricated by the mechanical alloying process of the Ti (40–60 

μm), B (2 μm), and Al (63 μm) powders. The 4-passes reverse direction FSP has resulted 

in symmetric and homogeneous dispersion of reinforcement particles on both sides of 

SZ. FSP and ceramic particles have improved the hardness as well as the wear behavior 

of surface composites. The highest value of hardness and wear resistance was displayed 

by 100%TiB2 sample. Lower distances distribution of smaller TiB2 particles, clean 

interface, and good bonding in the Al matrix and in-situ developed TiB2 may have 

resulted in the enhanced properties with a higher amount of TiB2. The iron oxide MML 

formation on the wear surface was offered.  

FSPed hybrid surface composite fabrication is an efficient tool to increase the ballistic 

performance of Al alloys. Studies to improve the ballistic performance of AA7005 by 

reinforcement of the ceramic particles TiB2 and B4C in 25:75, 50:50, and 75:25 ratio 

through double pass FSP in opposite direction were carried out by Pol et al. [31]. 

Maximum hardness was showed by hybrid composites (nearly the same for all hybrid 

composites; 150 HV for AA7005/75B4C+25TiB2) followed by 120 HV for FSPed alloy 



Literature Review 

74 

and 90 HV for BM. Best ballistic resistance was displayed by AA7005/75B4C+25TiB2, 

followed by AA7005/50B4C+50TiB2, AA7005/25B4C+75TiB2, and BM attributed to 

hard ceramic reinforcement particles and tough matrix core, similarly, maximum 

ballistic mass efficiency factor 1.6 times of BM was reported by 

AA7005/75B4C+25TiB2 composite followed by AA7005/50B4C+50TiB2, and 

AA7005/25B4C+75TiB2 due to dispersion strengthening by reinforcements. 

The effect of multipass FSP with the opposite direction strategy on HSMMC 

AA5083/WC+Al2O3 was evaluated [162]. FSP causes grain refinement, which increases 

by particle addition and multipass FSP. SEM displayed the homogeneous distribution 

of particles along with particle agglomerates, which was minimized after four-pass FSP. 

WC-Al2O3 particles and multipass FSP increased hardness and wear resistance as shown 

in Fig. 2.23.  Adhesive and abrasive wear were identified on the wear specimen’s 

surface. For BM, FSPed alloy and  AA5083/WC+Al2O3 surface composite after four 

passes grain size ± 2 was 36 µm, 28 µm, and 11 µm, microhardness was 65 HV, 72 HV, 

and 101 HV, Wear rate(mg/m)  was 0.07, 0.057, and 0.026, and Friction coefficient was 

0.54, 0.45, and 0.16 respectively. 

 

FIGURE 2.23: (a) Microhardness profile, and (b) weight loss variation with sliding distance for 

BM, FSPed BM, and 1-pass and 4-pass FSPed AA5083/WC+Al2O3 HSMMCs [162]. 

The substrate, reinforcement, tool, processing parameters, and strategies used for the 

production of hybrid surface aluminum matrix composite by multipass FSP with the 

change in pass direction summarized in Table 2.4. 
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TABLE 2.4: Summary of the hybrid surface aluminum matrix composites manufactured by opposite direction multipass FSP*  

Author Substrate Reinforcement Reinforcement 

Strategy 

Tool FSP 

Parameters 

Pass Findings / Remarks 

Yuvaraj  

et al. 

[114] 

AA5083-O 

(8 mm) 

B4C, TiC  

(each 30-60 nm)  

Groove 

W 1 mm,  

D 3 mm  

H13 steel,  

cylindrical 

threaded  

ShD 18 mm,   
PiD 6 mm,  

PiL 5 mm  

RSp 1000 rpm, 

TSp 40 mm/min 

4 For Al/TiC, Al/B4C+TiC, Al/B4C, FSPed alloy, BM 

microhardness (HV) was about 118±1, 124±2, 127±2, 107±5 

and 83±1 and grain size (μm) was 4.5, 4.2, 3, 14.5, and 49.85. 

HSMMC has shown the highest wear resistance. Composites 
wear increases and vary from mild to severe and very severe 

with the load. 

Palanivel 

et al. [17] 

AA 6082  

(10 mm)  

TiB2 (~20 μm), 

BN (~200 nm)  

Groove 

W 1.2 mm,  

D 5 mm 

HCHCr steel, 

threaded,  

ShD 18 mm,  

PiD 6 mm,  

PiL 5.5 mm. 

RSp 1600 rpm, 

TSp 60 mm/min 

2 For BM, Al/TiB2, Al/BN, Al/ TiB2+BN wear rate (mm3/Nm) 

was 23.75×10−5, 15.50 ×10−5, 14.25×10−5, 13×10−5 and grain 

size (μm) was 39.4, 9.7, 4.4, and 6.6 respectively. Composites 

altered wear debris from large platelet to finer flake.  

Rejil  

et al. [29] 

AA 6360 

(10 mm)   

TiC (2 µm), 

B4C (3 µm)  

Groove 

W 0.5 mm,  

D 5.5 mm 

HCHCr  steel, 

cylindrical 

threaded,  

ShD 18 mm,  

PiD 6 mm,  

PiL 5.8 mm 

RSp 1600rpm, 

TSp 60 mm/min 

8 kN downward 

force  

2 HSMMC: symmetric around tool axis, sound bonded to matrix 

lacking defects. 50% TiC+50% B4C HSMMC: lowest wear and 

Fe in wear debris. A thin sheet or plate-type wear debris in BM 

and FSPed alloy while fine equiaxed and flaky debris in 

HSMMCs. 

Pol et al. 

[31] 

AA7005  

(8 mm) 

B4C, TiB2  

(both 3 μm)  

Holes, 

ɸ 1.5 mm,  
D 3 mm 

H13 steel 

cylindrical,  
ShD 18 mm, PiD 

6 mm, PiL 4 mm 

RSp 750 rpm, 

TSp 50 mm/ 
min,  

2 150 HV hardness for Al/75B4C+ 25TiB2  than 120 HV of 

FSPed alloy and 90 HV of BM. Maximum ballistic mass 
efficiency factor 1.6 times of BM in Al/75B4C+25TiB2 

followed by Al/ 50B4C+50TiB2, Al/25B4C+ 75TiB2.. 

Mahmoud 

et al. [27] 

AA1050-

H24  

(5 mm)   

SiC, Al2O3 

(both 1.25 µm)  

Groove 

W 3 mm,  

D 1.5 mm 

SKD61 steel,  

ShD 14mm, 

square pin  

diagonal length 5 

mm, PiL 3.3 mm  

RSp 1500 rpm, 

TSp  1.66 

mm/sec, tilt 3°,  

2 mm Al sheet 

covered groove 

3 Compared to 23 HV hardness of FSPed alloy, Al/Al2O3 47 HV 

and Al/SiC 60 HV and HSMMCs shown middle value. 

Superior wear resistance at 5 N load in Al/20%Al2O3+80%SiC. 

At 10 N load, wear of composites was close to FSPed alloy and 

nearly independent of Al2O3 content. 

AMRA  

et al. [26] 

AA5083  

(5 mm) 

CeO2 (~ 50 nm), 

SiC (~ 80 nm) 

Groove 

W 1.2 mm,  

D 2 mm 

H13 steel, 

concave ShD 18 

mm, threaded 
cylindrical,  

PiD 6 mm,  

PiL 4.5 mm 

RSp (rpm), TSp 

(mm /min): 800, 

35 in first 2 
pass, 600 , 45 in 

last pass,  

tilt angle 3° 

3 Uniform distribution, defect-free interface. Al/SiC displayed 

maximum hardness and 20% maximum improved UTS. FSPed 

composites with higher amounts of cathodic inhibitor CeO2, 
displayed increased passivation; while Al/SiC displayed no 

passivation. Al/25%SiC+75%CeO2 shown the best corrosion 

and mechanical behavior. 
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AMRA  

et al. [144] 

AA5083  

(5 mm) 

CeO2 (~ 50 nm), 

SiC (~ 80 nm) 

Groove 

W 1.2 mm,  
D 2 mm 

H13 steel, 

concave,  
ShD 18 mm,  

threaded 

cylindrical,  

PiD 6 mm,  

PiL 4.5 mm 

RSp (rpm),   

TSp (mm  
/min): 800, 35 

in first 2 pass, 

and 600, 45 in 

last pass,  

tilt angle 3° 

3 For BM, FSPed alloy, Al/CeO2, Al/SiC, and Al/CeO2+SiC 

hardness (HV) was 77, 85, 95, 117 and 106, and ~ mean COF 
was 0.66, 0.57, 0.85, 0.91 and 0.75. HSMMC has shown best 

wear resistance. Wear mode changed from severe adhesive to 

shallow abrasive and delamination in SMMC; only shallow 

abrasive in HSMMC.  

Heidarpour 

[162] 

Annealed 

AA5083  

(5 mm)  

WC- Al2O3 

(0.5-1 μm), 

Groove 

1 mm x 2 

mm  

hot working steel, 

ShD 20 mm, 

square pin 

dimensions 6 mm, 

PiL 3 mm 

RSp 900 rpm, 

TSp 63 mm/ 

min,  

tilt angle 3° 

4 For BM, FSPed alloy and Al/WC+Al2O3 after 4-pass grain size 

(µm) ± 2 was 36, 28, and 11; microhardness (HV) was 65, 72, 

and 101; Wear rate (mg/m) was 0.07, 0.057, and 0.026, and 

COF was 0.54, 0.45 and 0.16. Adhesive and abrasive wear in 

wear specimens.  

Akbari  
et al. [24] 

Cast 
A356  

(10 mm) 

SiO2 (20 nm), 
Al2O3 (20 nm)  

Groove 
W 2 mm,  

D 3 mm 

H13 steel,  
ShD 18 mm,  

PiD 6 mm,  

PiL 3.5 mm  

RSp 1200 rpm, 
TSp 80, 32 mm/ 

min,  

3° tilt angle,  

ShPD 3.5 mm  

1, 2, 
3,4 

4-pass reverse direction FSP at 32 mm/min: best particle 
distribution with refined Si. Maximum hardness, COF in 

A356/Al2O3, which decreased with SiO2 content. 

A356/80%Al2O3+20% SiO2: best combination properties as 

hardness ~83 HV, wear mass loss ~4.2 mg than ~44 HV and 

~19 mg of BM. 

Narimani 

et al. [30] 

AA6063 

(10 mm) 

B4C (7 μm), 

TiB2-10wt.% Al  

Groove 

W 1 mm,  

D 4.5 mm 

H13 steel, 

cylindrical 

threaded,  

ShD 18 mm,  

PiD 6 mm,  

PiL 4.5mm 

RSp 1000 rpm 

in initial 3 pass, 

710 rpm in 4th 

pass,  

TSp 40 mm/ 

min, tilt 2° 

4 Best improved hardness and wear behavior displayed by 

100%TiB2 sample. Iron oxide MML formation on wear 

surface was observed.  

 

Fotoohi  

et al. [163] 

AA1050 

(10 mm) 

Ni (<20 μm),  

Ti (40-60 μm),  
C (< 50 μm), 

InsituAl3Ni, TiC 

Holes, 

ɸ 2 mm,  
D 3 mm  

spacing 1 

mm 

hardened high 

carbon steel,  
ShD 18 mm,  

PiD 6 mm,  

PiL 5 mm 

RSp 1400 rpm, 

TSp 40 mm/min 

2, 4, 

6 

More even dispersed particles (in-situ Al3Ni and TiC) and 

higher degree in-situ reactions by increased FSP passes. High-
temperature phase stability in 6-pass FSPed composites. 

Improved hardness 70 HV of HSMMC than 30 HV of FSPed 

alloy. Maximum UTS 179 Mpa of HSMMC followed by 90 

Mpa of FSPed alloy and 84 Mpa of BM. 

* Note: COF: coefficient of friction, D: Depth, El: Elongation, PiD: Pin diameter, PiL: Pin length, RSp: Rotation speed, ShD: Shoulder diameter, ShPD: Shoulder plunge depth, 
TSp: Travelling speed, UTS: ultimate tensile strength, W: Width, YS: Yield strength, ɸ: Diameter.
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With FSP surface composites manufactured by ex-situ and in-situ method. Outside 

reinforcements used in ex-situ methods, while inherent reinforcements used during in-

situ composite fabrication requiring chemical reactions in the metallic matrix and 

reinforcements or between metallic matrix and metal powder. So reinforcement 

selection for in-situ composites governed by different characteristics of reinforcements 

like melting point, thermal stability, young’s modulus, strength, density, etc. The 

chemical reactions turn in-situ composite fabrication complex though simultaneously 

develop very fine and steady secondary phases in the matrix [112, 163]. Compared to 

ex-situ composites, in-situ composites demonstrated greater bonding strength in matrix 

and reinforcement.  For in-situ composites, solid-state FSP addresses reinforcement 

agglomeration issues of conventional methods and deliver homogeneous particle 

dispersion. FSPed in-situ Al–Cr–O nano-composite was developed by Cr2O3 powder in 

the AA6061-T6 substrate. During processing, Cr2O3 was reduced by Al and in-situ Al–

Cr reactions occurred, which had formed the nano-metric reinforcements. After 6-pass 

FSP, SMMCs have Cr2O3, Al2O3, Cr, Al11Cr2, and Al13Cr2 in the matrix. Fully dense 

nanocomposites attained with enhanced hardness (147 HV) and tensile strength (518 

MPa) attributed to strengthening by the Orowan mechanism and high dislocation density 

[139]. FSPed Al/Al2O3+Al3Ni in-situ nanocomposite was produced on the AA6061-T6 

surface using NiO powder. During processing, NiO powders were reduced by Al and 

reactions formed in-situ Al2O3 and Al3Ni reinforcements. The amount of reinforcements 

rises with increased FSP passes. Hardness and UTS of FSPed samples were decreased 

due to the dissolution of strengthening precipitates. The tribological behavior of 

nanocomposites was enhanced at 350°C by in-situ Al3Ni and Al2O3 reinforcements 

[140]. 

AA5052 was reinforced by pre-placed TiO2 nanoparticles followed by multipass FSP to 

uniformly dispersed nano-metric Al3Ti (50 nm), TiO2 (30 nm), and MgO (50 nm) hard 

inclusions and refined the matrix grains [112]. The average grain size of the Al alloy 

was ~ 49 μm which was refined to ~ 11 μm from 6-pass FSP and was ~ 6 μm and ~3 

μm for the samples with 2 and 3.5vol% TiO2, respectively. Significant improvement in 

the hardness and tensile strength with reduced ductility (up to 30%) was credited to 

refined grains and the presence of hard nanoparticles. An improvement in YS and UTS 

of ~90% and 31% was managed. Compared to BM, FSPed composites displayed 

improved fatigue strength attributed to the distribution of the hard inclusions, 
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improvement in fatigue strength continued with increased FSP passes, and 

reinforcement vol. %. The fatigue strength at 107 cycles was enhanced by ~ 28% and 

33% for the composites containing 2 and 3.5 vol. % TiO2 nanoparticles compared to 

annealed alloy. The fractographic analysis reported ductile fracture with deep-equiaxed 

dimples for FSPed alloy and BM, whereas joint ductile-brittle fracture with finer 

dimples for FSPed nanocomposites.   

AzimiRoeen et al. [160] processed reactive FSPed in-situ AA1050/Al13Fe4+Al2O3 nano-

HSMMCs by use of 1 hour mechanically milled active powder mixture of Al and nano-

Fe3O4. Fine-grained (average size ~ 7.8 μm for FSPed alloy and ~ 3.0 μm for FSPed 

composites) equiaxed SZ microstructure was attained after 4-pass FSP.  The grain 

boundary pinning effect of nano reinforcement products prohibited the grain growth 

afterward dynamic recrystallization. Al/Al13Fe4+Al2O3 nano-HSMMCs displayed 

enhanced hardness (~ 56%), UTS (49%), and El (25%) compared to BM attributed to 

in-situ hard reinforcement’s products and matrix grain refinement. The average hardness 

of the BM was 25 HV, FSPed alloy was 32 HV and the UTS of FSPed alloy was ~ 97 

MPa, and hybrid nanocomposite was ~ 160 MPa. Recently, mischmetal oxide (MMO) 

powder was reinforced in heat-treated AA1050 by 2, 4, and 6 pass FSP. In-situ reactions 

in the Al matrix and MMO powder resulted in MM3Al, MM3Al11 phase.  Even particle 

distribution, fast in-situ reactions, and better mechanical properties of in-situ HSMMCs 

were attained with increased FSP passes. The combined ductile-brittle fracture was 

exhibited in HSMMCs [161].  

In-situ Al/Al3Ni+TiC FSPed HSMMCs were processed using reactive mechanically 

alloyed Ti+Ni+C powders [163]. Mechanically activated pre-milled powders in-situ 

form Al3Ni and TiC particles, which dispersed in the Al matrix by FSP. Increased FSP 

passes resulted in more even dispersion of reinforcements with higher degree in-situ 

reactions. In-situ composites processed with 6-pass FSP displayed high-temperature 

phase stability. Al/Al3Ni+TiC exhibited maximum hardness 70 HV and UTS 179 MPa 

followed by 30 HV hardness and 90 MPa UTS for FSPed alloy and 84 MPa UTS for 

BM, attributed to even dispersion of the in-situ produced Al3Ni and TiC particles.  
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2.6 FSP Parameters for Surface Composite Manufacturing 

The surface composites manufacturing by FSP and their subsequent characteristics are 

governed by different process parameters such as tool geometry, tool rotation and travel 

speeds, FSP passes and their direction, reinforcement material, and incorporation 

strategy as shown in Fig. 2.24. The optimum parameters vary with matrix and 

reinforcements. Defect-free FSPed surface composite without tool wear can be 

manufactured by appropriate selection of tool and machine parameters based on 

workpiece and reinforcement material [109, 164-170]. 

 

2.6.1 Tool Material and Geometry 

The selection of tool material mainly depends on the workpiece and reinforcements 

material. Characteristics to be considered during tool material selection include elevated 

temperature strength, stiffness, dimensional stability, thermal fatigue strength, fracture 

toughness, wear resistance, low coefficient of thermal expansion, machinability, 

availability, etc. Tool steel is mainly used for aluminum matrix surface composite 

manufacturing due to its low cost, good machinability, thermal fatigue resistance, and 

FIGURE 2.24: FSP parameters for surface composite manufacturing 
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availability, summarized in Table 2.1 to 2.4. The harder tungsten carbide tools with high 

strength and rigidity are also used for aluminum matrix surface composite 

manufacturing. 

The workpiece and tool material and process parameters governed the dimensions of the 

shoulder and pin. Tool shoulder delivers downward forging action, generates frictional 

heat, plastically deform the material, and prevents the ejection of deformed material 

from the processed zone. The shoulder with features like grooves, scrolls, concentric 

circles, spiral, etc. increase the plastic deformation and improve the mixing and material 

flow; Fig. 2.25 [12]. 

 

FIGURE 2.25: Different shoulder features viewed from underneath the shoulder [12]. 

Tool pin is used for stirring and mixing of the workpiece material and reinforcements 

around it through frictional heating and plastic deformation. The tool pin profile also 

governs the mixing and material flow, hence the microstructural behavior of SZ and 

resultant surface composites. Fig. 2.26 presented different pin profiles straight 

cylindrical, taper cylindrical, threaded cylindrical, triangular, and square. In AA6061/ 

Al2O3+TiB2 HSMMCs square and triangular pin profiles, samples display additional 

refinement, more uniform particle distribution, less clustering (as shown in Fig. 2.27) 

and better properties as compared to other pin profile samples, attributed to better 

material stirring, mixing and flow by tool geometry having sharp edges and corners 

[153].  
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FIGURE 2.26: Different pin profiles of FSP tool: (a) cylindrical, (b) taper, (c) threaded, (d) 

triangular, and (e) square [153].  

 

FIGURE 2.27: The microstructure of the (a) BM, and (b-f) FSPed 

AA6061/Al2O3+TiB2 samples produced using (b) cylindrical, (c) taper, 

(d) threaded, (e) triangular, and (f) square tool pin profile [153].   

However, in a different study, the best particle distribution was achieved using a 

threaded pin profile. Increased particle dispersion by the threaded pin is attributed to 

higher frictional and plastic deformation heat generated due to the larger contact surface 

area in the case of a threaded pin. Moreover, material vertical motion caused by threaded 

pins support particle distribution. In the fabrication of FSPed A356/B4C surface 

composites, the threaded pin managed nearly uniform reinforcement distribution in the 
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whole SZ with improved mechanical properties compared to cylindrical, square, and 

hexagonal pin profiles [134]. 

The shoulder diameter to pin diameter ratio ShD/PiD also influenced the successful 

fabrication of surface composites.  AA1050/Mo SMMCs manufactured using different 

shoulder diameter 22, 20, and 18 mm and pin diameter 6 mm tools. The hardness, grain 

refinement, and quantity of Mo particles increased with reduced tool shoulder diameter 

(small processed area) and best microstructure and properties attained with 18 mm 

shoulder diameter, i.e. ShD/PiD ratio 3 [130]. Vijayavel et al. [171] processed stir cast 

LM25AA/5%SiC composites by FSP using five different ShD/PiD ratios 2, 2.5, 3, 3.5, 

and 4, out of which ShD/PiD ratio 3 managed defect-free and uniform microstructure 

with improved mechanical properties.  

2.6.2 Machine Parameters 

Machine parameters tool rotation speed, travel speed, tilt angle, plunge depth, axial force 

are mainly accountable for the heat input in the FSP processed zone. The material flow, 

microstructure evolution, and resultant surface composites depend on the heat input in 

the processed zone. Normally, the maximum temperature experienced during FSP of 

aluminum alloys is 0.6-0.9 Tm (melting temperature of the workpiece), however, enough 

heat is essential for the formation of defect-free processing zone [12].  

The tool rotation caused stirring and mixing of plasticized material about the tool pin 

and is the main supplier of heat input and material flow. Higher tool rotation speed 

generates higher friction heat, which enables better stirring and mixing of material and 

reduced torque. Better distribution of hybrid reinforcements SiC and MoS2 particles 

attained in cast A356 plates by single-pass FSP with increasing tool rotation rate 

credited to higher stirring and frictional heating of rotating tool [16]. In the fabrication 

of FSPed Al6061/SiC+Gr HSMMCs, as rpm increases, the plastic flow of metal 

becomes easier by a huge amount of heat generation [21].   

Reduced contact time between tool and workpiece with high travel speed leads to less 

heat generation. High rotational/travel speed ratio provides higher heat input and 

improved stirring and mixing in the SZ which results in better particle distribution. 

Increased rotational speed and FSP passes with decreased travel speed lead to more even 
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dispersion of TiB2 and Al2O3 particles in the AA8026 matrix with improved mechanical 

and tribological behavior [113]. 

In surface composite manufacturing by FSP, higher rotational speed break and distribute 

the reinforcement particle clusters. At higher temperatures, the grain growth may cause 

enlarged grain size, however, adequate heat is required for matrix softening. During 

fabrication of FSPed hybrid composites AA5083/SiC+MoS2 at different tool rotational 

rate (630, 800, 1000, 1250, and 1600 rpm) grain refinement, hardness and wear 

resistance of the processed samples further enhanced with increased rotation speed due 

to restoration mechanism at increased heat input. As shown in Fig. 2.28, ultra-fine 

grained (UFG) microstructure was attained at 1250 rpm. However, higher heat input at 

increased rpm was possibly caused additional dynamic recrystallization and grain 

growth [142]. 

 

FIGURE 2.28: Effect of rotation speed on average grain size of (a) FSPed AA5083 alloy, and (b) 

HSMMC AA5083/SiC+MoS2 samples [142]. 

Defect-free FSPed surface composite can be manufactured by using the optimal range 

of rotational and travel speed. At a relatively small rotational/traverse speed ratio the 

less interaction time between matrix and tool causes poor plastic deformation and 

material flow, which results in defects. With decreased rotational speed/traverse speed 

ratio more defects like delamination and flashes identified in FSPed Al-based surface 

composites [94]. AA1060/SiC SMMC developed by multipass FSP with varied rotation 

(800, 950, and 1300 rpm) and travel speeds (60, 80 mm/min). Best refinement and 

distribution of the SiC particles in the matrix, microhardness, and wear performance 

attained with the 950 rpm tool rotational speed and 60 mm/min travel speed [74]. 

(a) (b) 
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Heidarpour et al. [111] developed nano-hybrid composites Al5083/Al2O3+TiO2 using 

various combinations of tool rotational (500, 710, and 1000 rpm) and traverse speed (20 

and 56 mm/min) with double-pass FSP. The best combination of properties attained by 

hybrid composite at 710 rpm rotational speed and 20 mm/min travel speed attributed to 

more refined grains and effectively distributed particles.  

Tool tilt angle and plunge depth managed the tool-workpiece contact area and heat 

generation. Increased tilt angle results in reduced contact area and heat generation, 

which can balance with increased plunge depth. Tool tilt angle depends on the shoulder 

design, however generally used between 0 to 3°. Insufficient tool penetration depth may 

also cause defects in SZ. Axial force holds the tool and stirred material undamaged 

against the workpiece movement. Too high plunge depth or force reduced the workpiece 

thickness in the processed area. 

2.6.3 FSP Passes 

FSPed surface composites suffer many times by reinforcement particle agglomeration 

that could be managed by multipass FSP with uniform particle distribution [18, 20, 40, 

79, 123, 156, 165, 172]. Increased FSP passes, improves the grain refinement by 

dynamic recrystallizations along with mixing and distribution of particles in the matrix, 

which leads to improved properties. Multipass FSPed AA6063/SiC SMMC managed 

uniform dispersal of SiC particle in the matrix by an increased material flow with the 

increasing FSP passes [133]. Double pass FSP on a 6 mm thick AA6061-T6 plate 

attained refined grains due to intense dynamic recrystallization and improved hardness 

compared to single-pass FSP [106].   

Due to the asymmetric material flow in FSP, particle distribution pattern becomes 

uneven on AS and RS.  At AS solid material starts to transform in to semi-solid and 

flows around tool pin. More solid-state nature at AS results in higher friction heat and 

temperature compared to RS. Along with higher plastic material movement, the higher 

temperature at AS leads to superior particle dispersion at AS compared to RS.  Material 

flow at AS and RS can be balanced by changing direction in each subsequent pass, as 

the AS of the previous pass becomes RS and vice-a-versa. Multipass FSP strategy with 

the change in tool travel direction after each pass supplies uniform dispersion of 

reinforcement particles on AS and RS without segregation or accumulation in SZ, which 
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leads to defect-free surface composite development with better properties [17, 24, 26, 

75, 137, 144, 162]. 

Mahmoud et al. [27] managed better homogenous distribution of SiC and Al2O3 

reinforcement particles in the SZ by three-pass FSP along with almost uniform 

reinforcement density on both sides of the processed zone using the reverse direction 

strategy after each pass. The three-pass FSP with the changed processing direction 

enhances the uniform distribution of B4C particles in the AA6061 matrix [77]. The 

increased FSP passes resulted in a more uniform distribution of particles in the matrix 

and better properties in AA5083/B4C SMMC [108]. As shown in Fig. 2.29 nano B4C 

particles and 3-passes reverse direction FSP managed best properties among tested 

specimens. A detailed discussion of multipass and reverse direction strategy has been 

incorporated in section 2.5 of this chapter. 

 

FIGURE 2.29: (a) Microhardness distribution, and (b) stress-strain curves; for BM and FSPed 

specimens with and without particles with different passes and reverse direction strategy [108]. 

2.6.4 Reinforcement 

The proper selection of reinforcements, their number, size, and strategy are required to 

manage desired properties in surface composites. Reinforcement strategies states pre-

FSP placement of reinforcement particles over the workpiece surface. The type and 

number of reinforcement particles play a crucial role in the composites. Mishra et al. 

[10] first introduced SiC particles successfully in the AA5083 matrix using FSP. 

Subsequently, different surface composites were developed using SiC [74, 79, 123, 124, 

131-133, 135, 136], TiC [79], B4C [11, 42, 75-77, 79, 108, 134, 138], Al2O3 [131, 136], 
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Cr2O3 [139], GNP [120], CNT/MWCNT [173], Mo [130], Ti-6Al-4V [40], etc. Hybrid 

surface composites also developed using different combinations of reinforcements, 

SiC+Al2O3  [27, 35, 145], SiC+Gr [21, 36, 143, 145-147], SiC+MoS2 [16, 19, 142], 

SiC+GNP [146], SiC+CNT [20, 146], SiC+CeO2 [26], B4C+MoS2 [41, 73, 116], 

B4C+TiC [29, 114], B4C+MWCNT [148, 149], B4C+SiO2 [34], B4C+TiB2 [30, 31], 

Al2O3+Gr [28, 32, 72], Al2O3+TiB2 [113, 152, 153, 156], Al2O3+TiO2  [25, 111], 

Al2O3+SiO2 [24, 117], Al2O3+MWCNT [115, 158], Al2O3+WC+[162], TiB2+GNP  [22], 

TiB2+BN  [17], Y2O3+Gr [155], CeO2 +CNTs [18], CeO2 +GNP [23], Mischmetal oxide- 

MMO [157], etc. 

The reinforcement selection mainly governed by desired properties, particle 

compatibility with matrix, and directed applications. For example, AA5083/B4C surface 

composite attained better hardness than AA5083/TiC and AA5083/SiC [79], 

AA6061/Al2O3 composite has shown higher hardness than AA6061/CNTs [115], and 

better hardness and wear resistance displayed by A356/Al2O3, compared to A356/Gr 

[72]. AA5083/SiC surface composite has shown higher hardness, whereas 

AA5083/MoS2 has shown better wear resistance compared to each other [141]. Better 

grain refinement and wear resistance managed by composite AA6082/BN than 

AA6082/TiB2;  nano-BN particles functioned as a solid lubricant [17]. AA6061/B4C 

composites are used in neutron shielding applications credited to neutron-absorbing 

characteristics [6].   

In addition to mono surface composites, hybrid surface composites with more than one 

reinforcement offer optimized properties using individual characteristics of each 

reinforcement. Wear resistance and ballistic performance of AA7075 improved by 

reinforcement of hard B4C and lubricant MoS2 particles [41]. The particle distribution 

also governed by a combination of hybrid reinforcements. Better dispersion of graphene 

nanoplatelets-GNP observed in AA6061/SiC+GNP HSMMC compared to Carbon 

nanotube-CNTs in AA6061/SiC+CNT HSMMC. GNP was recognized as the 

outstanding reinforcement between the carbonaceous materials to improve particle 

mixing and distribution of Al/SiC SMMCs [150].  

The reinforcement particle hybrid ratio is a key element during hybrid composite 

production. The FSPed AA5083/Al2O3+TiO2 surface composites developed using 

Al2O3 to TiO2 ratios: 0-100, 75-25, 50-50, 25-75, 100-0 wt.%, out of these the best 
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mechanical properties attained with 25%Al2O3+75%TiO2 [25]. Influence of hybrid ratio 

on nano-HSMMC AA5083/Gr+Al2O3 evaluated by Asl et al. [28], using Gr-hybrid ratio 

0%, 25%, 50%, 75% and 90%. Up to 50% Al2O3, nano-composites properties increased 

with the Al2O3 ratio after that hardness decreased. YS and UTS improved up to 75% Gr. 

Wear resistance of the nano-composites improved with the Gr ratio, more than 75% Gr 

resulted in an increased wear rate as shown in Fig. 2.30. Thus costly nano-Al2O3 

particles can be partly substituted by economical micro-sized Gr particles, with higher 

hardness, wear-resistance, and tensile strength of processed nanocomposites by 

selecting appropriate hybrid ratio. 

 

FIGURE 2.30: Influence of hybrid ratio on (a) hardness and (b) wear rate; of nano-HSMMC 

AA5083/Gr+Al2O3 [28]. 

Reinforcement particle dimensions also influence the desired properties in composites. 

The particle dimensions and volume fraction significantly govern the microstructural 

evolution and resultant properties. With decreased reinforcement particle size, the grain 

size also decreased. As per equation 2.9, interparticle distance becomes shorter with 

smaller size particles [174].  

𝜆 =  
4 (1 − 𝑓)𝑟

3𝑓
                                                                   (2.9) 

Here, λ is the interparticle spacing, f is the volume fraction of the particles, and r is the 

particle radius (assumed spherical). As particles hinder grain boundary migration during 

recrystallization, decreased interparticle distance increases the number of hindrances, 

which results in smaller size grains.  

Hardness, wear-resistance, and ballistic performance of FSPed HSMMC 

AA7075/B4C+MoS2 increased with decreasing B4C particle size. [41]. Decreased B4C 

particle size, resulted in a more uniform distribution of particles in the matrix and better 
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properties in AA5083/B4C SMMCs [108]. Better mechanical properties achieved with 

nano SiC particles than micro SiC particles in AA5059/SiC SMMCs [123]. Hardness 

and wear resistance of HSMMCs A356/B4C+MoS2 was enhanced with a decreased B4C 

particle size as shown in Fig. 2.31 [116].  

 

FIGURE 2.31: Effect of B4C particle size on (a) hardness, and (b) wear resistance in cast Al alloy 

A356 matrix-based HSMMCs [116]. 

Pre-FSP placement of particles over the workpiece surface is done by different methods: 

holes method, groove method, sandwich method, and surface coating method. The 

description of these methods has been incorporated in section 2.3 of this chapter. Particle 

mixing strategies govern the mechanical properties of surface composites. In FSPed 

AA6061/Graphene+CeO2 nano-HSMMCs compared to dry mixing, solvent-based 

mixing managed better mechanical properties attributed to even mixing and de-

agglomeration of clusters of nanoparticles [23].  

The cavity position and spacing is also important in surface composite fabrication by 

FSP. If the cavity is positioned outside the pin interaction area, but inside the shoulder 

contact area, insufficient particle dispersion attained. The cavity should be placed under 

the pin [118]. During fabrication of FSPed mono and hybrid surface composites 

AA5083/MWCNT+B4C,  compared to 8 mm cavity spacing, 10 mm cavity spacing was 

established superior for the mechanical presentation of FSPed composites [149]. In 

AA6061/GNP SMMC matrix the multiple micro groove strategy managed more grain 

refinement, even distribution and random orientation of GNP’s in the matrix, higher 

hardness, and UTS than single macro groove [120].   

Apart from these parameters workpiece material also has an important role in surface 

composites. Material composition and melt ing point influence the FSP and    
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reinforcements response, material initial temper influences alloy response, material 

thickness influences the cooling rate and temperature gradients. The properties of FSPed 

surface composites can further be improved by post-FSP heat treatment, which depends 

on alloy composition and pre-FSP temper. Multipass FSPed surface composites 

AA7075-T6/B4C (160 HV) and AA7075-T6/B4C+MoS2 (156 HV) displayed lower 

hardness compared to BM (180HV) owing to intermetallic phases dissolution in FSP, 

however, fine precipitates resulted from Post-FSP T6 heat treatment enhanced the 

hardness value of the surface composites [73]. T6 heat treatment of FSPed Al/25 vol.% 

Al2O3 SMMC further improved the wear resistance [131].  

2.7 Research Gap 

Initially, FSP was introduced for microstructural refinement and homogenization, which 

is being extensively used for the manufacturing of surface composites in the last decade. 

Investigators have reported the dominance of solid-state processing FSP on liquid-state 

processing techniques for surface composite fabrication. Limited information is 

available in the public domain on surface composite manufacturing using the AA6061 

substrate through FSP. AA6061 have good castability, weldability, strength to weight 

ratio, and corrosion resistance. It is generally used for medium to high strength 

requirements in different sectors like automobile, aerospace, defence, heavy-duty 

structures, railway, marine, etc., however, it displays inferior tribological performance 

in extensive usage [11, 145]. Moreover, B4C is a strong material with excellent chemical 

and thermal stability, high hardness, young’s modulus, impact and wear resistance, low 

density, and noteworthy neutron absorptivity [6, 29, 76]. The higher strength, hardness, 

modulus, and lower density of B4C compared to other frequently used ceramic 

reinforcements (Table 2.5), make it a feasible choice as hard reinforcement in 

aluminum. 

TABLE 2.5: Properties of a few often used ceramic reinforcements [46]. 

Ceramic 

powder 

Density 

(g/cm3) 

Compressive 

strength 

(Mpa) 

Knoop 

hardness 

(kg/mm2) 

Elastic 

modulus 

(GPa) 

Thermal 

conductivity 

(W/m. K) 

Thermal expansion 

coefficient 

(x10-6/K) 

B4C 2.52 3000 2800 450 29 5.0 

SiC 3.21 2800 2480 430 132 3.4 

Al2O3 3.92 2500 2000 350 32.6 6.8 

TiC 4.93 2500 2150 345 20.5 7.4 
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The high hardness, strength to weight ratio, wear resistance, excellent thermal and 

chemical stability, and neutron absorptivity of Al/B4C composites make it a candidate 

material for both existing and emerging applications. The wear performance of Al/B4C 

composites can be enriched through the collective use of hard ceramic and solid 

lubricant reinforcements. The solid lubricant MoS2 is having hexagonal layers, 

exceptional adherence to most metals, low coefficient of friction (0.01<μ<0.l), and 

extraordinary constancy in dry environments. Its outstanding lubricant performance is 

attributed to large spacing and fragile Vander Waal bonds in between S-Mo-S layers 

and beneficial electron distribution on the constituent atoms. It is widely used as a solid 

lubricant in the aeronautics and space sectors. In the surface composite presence of 

MoS2 develop and retain the solid lubricant film to inhibit metal-to-metal interaction, 

which results in a reduced wear rate [13-16, 41, 116, 175, 176]. 

Based on the literature survey done as above, it was considered that there exists a 

possibility to carry out research work to manufacture hybrid surface metal matrix 

composite by reinforcing B4C and MoS2 particles on AA6061-T651 surface through 

friction stir processing with the anticipated enhanced properties including hardness and 

wear resistance, since no similar work is found to have been done, with the matrix 

material and reinforcement particles of this proposed work. 

2.8 Objectives of Work 

The present research work is concentrated on addressing the aforementioned research 

gap and attaining the improved properties including hardness and wear resistance with 

homogeneous particle distribution in the processed zone.  

Considering the above-mentioned research gap, the following objectives of the research 

work were planned: 

a) Manufacture AA6061/ (B4C+MoS2) mono and hybrid surface composites by the 

FSP technique. 

b) Investigate the effect of MoS2 particle fraction on microstructure, microhardness, 

and wear behavior of manufactured hybrid surface composites. 

c) Compare manufactured mono and hybrid surface composites with parent metal and 

FSPed AA6061 without reinforcement particles.   
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d) Study the influence of reinforcement strategy (hole and groove method) on hybrid 

surface composite manufactured with optimized reinforcement particles. 

The hole method multipass FSP with different direction strategy was planned for 

achieving homogeneous distribution of reinforcement particles in the matrix on both AS 

and RS. The reinforcement of varying amounts of MoS2 in the AA6061-T651 matrix 

was planned for hybrid surface composites manufacturing. It was also planned to 

compare the hybrid surface composite manufactured by the hole method using an 

optimized powder combination of B4C and MoS2 particles with a hybrid surface 

composite manufactured by the groove method using a similar combination of 

reinforcement particles.  
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This chapter comprises the plan of the FSP experiments, materials, experimental setup, 

tooling, parameters, and method. This is followed by the sampling and procedural stages 

of microstructural characterization and hardness and wear testing.  

3.1 Plan of FSP Experiments  

Present research work covers FSP experiments undertaken in four phases along with 

primary trials. Primary trials were conducted to check feasibility and select processing 

parameters. Based on the literature survey and primary trials, it was decided to carry out 

experimental work by hole method FSP and compare the optimized particle combination 

sample with a sample prepared by the groove method.  

Phase-1: Role of Reinforcement particles proportion. 

Experiments were conducted to understand the role of the proportion of reinforcement 

particles on particle distribution, microstructural evolution, and resultant properties. For 

this, it was planned to manufacture mono and hybrid surface composites using hole 

method FSP with different combinations of abrasion and lubricant particles. 

Phase-2: Role of FSP and reinforcements. 

For understanding the effect of FSP and reinforcements, FSP to be done on AA6061 

without reinforcement powders. The FSPed AA6061 without powder and as-received 

AA6061 to be compared with surface composites processed in phase 1. 
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Phase-3: Optimization of reinforcement particle combination for hybrid surface 

composites. 

The hybrid surface composites fabricated in phase-1 with varied combinations of 

abrasion and lubricant particles, to be optimized for reinforcement particles combination 

with anticipated improved properties.  

Phase-4: Comparison of Hole and Groove methods. 

The hybrid surface composite manufactured with optimized reinforcement particles in 

phase-3 by hole method to be compared with a similar combination of reinforcement 

particles hybrid surface composite manufactured by groove method. They are also to be 

compared with the FSPed AA6061 alloy without powder and as-received AA6061. 

Experiment work phases along with description are summarized in Table 3.1. 

TABLE 3.1: Experiment work phases along with the description 

Experiment 

work phase 
Description 

Primary trials 

1 Influence of reinforcement particles on mono and hybrid surface composites 

development, hole method. 

2 Comparison of developed composites with FSPed AA6061 without powder and 

as-received AA6061. 

3 Optimization of reinforcement particle combination for hybrid surface 

composites, hole method. 

4 Influence of reinforcement strategy (hole and groove method) on optimized 

hybrid composites and their comparison with FSPed AA6061 without powder 

and as-received AA6061. 

To provide an outlook to the present work, the flowchart of the overall research work is 

presented in Fig. 3.1.  
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FIGURE 3.1: Flowchart showing the overall research work plan. 

3.2 Materials, Experimental Setup, Tooling, Parameters and Method  

This section contains a detailed discussion of workpiece materials, FSP machine, 

fixtures, tooling system, FSP processing parameters, and experiments.  

3.2.1 Materials 

AA6061-T651 plate (supplied by Virat Aluminium, Mumbai) with 6 mm thickness and 

size 100 mm x 100 mm was used as BM. The AA6061-T6 plates were exposed to 18 h 

artificial aging at 160ºC. The measured chemical composition of AA6061 is presented 

in Table 3.2. The powder used in this study was the B4C (supplied by Gannon Norton 

company, Delhi) and MoS2 (supplied by Loba Chemie Private Limited, Mumbai) 

particles with average particle size 8 μm and 3 μm, respectively. 

Selection of matrix, 

abrasive and lubricant 

particles (based on the 

literature survey and 

research gap) 

B4C and MoS2 

 
AA6061-T651 

Sample preparation 

Selection of process 

parameters 

(primary trials) 

Fabrication with 

defect-free surface 

appearance (Phase 1-4) 

No Yes 

Testing 

Microstructural 

characterization 

Hardness 

characterization 

Wear 

characterization 

Analysis and publications of results  

Finish 

 

Start 
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TABLE 3.2: Chemical composition of AA6061-T651 

Elements Al Mg Si Cu Fe Mn Cr Zn Ti 

Weight % Balance 1.03 0.56 0.17 0.30 0.12 0.11 0.08 0.03 

Fig. 3.2 shows the high magnification SEM micrographs of as-received B4C and MoS2 

particles.  

 

FIGURE 3.2: High magnification SEM micrographs of as-received (a) B4C, and (b) MoS2. 

3.2.2 FSP Machine and Fixture  

The experiments were performed on an indigenously made 3-axis automatic vertical 

milling machine as shown in Fig. 3.3, at Welding Research Laboratory, Pandit 

Deendayal Petroleum University (PDPU), Gandhinagar, Gujarat. Tool rotational speed 

ranging from 35 to 1500 rpm and bench travel speed ranging from 20 to 800 mm/min 

were governed by gear trains with approximately 1.4 and 1.5 geometric progression 

ratios, respectively. During the FSP experiments, a tool tilt angle ranging ±50° was set 

by tilting the vertical spindle towards the trailing edge of the tool. Fig. 3.4 shows 

machine arrangements to control rotational speed, travel speed, and tilt angle.  
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FIGURE 3.3: 3-axis vertical milling machine (at Welding Research Laboratory, PDPU, 

Gandhinagar, under sponsored ISRO project no. E33011/60/2010-V). 

The large axial and traverse load applied during FSP may originate thermal expansion and 

buckling distortion of the workpiece. A firm 304-grade stainless steel fixture with higher 

heat capacity was used during experiments to prevent workpiece distortion and retain heat 

generated during friction heating. The schematic of the fixture is represented in Fig. 3.5. The 

fixture was designed to restrain the displacement of the workpiece plate under FSP axial 

loading conditions. The fixture cavity accommodates the 100 mm x 100 mm workpiece 

plate. The workpiece plate remains under pressure from the top side by clamping mechanism 

(2 straps with 4 number of M10 size bolts) and completely fixed in the cavity. A mild steel 

backing plate was used to support the workpiece plate and protect the fixture cavity from 

any damage that may be caused by the undesired tool-fixture contact during the FSP.  
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FIGURE 3.4: 3-axis vertical milling machine arrangements (a) gear for rotational 

speed, (b) gear for feed rate, (c) machine head to set tilt angle, and (d) control panel. 

 

FIGURE 3.5: Schematic representation of the fixture. 

The snapshot of the tool and fixture arrangement with the backing plate, workpiece plate, 

and clamping mechanism are shown in Fig. 3.6.  
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FIGURE 3.6: Arrangements of the fixture and tool.  

3.2.3 FSP Tooling System 

Two different types of tools, pinless tool (T1) and with pin tool (T2) have been used for 

FSP surface composite manufacturing experiments. Before stirring pass, a capping pass 

was carried out to seal the cavities which prevent particle scattering during stirring. The 

heat-treated pinless tool T1 used for capping pass was prepared from M2 tool steel. After 

capping, stirring pass was conducted using heat-treated tungsten carbide (WC) tool T2 

with an 18 mm diameter shoulder and taper cylindrical threadless pin with 5 mm root 

diameter, 3 mm tip diameter and 2.9 mm length to fabricate surface composites. The 

tools used in experiments are presented in Fig. 3.7. As shown in Fig. 3.8, the step 

between shoulder diameter and end diameter used to fix the tool in the machine collate, 

so that tool should not slip while in motion. 
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FIGURE 3.7: (a) M2 steel pinless tool T1 for capping pass and (b) Tungsten Carbide tool T2 

for stirring pass.  

 

FIGURE 3.8: (a) Collate, (b) pinless tool T1 with collate, and (c) WC tool T2 with collate. 

3.2.4 Sample Preparation  

Sample preparation and the particle reinforcement method have a noteworthy role in 

microstructure development, thickness, and resultant properties of FSPed surface 

composites as reviewed from the literature. In the current study, both the hole and 

groove methods were selected to reinforce powder particles in the AA6061 surface, as 

shown in Fig. 3.9. In hole method, total 80 blind holes with 1.5 mm diameter, 2 mm 
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depth, and the 1 mm distance between consecutive holes, in 2 rows with the zigzag 

pattern was drilled through the plate length at the center, as shown in Fig. 3.10 (a). The 

zigzag pattern of the hole supports particle distribution during FSP. In the groove 

method, a groove with a 1.4 mm width and 2 mm depth was made at the center along 

the plate length, as shown in Fig. 3.10 (b). The holes and groove were designed in such 

a way to have an equal volume fraction of reinforcement particles. The volume fraction 

of particles in composites was calculated as ∼ 24 vol. % in both strategies. 

 

FIGURE 3.9: Schematic of hollow pocket patterns (a) hole, and (b) groove. 

 

FIGURE 3.10: Design of hollow pocket patterns made on AA6061 to insert reinforcement 

particles before FSP: (a) hole, and (b) groove. 

3.2.5 FSP Parameters and Experiments 

After, several primary trials and satisfactory results, the optimum processing parameters 

for FSP stirring pass were set at a tool rotational rate of 545 RPM, traveling speed of 50 

mm/min, and the tilt angle of 3°. Tool rotational rate of 545 RPM and traveling speed 

of 120 mm/min used for the capping pass without tilt angle. Three, 100% overlapped 
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stirring passes were accomplished for homogeneous particle distribution and to restrict 

the particle accumulation on both sides of the pin. Additionally, for the identical material 

flow on both advancing and retreating sides, all FSP passes were performed in the 

reverse direction by rotated samples to 180º among progressive processing passes [17, 

77, 114]. FSP process parameters used in the study are summarized in Table 3.3.  

TABLE 3.3: FSP parameters 

C – Capping pass S – Stirring pass 

Rpm Feed 

(mm/min) 

Tilt 

angle 

Tool Rpm Feed 

(mm/min) 

Tilt 

angle 

Tool 

545 120 0º 

 
M2 steel pinless 

tool T1 
545 50 3º WC cylindrical 

taper pin tool T2 

Capping pass (C) and Stirring pass (S) directions*  = C ↑ + S1 ↓ + S2 ↑ + S3 ↓ 

* Forward direction ↑, Reverse direction ↓ 

The hollow pockets were packed with a different combination (vol. %) of B4C and MoS2 

particles. Mass of powder occupied in hollow pockets calculated using equation 3.1 and 

3.2.  

Mass of powder occupied by holes = density of powder ×

               volume of single hole (πr2𝐷) × number of holes × powder %              (3.1)   

Mass of powder occupied by groove =  density of powder ×

                        volume of groove (𝐿 × W × D) × powder %                                        (3.2)  

Here, r is the radius, D is the depth, L is the length, and W is the width. The calculated 

mass of powders with the powder combinations and sample ID’s are presented in Table 

3.4.  

TABLE 3.4: Mass of powders for different sample ID’s 

Sample  

ID 

Reinforcement 

method 

Powders % Mass of Powders (g) 

B4C MoS2 

A Hole 100% B4C 0.71215 0 

B Hole 75% B4C+25% MoS2 0.53411 0.35749 

C Hole 50% B4C+50% MoS2 0.35608 0.71498 

D Hole 25% B4C+75% MoS2 0.17804 1.07247 

E Hole 100% MoS2 0 1.42996 

F Nil (FSPed AA6061 without powder) 

G Nil (As-received AA6061) 

H Hole 87.5% B4C+12.5% MoS2 0.62313 0.17874 

I Groove 87.5% B4C+12.5% MoS2 0.6174 0.1771 

In both hole and groove methods, the sample surface was cleaned first. Dry powders 

were mixed with the volatile solvent, acetone (carrier material), to get the paint-like 

effect and the resulting paste was filled in the prepared hollow pockets with the help of 
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a brush. Acetone act as a carrier material to increase the packing density and removing 

the air gaps. Dry powders were thoroughly blended before packing. Packing of powders 

was followed by a capping pass to seal the reinforcement particles on the surface by 

pinless tool T1. Extensive loss of the powder particles can occur in the absence of 

capping pass. After capping, stirring performed to distribute the powders in the AA6061 

matrix and develop surface composites.  

As planned in section 3.1, in phase 1, experiments were conducted to manufacture mono 

and hybrid surface composites by hole method FSP with varied % of lubricant 

reinforcement particles to understand the role of reinforcement particles on 

manufactured surface composites.  Moreover, to compare the effect of particle 

reinforcement and FSP processing alone on microstructure and resultant properties, 

AA6061 was processed with FSP without powder using identical parameters in phase 

2. Phase 3 comprises optimization of reinforcement particle combination for hybrid 

surface composites, whereas phase 4 comprises hybrid surface composite 

manufacturing with optimized particle combination using groove method FSP. The 

hybrid surface composites manufactured by hole and groove method with optimized 

particle combination are compared with each other and with FSPed alloy without 

powder and as-received BM. 

3.3 Testing and Characterization 

Specimens as prepared above were characterized for microstructural evaluation and 

tested for their hardness and wear behavior after FSP. The details for the same are 

discussed in the following subsections. 

3.3.1 Microstructural Characterization  

To analyze the effect of FSP and powder distribution in SZ, 50 mm x 10 mm specimens 

for microstructure study were sectioned from the center region of FSPed samples 

perpendicular to the processing route using EDM wire-cut machine, as displayed in Fig. 

3.11 (a) and Fig. 3.12. For microscopy standard metallography relevant to AA6061-T6 

was accomplished. Cut specimens were initially ground by different grinding papers 

step by step (120, 180, 220, 320, 400, 600, 800, and 1000 mesh size) followed by fine 
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polishing with 1 μm diamond paste on a velvet cloth to develop mirror finish surface for 

metallographic examination. The finely polished specimens were washed by acetone 

and etched using Keller's reagent (1% HF, 1.5% HCL, 2.5% HNO3, and 95% water) to 

reveal the microstructure.  

 

FIGURE 3.11: (a) Microstructure specimen and wear pin sampling location, (b) wear pin 

geometry, and (c) photograph of wear pin. 

 

FIGURE 3.12: Photograph of microstructure specimen 

and wear pin extraction. 

Optical microscopy (OM) was carried out using a metallurgical microscope (Dewinter, 

New Delhi, India) for microstructure examination in accordance with the ASTM 

standard E407. The macroscopic examination was carried out at very low magnification 
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7x using a stereomicroscope following the ASTM standard E381 to understand particle 

distribution pattern. Scanning Electron Microscopy (SEM) was also carried out using 

Carl Zeiss AG instrument with software manual Smart-SEM V05.05 for higher 

magnification characterization at Facilitation Centre for Industrial Plasma Technologies 

(FCIPT), Gandhinagar. The SEM equipment was equipped with Energy dispersive X-

ray spectrometer (EDX), which was used for elemental analysis.  

3.3.2 Hardness Testing 

The specimens prepared for microscopy were also used for the microhardness test in 

accordance with the ASTM standard E384. The microhardness was measured using a 

microhardness tester (Omnitech, Pune, India) at 0.3 kgf applied load for 10 s dwell time. 

The indentations for hardness distribution alongside the SZ cross-section were made at 

1 mm below the top surface to exclude the surface asperities in the hardness readings 

and at 0.5 mm interval for all FSPed samples. A total of 41 indentations were made on 

both sides of the center-line of SZ for each sample. For hardness distribution at varied 

depth, i.e., from top to bottom of the SZ, 09 indentations were made at the center-line 

of SZ for each sample, with every indentation at an interval of 0.5 mm from the previous 

one. Fig. 3.13 schematically illustrates the indentation locations during microhardness 

testing.  

 

FIGURE 3.13: Schematic of the indentation locations during microhardness testing.  

3.3.3 Wear Testing 

Cylindrical shape pins with spherical tip (hemisphere) were used for wear testing. The 

pin geometry is as per the ASTM G99 standard applied to the pin-on-disk wear test. 

Primarily, cylindrical specimens of 6 mm length and 6 mm diameter, end to end with 

the plate thickness were sectioned from the processed zone of the sample using wire cut 

electro-discharge machine (wire EDM). The FSPed side upper half of the cylindrical 
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specimen is then machined to hemisphere shape resulting in a hemispherical tip at the 

FSPed side. Fig. 3.11 (a) and Fig. 3.12 shows the wear pin sampling location in the 

processed zone, Fig. 3.11 (b) illustrates the wear pin geometry and Fig. 3.11 (c) displays 

the wear pin photograph. 

The dry sliding tribological characteristics of surface composites, FSPed AA6061 

without powders and BM were studied as per procedures described by the ASTM G99 

standard. The disk made of EN31 steel with ~ 62 HRC hardness was used as a 

counterpart. The wear pins were cleaned by acetone prior to a test. Wear testing is 

performed using a load of 20 N, sliding speed of 1 m/sec, wear track diameter of 50 mm, 

and constant sliding distance of 2000 m on a pin-on-disk tribometer (DUCOM material 

characterization systems, Bengaluru, India), as shown in the Fig. 3.14,  having 1 μm 

sensitivity for wear measurement. Dry sliding wear tests for each sample were repeated 

3 times, and average out wear results were reported. The wear loss with sliding distance 

and coefficient of friction were measured and analyzed. 

The worn-out surfaces were also inspected under SEM to reveal the wear behavior of 

FSPed samples and BM.  

 

FIGURE 3.14: The Pin-on-disc Tribometer - DUCOM (at PDPU, Gandhinagar). 
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This chapter describes the effect of reinforcement particles and their relative ratio on 

surface composite manufacturing by the hole method FSP along with the effect of FSP 

on AA6061. It consists of the results and discussions of microstructural behavior and 

microhardness measurements of processed mono and hybrid surface composites, FSPed 

alloy without powder, and as-received alloy. Experiments were conducted to 

manufacture mono and hybrid surface composites by hole method FSP with 100%B4C, 

75%B4C+25%MoS2, 50%B4C+50%MoS2, 25%B4C+75%MoS2, and 100%MOS2 

reinforcement particle combinations in phase 1. Phase 2 comprises FSP of AA6061 

without powder and its comparison with processed composites and as-received 

AA6061. The sample IDs are given in Table 3.4 (Chapter 3).  

4.1 Surface Morphology 

The surface appearance of FSPed samples after each pass is presented in Fig. 4.1 to 4.7. 

Defects such as crack, surface tunnel, and voids were not detected on the surface of 

FSPed AA6061 without powder and all FSPed surface composites except 

25%B4C+75%MoS2 and 100%MoS2 composites. It can be observed that the surface 

appearance becomes poor with increased MoS2 fraction. The 25%B4C+75%MoS2 and 

100%MoS2 surface composites were not successfully developed, as showed in Fig. 4.4 

and 4.5. The material started sticking about the tool pin in the first stirring pass and FSP 

was not practicable. This was due to the higher amount of solid lubricant MoS2, which 

is having excellent adherence to the tool. A higher fraction of MoS2 causes more 

lubrication and less friction, which caused material sticking around the tool pin. Based 

on the above experimental observations, for the selected process conditions FSP with 
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75% and more fraction of solid lubricant MoS2 is not suggested for manufacturing a 

hybrid surface composite.  

Sample - A (100% B4C)  

 

Capping pass   
 

1st Stirring pass  

 

2nd Stirring pass  

 

3rd Stirring pass  

 

 

 

  

FIGURE 4.1: The surface appearance of the sample - A after each pass. 

Sample - B (75% B4C+25% MoS2) 

 

Capping pass   

 

1st Stirring pass  

 

2nd Stirring pass  

 

3rd Stirring pass  

 

    

FIGURE 4.2: The surface appearance of the sample - B after each pass. 
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Sample - C (50% B4C+50% MoS2)   

 

Capping pass   

 

1st Stirring pass  

 

2nd Stirring pass  

 

3rd Stirring pass  

 

    

FIGURE 4.3: The surface appearance of the sample - C after each pass. 

 

Sample – D (25% B4C+75% MoS2) 

 

Capping pass  

 

1st Stirring pass  

 

2nd Stirring pass  

 

Material stick around 

tool pin in 2nd stirring 

pass 

   

 

(a) (b) 

FIGURE 4.4: (a) The surface appearance of the sample - D, and (b) material stick 

around the tool pin. 
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Sample - E (100% MoS2)   

 

Capping pass  

 

1st Stirring pass  

 

2nd Stirring pass  

 

Material stick around 

tool pin in 2nd stirring 

pass 

   

 
 

(a) (b) 

FIGURE 4.5: (a) The surface appearance of the sample - E, and (b) material stick 

around the tool pin. 

Sample - F (FSPed AA6061 without powder) 

 
Capping pass  

 

1st Stirring pass  

 

2nd Stirring pass  

 

3rd Stirring pass  

 

    

FIGURE 4.6: The surface appearance of the sample - F after each pass. 
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(a) (b) (c) (d) 

FIGURE 4.7: Surface morphology of FSPed samples after 3-pass 

FSP (a) A- 100%B4C, (b) B- 75%B4C+25%MoS2, (c) C- 

50%B4C+ 50%MoS2, and (d) F- FSPed AA6061. 

4.2 Microstructural Observations 

The cross-section macrostructure of the processed zone of FSPed samples is displayed 

in Fig. 4.8. The basin-shaped SZ is observed in the macrostructure of the FSPed samples. 

The powder particle distribution in the SZ can be seen in the macrostructure of the 

processed surface composites. During FSP, the heat generated by the friction in the 

rotating tool and the aluminum alloy softens the alloy, and severe plastic deformation 

of alloy takes place by the tool. Moreover, the tool rotation managed the distribution of 

the previously packed reinforcements particles in the soft and plastically deformed 

matrix material.  

The particle distribution mechanism schematically represented in Fig 4.9 was elucidated 

by Rana et al. [137]. As the tool pin plunged in the workpiece, the pin forced the 

reinforcement particles to flow upward under the shoulder region, where they are 

distributed by outside movement in the SZ. The particles stuck between the pin and 

substrate are fragmented. Thus, the packed particles were distributed in solid-state in 

the plasticized AA6061 matrix. The plasticized material flows around the tool pin from 

one side to another, forged through the shoulder pressure, and finally produces surface 

composites. FSPed surface composites suffer many times by reinforcement particle 
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agglomeration that could be managed by multipass FSP with uniform particle 

distribution [20, 123, 165]. Due to the unbalanced material flow in FSP, particle 

distribution pattern becomes uneven on AS and RS.  At AS solid material starts to 

transform in to semi-solid and flows around tool pin. More solid-state nature at AS 

results in higher friction heat compared to RS. Along with higher plastic material 

movement, the higher temperature at AS leads to better particle dispersion.  Reversing 

the direction in each subsequent pass balances the material flow on AS and RS, as the 

AS of the previous pass becomes RS and vice-a-versa [17, 24, 137, 144].  

 

FIGURE 4.8: Macrographs of Surface composites (a) A- 100% B4C, (b) B- 75% B4C+ 25%MoS2, 

(c) C- 50% B4C+50% MoS2, and (d) F- FSPed AA6061. 

The two kinds of material flow, shoulder-driven flow, and pin-driven flow differ through 

the processing depth recognized by Kumar and Kailas [110]. Homogeneous powder 

particle dispersal was acquired in the shoulder interaction region compare to tool pin 

interaction region, due to higher softening originated by induced forging forces and 

greater temperature in the shoulder interaction zone, similarly to FSPed AA7075/ B4C 

surface composite [137]. The SZ width across the depth was varied because of the tool 

tapered pin profile. Moreover, the SZ profile of the processed samples was found 

symmetric around the tool plunge direction credited to the different directions of 

multipass FSP. The multipass FSP was performed by changing the direction 180º after 

each pass, which alters the AS and RS and results in nearly the same dispersion of 

reinforcement particles on both AS and RS of the processed zone.  

 

(a) (b) 

(c) (d) 

2 mm 

2 mm 2 mm 

2 mm 
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FIGURE 4.9: Schematic representation of (a) particle movement from pin interaction region to 

shoulder interaction region; (b-c) particle agglomeration by (b) clockwise and (c) anticlockwise 

rotation of the tool; (d) particle distribution by multipass reverse direction approach, and (e) 

particle column movement with feed rate in FSP [137].   

For FSPed surface composites, the particle distribution in the AA6061 matrix is 

displayed in the optical microstructure in Fig. 4.10 (a-c) and SEM micrograph in Fig. 

4.11 (a-c). Microstructure showed uniformly distributed fine secondary reinforcement 

particles in the fine-grained matrix. The B4C and MoS2 reinforcement particles are found 

well distributed within the SZ. The final properties of developed surface composites are 

governed by the bonding of B4C and MoS2 reinforcement particles with the Al matrix. 

The homogeneous distribution of reinforcement particles is credited to the rotating 

movement of the FSP tool and applied multi-pass FSP approach with the change in 

processing direction. The rotating movement of the FSP tool governs the interaction 

among the plastically deformed AA6061 matrix and packed reinforcement particles. 

The multi-pass FSP approach with the change in processing direction governs even 

reinforcement particle dispersion on both advancing and retreating sides [17, 114]. It is 
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tough to attain such a mixed dispersion of two dissimilar reinforcement powder particles 

by traditional liquid processing techniques owing to segregation [29].  

 

FIGURE 4.10: SZ optical micrographs of FSPed specimens (a) A- 100% B4C, (b) B- 75%B4C+ 

25% MoS2, (c) C- 50% B4C+50% MoS2, (d) F- FSPed AA6061, and (e) G- BM. 

The hybrid composites attained a better distribution of reinforcement particles attributed 

to the presence of solid lubricant MoS2 particles in hybrid composites. The lubrication 

effect of MoS2 leads to a better distribution of hard B4C particles within the matrix as 

solid lubricant MoS2 improves the material flow characteristics of B4C abrasive particles 

around the tool pin during processing. Similar observations reported by Patle et al. [73] 

for B4C and MoS2 reinforcement particles in the AA7075-T6 matrix. The SZ of FSP 

(a) (b) 

(c) (d) 

50 µm 50 µm 

50 µm 

50 µm 

(e) 

50 µm 
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sample fabricated without reinforcement particles attained fine equiaxed aluminum 

grains on account of recrystallization, as shown in Fig. 4.10 (d). The stirring action of 

the rotating tool refines the matrix grains. The Microstructural changes resulted from 

FSP are also witnessed in the mono and hybrid surface composites. During processing 

for surface composites, the crushing induced by the rotating tool results in reinforcement 

particle refinement by rounding or breaking off the sharp edges, as shown in Fig. 4.11 

(d). The remarkable breakdown of particles in the SZ caused by extreme plastic 

deformation has been confirmed by various researchers [13, 16, 41, 137, 141]. 

 

FIGURE 4.11: SEM micrograph of surface composites (a) A- 100% B4C, (b) B- 75% B4C+25% 

MoS2, and (c) C- 50%B4C+50%MoS2; and (d) showing particle breakdown in surface composite. 

High-resolution SEM micrographs of the surface composite specimens used for the 

elemental investigations by Energy-dispersive X-ray spectroscopy (EDX). As exhibited 

in Fig. 4.12, EDX confirms the presence of reinforcement particles in the Al matrix as 

B4C in the mono surface composite and both B4C and MoS2 in the hybrid surface 

composites.  
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FIGURE 4.12: EDX elemental analysis of surface composites (a) A- 100% B4C, (b) B- 75% B4C+ 

25% MoS2, (c) C- 50% B4C+ 50% MoS2. 

(a) 

(b) 

(c) 
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Fig. 4.13 shows SEM images of the interface at SZ/BM for FSPed mono and hybrid 

Surface composites. The boundary found properly united with the BM without any 

cavitation related defects. The boundary has a critical role in determining the properties 

of the SMMCs. Strong bonding of surface composite layer with the BM matrix is 

required to improve the component’s load-bearing capacity. During loading conditions, 

improper bonding will result in detaching of the SMMC layer from the matrix material 

[29].  

 

FIGURE 4.13: SEM micrograph showing BM/SZ interface of surface composites (a) A- 100% 

B4C, (b) B- 75% B4C+25% MoS2, and (c) C- 50%B4C+50%MoS2.  

4.3 Microhardness Profile  

Fig. 4.14 displays microhardness distribution alongside the SZ cross-section at 0.5 mm 

interval for all FSPed samples. A total of 41 indentations were done on both sides of the 

center-line of SZ for each sample. The average SZ hardness achieved for AA6061/B4C 

mono surface composite, AA6061/75%B4C+25%MoS2, and AA6061/50%B4C+ 

50%MoS2 hybrid surface composites are 111.0 HV, 103.6 HV, and 99.0 HV, 

respectively as compared to the as-received AA6061 hardness ~ 80.2 HV, however, 
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FSPed AA6061 without powder display reduced hardness 67.8 HV. Even the identical 

process with similar tool geometry and FSP parameters FSPed AA6061 without 

reinforcement demonstrate a reduction in SZ hardness compared to the as-received 

AA6061. AA6061-T651 comprises the Mg2Si precipitates as a strengthening phase, 

which governs the high strength and hardness of the alloy. Mg2Si precipitates are not 

temperature resistant and high heat input escorting by multipass FSP would dissolve the 

Mg2Si precipitates (temperature expected to be over 200ºC - 250ºC). The multipass FSP 

associated heat input increases with the increasing number of FSP pass, which reduced 

precipitate density or even complete dissolution of precipitates [87, 140]. Peak 

temperature measurement during FSP on AA6061-T6 without reinforcement (as 

described in subsection 4.3.1) confirms the temperature range of precipitate dissolution. 

Thus the FSPed AA6061-T651 without reinforcement particles loss T6 condition and 

revealed the lesser hardness compared to as-received Al alloy.  

 

FIGURE 4.14: Microhardness survey of the cross-section region of FSPed specimens and BM. 
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Improvement in the hardness was detected for all FSPed surface composites compared 

to BM. The mono surface composite AA6061/B4C attained the highest hardness in 

comparison to hybrid surface composites, which is in good agreement with the similar 

work [114]. It is well-known that during FSP severe plastic deformation caused grain 

refinement and produces more high angular grain boundaries [37, 116, 177]. Moreover, 

the pinning effect of hard carbides inhibits grain growth in the matrix and subsequently 

contribute to the grain refinement [35, 36, 116]. The grain boundary pinning caused by 

hard carbide particles is associated with dispersion hardening and result as surface 

composites hardness improvement [116]. It is also reported that, during Orowan 

strengthening, dislocation loops made around the hard B4C particles, which in turn limit 

the movement of the dislocations hence improve the strength and hardness of the surface 

composites [17, 41, 116, 139]. Aruri et al. [145] similarly described enhanced 

microhardness in AA6061/ (SiC+Al2O3) and (SiC+Gr) hybrid surface composites 

attributed to the pinning effect of hard SiC and Al2O3 and Orowan strengthening. 

Therefore, the strengthening mechanisms that increase the hardness of surface 

composites are the uniform distribution of B4C and MoS2 particles, grain refinement, 

and work hardening owing to the strain misfit among the elastic reinforcing powders 

and the plastic matrix. 

In spite of the loss of strengthening phase precipitates, the well-distributed hard B4C 

reinforcement particles could have increased the processed surface composites' 

hardness. M. Cinta Lorenzo-Martin et al. [11] reported similar results with reduced 

hardness in FSPed AA6061 without reinforcement particles and increased hardness in 

FSPed AA6061/B4C surface composites compared to as-received AA6061. During FSP, 

AA6061 alloy plastically deforms in the processed zone and results in a dynamically 

recrystallized refined structure. The microstructural observations reported coarse grains 

for as-received AA6061 which were refined during multipass FSP. Thus it is revealed 

that hardness distribution was controlled by precipitate distribution rather than grain size 

in the processed zone [11, 131, 139].  

Hybrid surface composites AA6061/B4C+MoS2 displayed lower hardness compared to 

mono surface composite AA6061/B4C, but higher hardness than BM. This hardness 

reduction in the presence of MoS2 is due to the layered structure and relative softness 

characteristic of MoS2 [13, 16, 41]. Therefore, the hardness is reduced with increasing 

the fraction of MoS2 in hybrid surface composites, as shown in Fig. 4.14. 
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Fig. 4.15 displays SZ hardness profile at varied depth, i.e., from top to bottom of the SZ. 

Starting from top to bottom, 09 indentations were made in the SZ, with every indentation 

at an interval of 0.5 mm from the earlier. The surface composites exhibited higher 

hardness than BM, while the FSPed AA6061 without reinforcement particles has shown 

lower hardness than BM. The hardness results are in accordance with the results 

displayed in Fig. 4.14. Overall, the hardness distribution across the SZ is almost 

uniform, which reveals the effectiveness of FSP to manufacture homogeneously 

distributed mono as well as hybrid surface composites.  

 

FIGURE 4.15: Microhardness profile of the cross-section region of FSPed specimens (as a 

function of depth) and BM. 

4.3.1 Peak Temperature in FSP of AA6061 without Powder 

Peak temperature was measured during FSP of AA6061-T6 without reinforcement to 

confirm the temperature range of precipitate dissolution. K-contact type thermocouples 

were used on AS and RS of the sample - F (AA6061 without powder) to measure peak 

temperatures during each pass of FSP. The thermocouples were inserted at the center of 

the plate, at 15 mm away from the centerline of the shoulder region to protect it from 

the tool shoulder during FSP. The 2 mm diameter and 3 mm depth holes were drilled to 

hold the thermocouples.  Initially, the contact in tool and surface results in heat 
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generation due to friction. Later on, the feed is given and the maximum temperature is 

being recorded. Peak temperatures obtained in different passes during the process are 

tabulated in Table 4.1.          

TABLE 4.1: Peak temperature in FSP of AA6061 without powder 

FSP passes 

 

Peak temperature (ºC) 

Retreating side (RS) Advancing side (AS) 

Capping pass (C) ↑ 127 145 

1st Stirring pass (S1) ↓ 221 247 

2nd Stirring pass (S2) ↑ 245 262 

3rd Stirring pass (S3) ↓ 236 252 

The measured peak temperatures confirm the temperature range of precipitate 

dissolution during FSP. As shown in Fig. 4.16, the temperature recorded on AS is higher 

than RS. On AS solid material starts to transform in to semi-solid and flows around tool 

pin. Therefore, AS has more solid-state nature compared to RS, which results in higher 

friction stress and generates more heat which raises the peak temperature of AS. 

Temperature measured for capping pass is lower than stirring pass, which is governed 

by tool design and plunge depth.  

 

FIGURE 4.16: Peak temperature in FSP of AA6061 without powder. 
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4.4 Summary  

Mono (B4C) and hybrid (B4C+MoS2) surface composites fabricated successfully in 

AA6061-T651 matrix using multipass FSP reverse direction approach have been 

summarized as:   

 The mono and hybrid surface composites up to 50% MoS2 display defect-free 

surface appearance. The surface appearance becomes poor with increased MoS2 

fraction. For the selected process conditions FSP with 75 % and more fraction of 

solid lubricant MoS2 is not suggested to manufacture a hybrid surface composite due 

to dominant lubricant characteristics of MoS2. A higher fraction of MoS2 causes 

more lubrication and less friction, which caused material sticking around the tool 

pin. 

 The SZ of FSPed samples attained fine equiaxed aluminum grains on account of 

recrystallization, with uniformly distributed fine secondary reinforcement particles 

in the mono and hybrid surface composites. The multipass (three passes) strategy 

with the change in pass direction provides an even dispersal of reinforcement 

particles in SZ.  EDX confirms the presence of reinforcement particles in the Al 

matrix as B4C in the mono surface composite and both B4C and MoS2 in the hybrid 

surface composites. 

 Compared to mono surface composite, the hybrid composites attained a better 

distribution of reinforcement particles attributed to the lubrication effect of MoS2 

particles, which leads to the better distribution of hard B4C particles within the 

matrix.  

 The SZ/BM interface for FSPed mono and hybrid Surface composites found 

properly united with the BM without any cavitation related defects. 

 Even the identical process with similar tool geometry and FSP parameters FSPed 

AA6061 without reinforcement has shown reduced SZ hardness compared to the as-

received AA6061, due to loss of the strengthening precipitates by multipass FSP 

associated heat input. The coarse grains microstructure of as-received AA6061 was 

refined during multipass FSP. Thus it is revealed that hardness distribution was 

controlled by precipitate distribution rather than grain size in the processed zone.  

 Peak temperature measurement during FSP on AA6061-T6 without reinforcement 

confirms the temperature range of precipitate dissolution.  
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 Improvement in the hardness was detected for all FSPed surface composites 

compared to BM. In spite of the loss of strengthening phase precipitates, the well-

distributed reinforcement particles, grain refinement, and dispersion hardening 

could have increased the hardness of processed surface composites.  

 Hybrid surface composites displayed reduced hardness compared to mono surface 

composite AA6061/B4C. This hardness reduction in the presence of MoS2 is due to 

the layered structure and relative soft characteristic of MoS2, which decreases 

hardness with increasing the fraction of MoS2 in hybrid surface composites. 

 Overall, the hardness distribution across the SZ is almost uniform, which reveals the 

effectiveness of FSP to manufacture homogeneously distributed mono as well as 

hybrid surface composites. 
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This chapter consists of the results and discussions of microstructural behavior and 

microhardness measurements of hybrid surface composite manufactured by hole and 

groove method FSP for optimized hybrid powder combination. After the successful 

fabrication of mono surface composite with B4C and hybrid surface composites up to 

50% MoS2 by hole method FSP, sample H with 87.5%B4C+12.5%MoS2  was fabricated 

by hole method FSP, for optimization of reinforcement hybrid particle combination in 

phase 3. One more sample I with the optimized hybrid powder combination was 

fabricated by groove method FSP in phase 4 to compare the hole and groove method. 

The hybrid surface composites thus manufactured by the hole and groove method with 

optimized particle combination are compared with FSPed alloy without powder and as-

received BM. The hybrid surface composites manufactured in phase 3 and phase 4 are 

also compared with mono and hybrid surface composites manufactured in phase 1.  

5.1 Surface Morphology 

The surface morphology after each pass of AA6061/87.5% B4C+12.5%MoS2 hybrid 

composite samples H and I processed with hole and groove method, is shown in Fig. 5.1 

and 5.2, respectively. Smooth quality surface observed and defects like the void, crack, 

and the surface tunnel was not detected for both the hybrid composite samples.  
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Sample - H (87.5%B4C+12.5%MoS2 Hole method) 

 

Capping pass   
 

1st Stirring pass  

 

2nd Stirring pass  

 

3rd Stirring pass  

 

    

FIGURE 5.1: The surface appearance of the sample - H after each pass. 

Sample - I (87.5%B4C+12.5%MoS2 Groove method) 

 

Capping pass   
 

1st Stirring pass  

 

2nd Stirring pass  

 

3rd Stirring pass  

 

    

FIGURE 5.2: The surface appearance of the sample - I after each pass. 
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5.2 Microstructural Observations 

The cross-section macrostructure of the FSPed region for hybrid surface composite 

AA6061/87.5% B4C+12.5%MoS2 specimens is displayed in Fig. 5.3. Basin-shaped SZ 

is detected for hybrid surface composite specimens and the powder particle distribution 

in the processed zone noticed. The previously packed powders were distributed in the 

AA6061 matrix during multi-pass stirring. Frictional heat of rotating tool creates 

rigorous plastic deformation of AA6061 which flowed into the hollow pockets. 

Moreover the stirring rotating tool and the interaction among the plastically deformed 

AA6061 matrix and packed reinforcement powder particles, develop hybrid surface 

aluminum matrix composites. During FSP, two modes of material flow: "pin driven 

flow" and "shoulder driven flow" were identified [110]. The resultant material flow 

magnitude changes across the processing depth. The higher softening caused by induced 

forging forces and superior temperature in the shoulder interaction zone results in a more 

homogeneous particle dispersion compared to the tool pin interaction zone. The SZ 

width across the depth was varied due to the taper shape of the pin. The altered direction 

of different FSP passes results in the symmetric hybrid surface composite about the tool 

travel path. In the multi-pass FSP, all stir passes were executed in the opposed direction, 

which directed identical reinforcement particles dispersion on both AS and RS. 

 

FIGURE 5.3: Macrographs of hybrid surface composite AA6061/87.5%B4C+12.5%MoS2 samples 

(a) H - Hole method, and (b) I - Groove method. 

The reinforcement particle distribution in the Al alloy for HSMMCs specimens is 

represented in the optical microstructure and the SEM micrograph in Fig. 5.4 and 5.5, 

simultaneously. Microstructure demonstrated even dispersal of fine B4C and MoS2 

particles in the refined AA6061 matrix. The B4C and MoS2 particles are finely 

distributed inside the SZ. Uniform distribution of reinforcement powder particles is 

credited to the rotating movement of the FSP tool and applied multi-pass FSP approach 

with the change in processing direction. The rotating movement of the FSP tool directs 

the interaction among the plastically deformed matrix and packed particles. The applied 

(b) (a) 

2 mm 2 mm 
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multi-pass FSP approach with the change in processing direction governs even 

reinforcement particle dispersion on both sides of processing direction [17, 114].  

 

FIGURE 5.4: SZ optical micrographs of hybrid surface composite AA6061/87.5%B4C+ 

12.5%MoS2 samples (a) H - Hole method, and (b) I - Groove method. 

 

FIGURE 5.5: SEM micrographs of hybrid surface composite AA6061/87.5%B4C+12.5%MoS2 

samples (a) H - Hole method, and (b) I - Groove method. 

Hole method FSPed hybrid surface composite sample H demonstrated better particle 

distribution as compared to groove method FSPed hybrid surface composite sample I. 

Hole method with zigzag pattern offered better competency to incorporate powder 

particles in the processed area. Hole method is capable to control easily reinforcement 

particle's total volume fraction by altering the number of hole rows in the processed 

region [76]. Schematic of the zigzag hole pattern which revealed improved homogeneity 

of particle distribution has been presented in Fig. 3.10 (a). Extreme plastic deformation 

in the SZ during FSP caused a noteworthy breakdown of reinforcement particles. In the 

course of surface composites manufacturing by FSP, the tool rotation forced crushing 

of reinforcement particles results in particle size refinement by rounding or breaking off 

the sharp ends, as displayed in Fig. 4.11 (d), section 4.2.  

(a) 

50 µm 

(b) 

50 µm 
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High-resolution SEM micrographs of the hybrid composite specimens were also used 

for the elemental investigations by EDX analysis presented in Fig. 5.6. EDX confirms 

the presence of both B4C and MoS2 reinforcement particles in the AA6061 matrix.  

 

FIGURE 5.6: EDX elemental analysis of hybrid surface composite AA6061/87.5%B4C+ 

12.5%MoS2 samples (a) H - Hole method, and (b) I - Groove method. 

Fig. 5.7 shows SEM images of the interface between AA6061 and hybrid surface 

composites layer for HSMMC samples H and I. The interface can be seen sound bonded 

to the AA6061 matrix lacking the occurrence of cavitation or other defects. The bonding 

between the surface composite layer and matrix material has a critical role in 

determining the properties of the surface composites, moreover, good bonding is 

mandatory to increase the component's load-bearing capability. Due to improper 

bonding, the surface composite layer may detach from the matrix in loading conditions 

[29]. 
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FIGURE 5.7: SEM micrograph showing BM/SZ interface of hybrid surface composite AA6061/ 

87.5%B4C+12.5%MoS2 samples (a) H - Hole method, and (b) I - Groove method. 

5.3 Microhardness Profile 

Fig. 5.8 displays micro-hardness distribution alongside the SZ cross-section at 0.5 mm 

interval on both sides of the center-line of SZ for HSMMCs sample H and I. Enhanced 

micro-hardness was detected for processed hybrid surface composites as compared to 

as-received AA6061. The average SZ hardness achieved for AA6061/87.5%B4C+ 

12.5%MoS2 hybrid surface composites manufactured by hole and groove method is 

106.4 HV and 105.7 HV, respectively against the as-received AA6061 hardness ~ 80.2 

HV. The FSPed AA6061-T651 without reinforcement particles loss the strengthening 

precipitates by multipass FSP associated heat input and revealed the lesser hardness 

compared to as-received Al alloy.  

Although there is the dissolution of the Mg2Si strengthening phase precipitates in 

multipass FSP, the fine distribution of reinforcement particles increases the hardness of 

FSPed hybrid surface composites. The severe plastic deformation of the matrix during 

FSP results in grain refinement. Furthermore, the pinning effect of reinforced hard 

carbide particles restrict grain boundary and subsequently raise the grain refinement [35, 

36, 116]. The hardness of the surface composite layer is improved by grain boundary 

pinning associated with hard carbide particle dispersion hardening. It is well known that, 

during Orowan strengthening, dislocation loops are created around the hard B4C 

particles, which in turn limit the movement of the dislocations hence improve the 

strength and hardness of the SMMCs [17, 41, 116, 139].
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FIGURE 5.8: Microhardness distribution at the cross-section of FSPed specimens and BM. 

Fig. 5.9 presented a cross-sectional microhardness distribution comparison of all FSPed 

samples with BM. Fig. 5.10 exhibited the comparison between average SZ hardness of 

processed mono and hybrid surface composites, FSPed AA6061 without powder, and 

as-received AA6061. Moreover, the hardness values are tabulated in Table 5.1  

TABLE 5.1: Average SZ hardness of FSPed samples and BM 

Sample 

ID 

Reinforcement 

method 

Powders  Average SZ 

hardness (HV) 

A Hole 100% B4C 111.0 

H Hole 87.5% B4C+12.5% MoS2  106.4 

I Groove 87.5% B4C+12.5% MoS2  105.7 

B Hole 75% B4C+25% MoS2 103.6 

C Hole 50% B4C+50% MoS2 99.0 

F Nil (FSPed AA6061 without powder) 67.8 

G Nil (As-received AA6061) 80.2 

All hybrid surface composites displayed lower hardness compared to AA6061/B4C 

mono surface composite. Moreover, hybrid composites AA6061/B4C+MoS2 revealed 

reduced hardness trend along the increasing fraction of MoS2 particles, similar to the 

discussion in section 4.3. Layered structure and relative softness characteristic of MoS2 



Reinforcement Particle Optimization and Influence of Reinforcement Method 

130 

powder outcomes as the reduction in hardness with increasing MoS2 fraction in hybrid 

surface composites [13, 16, 41].  

 

FIGURE 5.9: Cross-section microhardness distribution comparison of all FSPed samples and 

BM. 

 

FIGURE 5.10: Comparison of average SZ microhardness of FSPed samples and BM. 
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Variation in the FSPed hybrid surface composites SZ hardness from top to bottom of 

the processed zone at an interval of 0.5 mm is presented in Fig. 5.11. In line with Fig. 

5.8, hybrid surface composites microhardness was found greater than as-received 

AA6061. 

 

FIGURE 5.11: Microhardness profile of the cross-section region of FSPed specimens (as a 

function of depth) and BM. 

Fig. 5.12 displayed cross-sectional microhardness comparison (as a function of depth) 

of all FSPed samples with BM. Mainly, the hardness profile through the SZ is 

approximately uniform, which supports the potential of multi-pass FSP in the opposite 

direction for even distribution of reinforcement powders in surface composite 

fabrication.  
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FIGURE 5.12: Cross-section microhardness comparison (as a function of depth) of all FSPed 

samples and BM. 

5.4 Summary  

The observations of hybrid surface composites AA6061/87.5%B4C+12.5% MoS2, 

which were successfully manufactured on AA6061-T651 aluminum plate using the 

multipass hole and groove method FSP with the change in direction approach, have been 

summarized as:  

 The smooth quality surface was observed lacking surface defects for both the hybrid 

composite samples.  

 Basin-shaped SZ, identical to AS and RS is detected with powder particle 

distribution in the processed zone for hybrid surface composites.  

 Microstructure demonstrated even dispersal of fine B4C and MoS2 particles in the 

refined AA6061 matrix on both AS and RS credited to the applied multi-pass FSP 

approach with the change in processing direction. The opposite direction multi-pass 

strategy can be favored in the production of surface composites by FSP. EDX 

confirms the presence of both B4C and MoS2 reinforcement particles in the AA6061 

matrix.  
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 The hole method FSPed hybrid surface composite demonstrated better particle 

distribution as compared to groove method FSPed hybrid surface composite, 

attributed to the zigzag hole pattern, which offered better control and competency to 

incorporate powder particles in the processed area.  

 The interface between AA6061 and hybrid surface composite layer can be seen 

sound bonded to the AA6061 matrix lacking the occurrence of cavitation or other 

defects.  

 Enhanced micro-hardness was detected for processed hybrid surface composites as 

compared to as-received AA6061. Even though there is the loss of the strengthening 

phase precipitates in multipass FSP, the microhardness of FSPed hybrid surface 

composites is enhanced because of even dispersion of reinforcement particles, 

dispersion hardening, and grain refinement.  

 Among FSPed surface composites, the hybrid surface composites displayed reduced 

hardness compared to mono surface composite AA6061/B4C. This hardness 

reduction with increasing the fraction of MoS2 in hybrid surface composites is due 

to the layered structure and the relative softness characteristic of MoS2 powder, 

which decreases the hardness.      

 The SZ hardness appears nearly uniform from the upper layer to the inside matrix 

of the processed zone, which approves the multi-pass FSP approach with the change 

in direction for uniform dispersion of reinforcement powders in surface composite 

construction.  
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This chapter describes the effect of reinforcement particles and relative hybrid ratio on 

wear behavior of processed surface composites accompanied by the effect of FSP on 

wear behavior of AA6061. It also describes the influence of reinforcement strategy (hole 

and groove method) on wear behavior of optimized hybrid composites. It consists of the 

results and discussions of dry sliding pin-on-disk wear tests of processed mono and 

hybrid surface composites, FSPed alloy without powder, and as-received alloy i.e. 

experiment phase 1 to 4, followed by a description of the SEM micrograph of worn-out 

pin surfaces. In the last, plots of variation in coefficient of friction with sliding distance 

are discussed.  

6.1 Wear  

The length of wear pin specimens reduces during the test on the pin-on-disk tribometer. 

The variation of material loss (micron) for all the FSPed samples and BM (three test 

data to show repeatability of wear test) with sliding distance (m) is presented in Fig. 6.1 

(a-g). The variation of wear (micron) of the average of three test data with the sliding 

distance (m) is shown in Fig. 6.2.  
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FIGURE 6.1: Variation of material loss (micron) with the sliding distance for sample (a) A - 100% 

B4C, (b) H - 87.5%B4C+12.5%MoS2 Hole method, (c) I - 87.5% B4C+12.5%MoS2 Groove method, 

(d) B - 75% B4C+25% MoS2, (e) C - 50% B4C+50% MoS2, (f) F - FSPed AA6061, and (g) G - BM.  
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FIGURE 6.2: Variation of material loss (micron) comparison of the average of three test data 

with the sliding distance for FSPed samples and BM. 

The wear volume loss of the hemispherical shape pin cap (Fig. 3.11 (b), (c) ) is 

calculated by the geometrical formula mentioned in equation 6.1, using a scar radius of 

hemispherical shape pin cap which is calculated by equation 6.2.  

Wear volume loss (𝑚𝑚
3
) =   

πh (3𝑎2 + ℎ2) 

6
                                                              (6.1) 

Scar radius  a (mm) = √r2 − (r − h)2                                                                           (6.2) 

Here, r is the hemisphere radius i.e. 3 mm, and h is the wear in mm, resulted from the 

pin-on-disk wear test. 

The wear rate is determined by equation 6.3, using the wear volume loss of pin 

specimen. 

Wear rate (
𝑚𝑚3

𝑚
) =    

wear volume loss (𝑚𝑚3)

sliding distance (m) 
                                                    (6.3)   

The relation in wear volume loss (mm3) with sliding distance (m) for FSPed samples 

and as-received AA6061 is demonstrated by Fig. 6.3.  
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FIGURE 6.3: Variation of wear volume loss with the sliding distance for FSPed samples and BM. 

The wear is found to increase as sliding distance increases, as displayed in Fig. 6.1 to 

6.3. The hybrid particle combination 87.5%B4C+12.5%MoS2 reported the lowest wear 

among all samples under the same pin-on-disk wear test condition. While the highest 

wear was obtained for the FSP without reinforcement due to hardness reduction by loss 

of the strengthening phase precipitates in multi-pass FSP, and the similar results 

reported by different authors [11, 139, 140]. The average wear volume loss (mm3) for 

Al/B4C mono surface composite, Al/87.5%B4C+12.5%MoS2 (hole method), 

Al/87.5%B4C+12.5%MoS2 (groove method), Al/75%B4C+25%MoS2, and Al/50%B4C 

+50%MoS2 hybrid surface composites, FSPed AA6061 without powder, and BM was 

found to be 3.061, 0.813, 0.938, 2.910, 3.248, 4.548 and 4.368 respectively. The 

counterpart disk made by EN31 steel with ~ 62 HRC hardness is not expected to 

undertake substantial wear loss. Hybrid surface composites AA6061/(87.5%B4C+ 

12.5%MoS2) demonstrates noticeable improvement in wear resistance in line with 

FSPed Al matrix HSMMCs studied by various researchers with MoS2 as common solid 

lubricant in combination with other reinforcements [13, 16, 41, 116, 141]. Wear results 

are in agreement with the hardness data of FSPed samples and as-received AA6061, as 

shown in Fig. 6.4.   
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FIGURE 6.4: Effect of FSP and particle reinforcement on the microhardness and wear of AA6061. 

The relation of wear rate and sliding distance for FSPed samples and BM is shown in 

Fig. 6.5. Wear rate can be examined in three different stages: initial, intermediate, and 

steady-state. In the initial stage, FSPed AA6061 without reinforcement particles 

displayed the highest wear rate rapidly due to the reduced hardness by loss of the 

strengthening phase precipitates during multipass FSP. Initially, the contact of the 

composite pin has mixed surfaces (aluminum matrix and reinforcement particles) onto 

the steel disk, causing fluctuated wear behavior. Then the wear rate increases more in a 

gradual pattern for samples tested. Finally, wear rate behaves in a near-constant manner 

for all the FSPed samples. All surface composites exhibited less wear rate compared to 

FSPed AA6061 without reinforcement particles and BM, attributed to the presence of 

abrasive reinforcement particles B4C in Al matrix that perform as a load-bearing element 

in composites. It is worth indicating that hard B4C reinforcement in the Al matrix 

reduces the straight bearing load among the soft AA6061 matrix of the wear pin and 

hard steel disk counter surface in pin-on-disk testing and also restricts the micro-cutting 

action of the pin to depress the material elimination from the wear pin. Hence, this 

reduced load-bearing composite surface resulted in less wear rate in a significant 

amount. Metallurgical transformations like uniform distribution of B4C and MoS2 

particles, grain refinement, and work hardening owing to the strain misfit among the 



Wear 

139 

elastic reinforcing powders and the plastic matrix are the possible main strengthening 

mechanisms backing improved wear resistance [29, 114]. 

 

FIGURE 6.5: Variation of wear rate with the sliding distance for FSPed samples and BM. 

Regardless of the hardness of mono composite Al/B4C was higher than all hybrid 

composites, the hybrid composite Al/87.5%B4C+12.5%MoS2 exhibited the highest 

wear resistance, attributed to the active lubricant role of MoS2 particles in the hybrid 

surface composites. Reinforcement of solid lubricant MoS2 with abrasive B4C particles 

increases the material flow characteristics of B4C particles around the tool pin during 

processing, which results in superior dispersion of B4C particles in the AA6061 matrix. 

Extraordinary lubricant performance of MoS2 is credited to large spacing or feebler bond 

in S-Mo-S layers along with favorable electron distribution on the constituent atoms, 

which assist the appropriate mixing of MoS2 and B4C [15, 176]. The improved wear 

resistance of hybrid composites is owned to stable and rich MoS2 mechanically mixed 

layer (MML), that constrain metal to metal interaction during experimental conditions. 

These results are in line with the FSPed Al matrix hybrid surface composites with 

various reinforcements manufactured using MoS2 as a solid lubricant [13, 16, 41, 116, 

141].  
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Hybrid surface composite with an increased fraction of MoS2 showed the poor wear 

resistance due to the presence of more lubricant particles and less abrasive particles, 

which is also similar to the hardness results, as shown in Fig. 6.4. So, an optimized 

combination of abrasive particles and solid lubricant particles is required to manufacture 

a hybrid surface composite with high wear resistance. 

Fig. 6.6 presented the comparison of the average wear rate of FSPed samples with BM. 

The values of wear (micron), wear volume loss, and wear rate with standard error for 

FSPed samples and BM is given in Table 6.1. Among the hybrid surface composites 

manufactured with optimized powder combination 87.5%B4C+12.5%MoS2, the hole 

method sample H presented 13.3 % less wear with less standard error compared to 

groove method sample I. The less standard error in wear directs more even tribological 

performance. The better wear performance with more uniformity is managed by 

improved homogeneity of particle distribution offered by the zigzag hole pattern.  

TABLE 6.1: Wear performance of the FSPed samples and BM 

Sample 
ID 

Reinforcement 
method 

Powders  Average 
wear 

(micron) 

Average 
wear volume 

loss  (mm3) 

Average 
wear rate  

(mm3/m) 

Standard error 
(wear rate 

(mm3/m)) 

A Hole 100% B4C 587.3 3.061 0.001530 0.000192 

H Hole 87.5% B4C+ 

12.5% MoS2  

298.7 0.813 0.000406 0.000018 

I Groove 87.5% B4C+ 

12.5% MoS2  

317.7 0.938 0.000469 0.000103 

B Hole 75% B4C+ 

25%MoS2 

574.3 2.910 0.001455 0.000044 

C Hole 50% B4C+ 

50% MoS2 

603.3 3.248 0.001624 0.000281 

F Nil (FSPed AA6061 without 

powder) 

724 4.548 0.002274 0.000133 

G Nil (As-received AA6061) 708.3 4.368 0.002184 0.000180 
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FIGURE 6.6: Comparison of average wear rate of FSPed samples with BM. 

6.2 SEM Micrograph of Worn-out Pin Surfaces 

Worn out pin surface SEM micrographs of the FSPed surface composite samples are 

displayed in Fig. 6.7, whereas for FSPed AA6061 without powder and BM displayed in 

Fig. 6.8. During sliding wear, the wear pin remains in contact with the steel disk. The 

B4C reinforced in the AA6061 matrix are harder than the counter surface of wear disc 

and reduced the contact area between the wear pin and steel disk. So the less material 

loss is managed in surface composites compared to FSPed alloy without powder and 

BM. Some of these B4C particles might be fully detached from the matrix or may arise 

from the fracture of larger B4C particles that had been placed between the wear pin and 

steel disc. The hard B4C particles were stuck in between the sliding surfaces and abraded 

the sliding interface and result in deep grooves or patches on the surface. In hybrid 

composites as the sliding distance increases along with B4C particles MoS2 particles 

also detached from the matrix and stuck between the sliding surfaces. The trapped 

particles develop mechanically mixed layer (MML) on the wear pin surface, which 

constrains metal to metal interaction during the tribological performance. A stable MML 

developed on the surface increases the wear resistance of composites. The better wear 

resistance of hybrid composites is owned to stable and MoS2 rich MML. Although 

AA6061/B4C mono composite sample is harder than AA6061/B4C+MoS2 hybrid 

composites, the MML in mono composites becomes unstable in the absence of lubricant 
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particle MoS2, which results as reduced wear resistance compared to hybrid composites. 

These observations are also in good agreement with the FSPed Al matrix hybrid surface 

composites manufactured using MoS2 as a solid lubricant [73, 141].  

 

FIGURE 6.7: SEM micrographs of worn surface of FSPed surface composite samples (a) A- 100% 

B4C, (b) H - 87.5%B4C+12.5%MoS2 Hole method, (c) I - 87.5% B4C+12.5%MoS2 Groove method, 

(d) B - 75% B4C+25% MoS2, and (e) C - 50% B4C+50% MoS2. 
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FIGURE 6.8: SEM micrographs of Worn surface of (a) F - FSPed AA6061 and, (b) G - BM. 

Dominant wear in the BM and FSPed alloy without powder was found adhesive, 

whereas, combined adhesive and abrasive wear was observed in the surface composite 

samples. Abrasive wear is credited to the presence of hard pulled out particles between 

the wear pin and steel disc, which outcomes as deep grooves or patches on the worn-out 

surface. Compared to FSPed alloy without powder and BM, the surface composites 

displayed wider wear tracks, which direct the resistance to plastic flow during sliding 

wear. This resistance to plastic flow offered by surface composites is attributed to the 

strengthening presented by hard B4C reinforcement in the Al matrix. The severe plastic 

deformation and material loss occur in the worn surface of the BM and FSPed alloy 

without powder compared to the worn surface of composites due to less microhardness. 

6.3 Coefficient of Friction 

During the pin-on-disk sliding wear test, both wear pin surface and the steel disk were 

continuously in contact, and friction force arise in between the wear pin surface and 

steel disk. The coefficient of friction (COF) was also measured during the wear test. The 

change in the COF with sliding distance for all FSPed samples and BM is presented in 

Fig. 6.9 and 6.10.  
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FIGURE 6.9: Variation of coefficient of friction with the sliding distance for sample (a) A - 100% 

B4C, (b) H - 87.5%B4C+12.5%MoS2 Hole method, (c) I - 87.5% B4C+12.5%MoS2 Groove method, 

(d) B - 75% B4C+25% MoS2, (e) C - 50% B4C+50% MoS2, (f) F - FSPed AA6061, and (g) G – BM. 
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FIGURE 6.10: Variation of the coefficient of friction comparison with the sliding distance for 

FSPed samples and BM. 

The average COF for the Al/B4C, Al/87.5%B4C+12.5%MoS2 hole method, Al/87.5% 

B4C+12.5%MoS2 groove method, Al/75% B4C+25% MoS2, Al/50% B4C+50% MoS2, 

FSPed alloy without powder, and BM was ~ 0.51, ~0.58, ~ 0.54, ~ 0.43, ~ 0.36, ~ 0.37 

and ~ 0.33, respectively. FSPed alloy without powder displayed higher COF than BM, 

credited to higher plastic deformation at actual contact areas of wear pin and steel disk. 

FSPed alloy without powder with reduced hardness than BM, due to loss of 

strengthening phase precipitates in multipass FSP has directed more plastic deformation 

and higher COF [13, 141]. In surface composites, COF higher than BM was witnessed 

due to the presence of hard particles in the surface, which hinder the movement of steel 

disc and fallouts in higher resistance to the sliding surface. To create microchips from 

the wear pin surface, the extra frictional force is required, due to B4C particles 

penetration in the steel disk, which increased COF [13, 73, 80, 81, 141]. In hybrid 

composites, the MoS2 rich steady layer made on the sliding surface control of friction 

coefficient, while simultaneously worn debris local adherence with the surface raises 

the friction coefficient. The hybrid composite samples demonstrate reduced COF with 

increased MoS2 fraction attributed to the layered structure of MoS2. 
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6.4 Summary  

The observations of dry sliding pin-on-disk wear tests of processed mono (B4C) and 

hybrid (B4C+MoS2) surface composites in AA6061-T651 matrix, FSPed alloy without 

powder, and BM along with the study of worn-out pin surfaces have been summarized 

as:   

 The wear loss is increased with the sliding distance.  

 The FSPed alloy without reinforcement has higher wear loss than BM due to 

hardness reduction by loss of the strengthening phase precipitates in multipass FSP.  

 Even though there is the loss of the strengthening phase in multipass FSP, the wear 

resistance of surface composites is improved, which is attributed to the presence of 

load-bearing abrasive reinforcement particle B4C and solid lubricant MoS2 in 

composites. Metallurgical transformations like uniform distribution of B4C and 

MoS2 particles, grain refinement, and work hardening owing to the strain misfit 

among the elastic reinforcing powders and the plastic matrix are the possible 

strengthening mechanisms backed wear resistance improvement.  

 The hybrid surface composite (87.5%B4C+12.5%MoS2) exhibited the highest wear 

resistance, despite the fact of lower hardness than mono surface composite (B4C), 

which is attributed to the stable and rich MoS2 mechanically mixed layer that 

minimized disk-Al matrix contact during experimental conditions and demonstrate 

reduced wear rate.  

 Reduced wear resistance in hybrid composites with increasing MoS2 fraction is 

attributed to hardness reduction and higher % of soft MoS2 compared to hard B4C 

particles.  

 Among the hybrid surface composites manufactured with optimized powder 

combination 87.5% B4C+12.5%MoS2, the hole method sample presented 13.3% less 

wear with less standard error compared to the groove method sample, which is 

attributed to an improved homogeneity of particle distribution offered by hole 

pattern.  

 Dominant wear in the BM and FSPed alloy without powder was found adhesive, 

whereas, combined adhesive and abrasive wear were observed in the surface 

composite samples, credited to the presence of hard pulled out particle in the stir 

zone. 
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 FSPed alloy without powder with reduced hardness than BM directed higher plastic 

deformation at contact areas of wear pin and steel disk and higher COF. 

 The higher coefficient of friction was witnessed in surface composites compared to 

BM, due to the higher resistance to sliding demonstrated by the hard abrasive 

particles present in the surface. The B4C particles penetration in the steel disk forced 

extra frictional force to produce microchips from the wear pin surface and results in 

increased COF. 

 The hybrid composite samples demonstrate reduced COF with increased MoS2 

fraction attributed to the layered structure of MoS2.  

 To produce a hybrid surface composite with high wear resistance, an optimized 

combination of abrasive particles and solid lubricant particles is required 

simultaneously with a zigzag hole pattern to advance the powder distribution. 
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7.1 Conclusions 

FSP is established as an efficient technique for manufacturing mono as well as hybrid 

surface composites. The surface properties such as hardness, wear resistance, etc. can 

be enriched by FSP. Mono (B4C) and hybrid (B4C+MoS2) surface composites were 

successfully manufactured in the AA6061-T651 matrix using the multipass FSP reverse 

direction approach. The observations of the testing and characterization of manufactured 

mono and hybrid surface composites samples and comparison with FSPed AA6061 

without reinforcement and base material has been summarized as:  

 The FSPed mono and hybrid surface composites up to 50% MoS2 display defect-

free surface appearance. The surface appearance becomes poor with increased MoS2 

fraction. For the selected process conditions FSP with 75% and more MoS2 is not 

suggested owing to dominant lubricant characteristics of MoS2.  

 The multipass FSP approach along with the change in processing direction after each 

pass results in uniform dispersion of fine B4C and MoS2 particles in the refined 

AA6061 matrix on both the advancing side and retreating side. Moreover, the 

lubrication effect of MoS2 particles managed better distribution of hard B4C particles 

in the hybrid surface composites compared to mono composite.  

 The FSPed hybrid surface composite demonstrated better particle distribution with 

the hole method compared to the groove method, attributed to the better control and 

competency offered by the zigzag hole pattern to incorporate powder particles in the 

processed area. 
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 The presence of reinforcement particles in the Al matrix as B4C in the mono surface 

composite and both B4C and MoS2 in the hybrid surface composites was confirmed 

by EDX. 

 The SZ/BM interface for FSPed mono and hybrid Surface composites exhibits a 

healthy bond with the matrix without defects.  

 FSPed AA6061 without reinforcement displayed reduced hardness and wear 

resistance due to loss of the strengthening phase precipitates by multipass FSP 

associated heat input.  

 Even though there is the loss of the strengthening phase in multi-pass FSP, the 

micro-hardness and wear resistance of processed surface composites are improved 

due to the well-distributed hard B4C and solid lubricant MoS2 particles, grain 

refinement, and dispersion hardening.  

 Mono surface composite attained the maximum hardness followed by hybrid 

composite with 12.5%, 25%, and 50% MoS2 due to layered structure and the relative 

softness of MoS2 powder, which decreases hardness with increasing the fraction of 

MoS2 in hybrid surface composites. 

 The hardness appears nearly uniform across the SZ direction, which approves the 

homogeneous distribution of reinforcement particles by effective reverse direction 

multipass FSP approach.  

 The hybrid surface composite (87.5% B4C+12.5% MoS2) exhibited higher wear 

resistance, despite the fact of lower hardness than mono surface composite (B4C).  

The stable and MoS2 rich mechanically mixed layer decreased mating surface 

contact and demonstrate reduced wear rate.  

 Reduced wear resistance in hybrid composites with increasing MoS2 fraction is 

attributed to hardness reduction and higher % of soft MoS2 compared to hard B4C 

particles.  

 For hybrid surface composite with 12.5% MoS2, the hole method sample showed 

better wear performance as compared to the groove method sample due to enhanced 

homogeneity of particle distribution presented by hole pattern. 

 Dominant wear in the BM and FSPed alloy without powder was found adhesive, 

whereas, combined adhesive and abrasive wear were observed in the surface 

composite samples, credited to the presence of hard pulled out particle in the stir 

zone. 
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 The higher coefficient of friction was witnessed in surface composites compared to 

BM, due to the higher resistance to sliding demonstrated by the hard abrasive 

particles present in the surface. The hybrid composite samples demonstrate reduced 

COF with increased MoS2 fraction attributed to the layered structure of MoS2.  

7.2 Major Contributions 

Mono AA6061/B4C and hybrid AA6061/B4C+MoS2 surface composites with varying 

ratios of abrasive and lubricant particles were successfully manufactured using 

multipass reverse direction FSP. Surface hybrid composite 

AA6061/87.5%B4C+12.5%MoS2 achieved homogeneous particle distribution with the 

best combination of hardness and wear resistance. Moreover, the hybrid composite 

manufactured by hole method FSP revealed better wear performance over the hybrid 

composite manufactured by groove method FSP. Improvement of hardness and wear 

resistance of AA6061-T651 surface by reinforcement of B4C and MoS2 particles 

through multipass reverse direction FSP is reported the first time. The studies carried 

out during the doctoral research is expressed by international peer-reviewed papers as a 

backbone. The details of the associated papers are given in the list of publications.  

The present work concludes that the use of an optimum amount of lubricant particles 

with hard ceramics results in improved hardness and wear resistance of FSPed hybrid 

surface composites; powder distribution and resultant properties can be further advance 

by the use of zigzag hole pattern for particle reinforcement. The graphical representation 

of the process and key findings are presented in Fig. 7.1. The recommendations to 

manufacture a hybrid surface composite with homogeneous powder distribution, better 

hardness, and high wear resistance are summarized in Fig. 7.2.  
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FIGURE 7.1: Graphical representation of the process and key findings. 

Lightweight mechanical components with improved tribological characteristics without 

compromise with required functions are current techno-commercial requirements which 

can be fulfilled by hybrid surface composites for energy savings and associated profits. 

The hybrid surface composites can be used where the good tribological performance 

with bulk metallic properties and reasonably more hardness is desired like gears, cams, 

shafts, pistons, etc. Moreover, FSP can be used for location-specific property 

enhancement on the surface of engineering components.  
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7.3 Scope for Future Work  

The present study has proved that an optimal combination of lubricant particles and hard 

abrasive particles is required to manufacture a hybrid surface composite with high wear 

resistance. Furthermore, the zigzag hole pattern improves the powder distribution 

homogeneity. However, this work is largely focused on the effect of varying 

reinforcement % and reinforcement methods on the hardness and wear behavior of 

processed surface composites. The present research can be extended for the effects of 

parameters like tool rotational and travel speed, pin profile, supplementary 

cooling/heating during FSP, different processing conditions in between stirring passes, 

etc. The influence of temperature on the particle distribution can be studied. The study 

can even be taken forward for a different matrix material, different combinations of 

reinforcements, or process parameters.  

 

Hybrid surface 

composite with 

homogeneous 

particle distribution, 

better hardness, and 

high wear resistance

Multipass FSP

Change in          

pass direction     

after each pass

Zigzag hole 

pattern 

reinforcement 

method

Optimum 

amount of 

lubricant 

particles with  

abrasive hard 

particles

FIGURE 7.2: Recommendations to manufacture a hybrid surface composite with 

better hardness and high wear resistance. 
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Tool pin (taper cylindrical threadless pin):   

Root diameter 5 mm, tip diameter 3 mm, and length 2.9 mm  

For cylindrical pin,  

Projected volume of tool pin = pin diameter x pin length x processed region length  (2.4) 

For taper cylindrical pin,  

Projected volume of tool pin = 0.5 (pin root diameter + pin tip diameter) x pin length x             

                                                  processed region length   

Projected volume of tool pin = 0.5 (5+3) x 2.9 x 100 = 1160 mm3 

For hole method:  

80 blind holes of diameter 1.5 mm, and depth 2 mm  

Volume of holes = Volume of single hole (πr2D) x number of holes                           (2.3)  

Here, r is the radius and D is the depth. 

Volume of holes = π x 0.75 x 0.75 x 2.0 x 80 = 282.6  mm3 

Theoretical volume fraction =
volume of holes

projected volume of tool pin
 x 100            (2.1) 

Theoretical volume fraction =
282.6  mm3 

1160 mm3 
 x 100 = 24.36%         

For groove method: 

A groove of 1.4 mm width and 2 mm depth along the plate length 100 mm. 

Volume of groove = groove width x groove depth x processed region length          (2.7) 

Volume of groove = 1.4 x 2.0 x 100 = 280 mm3 

Theoretical volume fraction =
volume of groove

projected Volume of tool pin
 x 100           (2.5) 

Theoretical volume fraction =
280 𝑚𝑚3

1160 𝑚𝑚3 
 x 100 = 24.14%                                 


