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1. Title of the thesis and abstract 

Title of the thesis: “Surface Composite Manufacturing through Friction Stir Processing” 

Abstract:  

Poor tribological properties restrict structural applications of aluminum alloys. Aluminum 

matrix composites reinforced through ceramic particles exhibit advanced properties and used 

as a structural material in different sectors. However hard ceramics reinforcements decrease 

toughness and ductility of soft matrix and restrict their wide applications. When only the 

surface layer reinforced through ceramic particles, the original composition, structure and 

properties of the matrix alloy can be reserved. Aluminum surface composites have gained more 

attention in material processing due to their noble tribological characteristics. The addition of 

solid lubricant reinforcement particles along with abrasive ceramics enhances the tribological 

performance of surface composites. In the present study, solid-state technique, friction stir 

processing (FSP) with different direction multipass strategy was used to develop mono (B4C) 

and hybrid (B4C+MoS2) surface composites in AA6061-T651 aluminum alloy. The hybrid 

surface composites were produced by varying an amount of MoS2. The microstructural analysis 

showed a uniform dispersal of reinforcement particles without any clustering or agglomeration 

in the processing zone. Microhardness and wear performance of mono and hybrid composites 

improved in comparison to the base metal owing to homogeneous reinforcement distribution 

in the matrix. Mono surface composite exhibited the highest hardness while hybrid surface 

composite (87.5%B4C+12.5%MoS2) achieved the highest wear resistance attributed to the 

solid lubricant nature of MoS2. In hybrid surface composite (87.5%B4C+12.5%MoS2), the hole 

method revealed better wear performance compared to the groove method, attributed to an 

improved homogeneity of particle distribution booked by hole pattern. Furthermore, the 

dissolution of strengthening precipitates during multipass FSP without reinforcement particles 

resulted in reduced hardness and wear resistance. 

 

2. A brief description of the state of the art of the research topic 

Aluminum (Al) alloys are candidate materials for structural uses due to their high specific 

strength, thermal conductivity, and corrosion resistance; but inferior wear performance limits 

their tribological applications. Al 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 
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sectors like automotive, aerospace and ship-construction [1]. Addition of brittle reinforcements 

in Al matrix, decrease toughness and ductility of matrix and restrict wide applications of AMCs 

[2-5]. If the only surface layer reinforced through ceramic particles, the original composition, 

structure, and properties of the matrix can be reserved; the modified surface layer is known as 

surface metal matrix composite (SMMC). SMMCs offer a united arrangement of high wear 

and hardness performance of the surface, accompanied by bulk metal matrix properties [3, 6-

8].  

Conventional methods for producing surface composites include liquid phase processing 

techniques like high energy laser beam, plasma spraying, cast sinter, electron beam irradiation, 

etc., which tend to decline composite resulting properties due to detrimental phases formation 

by excessive interfacial reactions of reinforcement and molten metal matrix [6, 9, 10]. These 

problems can be avoided if surface composites fabricated below the matrix melting point. 

Friction stir processing (FSP) has publicized great potential for producing surface composites 

[6, 7, 11-16], grain refinement [17, 18], superplasticity [19-21], and fusion weld modification 

[22], etc. because of its solid-state characteristic. FSP is a variant of friction stir welding (FSW) 

process, which has the same process principle and shares the same facilities as of FSW [23, 

24]. As shown in Fig. 1, during FSP a non-consumable rotating tool with pin and shoulder is 

first injected and then forwarded into a base material (BM) in the designed path. The rotating 

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

the heated soft material, which flows around the rotating pin. FSP results in a severe plastically 

deformed region; stir zone (SZ) with the fine-grained microstructure due to dynamic 

recrystallization (DRX) [19, 24-28]. 

  

Fig. 1: Schematic of Friction stir processing [26] 
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Initially, Mishra et al. [7] established the FSP method to fabricate AA5083/SiC surface 

composites. Friction stir processed (FSPed) SMMCs have been manufactured by reinforcing 

ceramic powders in the matrix by hole and groove methods. In the hole- method, chain of tiny 

closed holes of required diameter and depth is made, succeeding powders inclusion, 

compaction and then processing along the designed path [11, 12, 14, 29, 30]. In the groove or 

slot method, one or more blind grooves of required depth and width are produced, succeeding 

particle inclusion, compaction and then processing is carried out along the designed path [16, 

31-35]. Several researchers have studied FSPed SMMCs to boost the tribological performance 

of Al alloys [6, 11, 12, 16, 31, 32, 36, 37]. Clustering or accumulation of reinforced powders 

in FSPed SMMCs is the main concern and that may be overcome by using more than one passes 

for uniform powder distribution [24, 26, 34] and different processing direction increases the 

uniformity of reinforcement distribution in the matrix [12, 16].  

Hard ceramic reinforcement particles advance the tribological behavior of the SMMCs. 

However, ceramic particles tend to detach from the matrix and perform as third-body abrasives 

which in turn increases wear rate. Adding solid lubricant particles like graphite (Gr), MoS2 

along the stiff ceramic powders in the Al matrix would nurture self-lubricating properties in 

composites and increase the wear resistance of SMMCs under sliding wear conditions [38-44]. 

Such a modified surface layer with two or more reinforcements categorized as hybrid surface 

metal matrix composite (HSMMC). In HSMMCs, wear resistance can be enhanced through the 

combined effect of stiff ceramic and solid lubricant reinforcements [38, 42]. Different 

investigators explored Al-based HSMMCs with various arrangements of reinforcement 

powders [3, 38, 42, 45-56]. Sharma et al. [45] reported better mechanical properties in the 

hybrid composite AA6061/SiC+Gr compared to Al/SiC and Al/Gr mono composites. Alidokht 

et al. [38, 42] reported better wear resistance in the cast A356/SiC+MoS2 hybrid layer due to 

the existence of solid lubricant MoS2 particles. Sudhakar et al. [52] reported a fine and uniform 

microstructure with better wear resistance and ballistic performance of the AA7075/B4C+MoS2 

HSMMC due to the presence of solid lubricant MoS2 particles. Srinivasu et al. [53] showed 

advanced tribological behavior in A356/ B4C+MoS2 HSMMC. A. Devaraju et al. [54] reported 

less wear in Al/SiC+Gr HSMMC compared to the Al/SiC+Al2O3 HSMMC, due to the 

additional solid lubricant nature of Gr than Al2O3.  

AA6061 is widely used for medium to high strength needs in heavy-duty structures, railroad 

cars, aircraft, defence, furniture, pipelines, automobiles and marine areas due to good 
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combinations of properties, but exhibits inferior tribological properties in extensive usage [6, 

14, 55]. B4C is a strong material having outstanding chemical and thermal stability, high 

hardness, young's modulus, impact and wear resistance, low density and significant neutron 

absorptivity. It used for manufacturing bulletproof vests, armor tanks, etc. [3, 14, 50]. 

AA6061/B4C composites are used in different areas such as aerospace, defense, nuclear power 

plants, rail, automobile, etc., as structural materials where better strength to weight ratio is 

required. MoS2 has a low friction coefficient (0.01<μ<0.l), excellent adherence to metals, and 

extraordinary stability in dry environments. It extensively used as solid lubricant in 

aeronautical and space applications. The presence of MoS2 in SMMCs would assist in 

developing and retaining the solid lubricant film to inhibit metal-to-metal contact and reduce 

wear rate [38, 40-44, 52, 53]. Limited information available in the public domain on SMMCs 

manufacturing using AA6061 substrate through FSP. However, previously no results were 

reported for improvement of hardness and wear resistance by the addition of a mixture of B4C 

and MoS2 particles as reinforcements on the AA6061-T651 surface by FSP. Hence there is a 

research gap and to addresses the same, in the present study FSP was used to develop mono 

(B4C) and hybrid (B4C+MoS2) surface composites in AA6061-T651. The hybrid surface 

composites were produced by varying an amount of MoS2. Multipass FSP with different 

direction strategy was adopted for achieving uniform distribution of reinforcement powders in 

the matrix.   

 

3. Definition of the problem  

The present research work addresses the following problem:  

The poor tribological properties of Al alloys is a major concern in various applications. 

Moreover, the addition of hard ceramic reinforcements in the entire Al matrix to improve 

tribological behavior decreases toughness and ductility of the matrix, which in turn restricts 

applications of AMCs. In SMMCs, only the surface layer 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 SMMCs due to its solid-state nature. The 

addition of solid lubricant reinforcement particles along with abrasive ceramics contributes to 

the enhancement of the tribological performance of surface composites. No work has been done 

for improvement of hardness and wear resistance of AA6061-T651 surface by reinforcement 

of B4C and MoS2 particles through FSP. 
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4. Objective and scope of the work 

Objective: Considering the above-mentioned research gap, following research work was 

planned: 

a) Manufacture AA6061/(B4C+MoS2) mono and hybrid surface composites by the FSP 

technique.  

b) Characterize manufactured surface composites samples. 

c) Compare properties of manufactured surface composites with FSPed AA6061 and base 

material.   

Scope of work: The current doctoral research work accomplishes the above-mentioned 

objectives. The first time the solid-state technique, FSP with hole method multipass reverse 

direction approach was used to develop mono (B4C) and hybrid (B4C+MoS2) surface 

composites with different amounts of MoS2 in AA6061-T651. Three, 100% overlapped stirring 

passes by changing the direction after each pass were accomplished to achieve identical 

reinforcement distribution on both sides of the tool pin. Microstructural analysis, 

microhardness, and pin on disc wear test carried out. Properties of the developed surface 

composites compared with FSPed AA6061 without powder and as received AA6061. For 

optimized powder combination of B4C and MoS2 particles surface composite also developed 

by groove method and compared with the hole method sample. The present study reveals that 

different directions multipass FSP is an effective approach for surface composites 

manufacturing with homogeneous reinforcement distribution. The work can be further 

extended for a different matrix, reinforcements or process parameters. 

 

5. Original contribution by the thesis 

In the present study, mono (B4C), as well as hybrid (B4C+MoS2) SMMCs fabricated using 

different ratio of abrasive and lubricant particles and multipass FSP (at a tool rotational rate of 

545 RPM, traveling speed of 50 mm/min, and the tilt angle of 3°) in reverse direction on  

AA6061-T651 surface. The impact of the formation of the composite surface layer on the 

microstructure, microhardness and wear performance were also assessed. Improvement of 

hardness and wear resistance of AA6061-T651 surface by reinforcement of B4C and MoS2 

particles through multipass reverse direction FSP is the first time reported. Lightweight 

mechanical components with improved tribological characteristics without compromise with 

required functions are current techno-commercial requirements which can be fulfilled by 
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hybrid surface composites to fund energy savings and associated profits. The hybrid surface 

composites can be used where the good tribological performance with reasonably more 

hardness and bulk metal matrix properties are desired like gears, cams, shafts, pistons, etc. and 

can be used for location-specific property enhancement on the surface of engineering 

components. 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 point 9. 

 

6. The methodology of research, results/comparisons 

The flowchart of the overall research is presented in Fig. 2.  

 

6.1 Material and methods 

AA6061-T651 plate with 6 mm thickness and 100 mm x 100 mm size was used as BM and 

B4C and MoS2 particles with average particle size 8 μm and 3 μm, respectively were used as 

reinforcements. The experiments were performed on a conventional vertical milling centre. 

Selection of matrix, 

abrasive and lubricant 

particles 

B4C and MoS2 

 
AA6061-T651 

Sample preparation 

Optimization of 

process parameters 

Fabrication No  Yes 

Testing 

Microstructural 

characterization 
Hardness 

characterization 

Wear 

characterization 

Analysis and publications of results  

End 

 

Start 

 

Fig. 2: Flowchart of the overall research 
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Both the hole and groove methods were selected to reinforce powder particles in the AA6061 

surface. In hole method blind holes with 1.5 mm diameter, 2 mm depth, and 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(a). In the groove method, a groove with a 1.4 mm width 

and 2 mm depth was made along the centerline of the plate, as shown in Fig. 3(b). 

  

The hollow pockets were packed with a different combination (vol. %) of B4C and MoS2 

particles. The sample Identification numbers (ID) with the powder combinations are tabulated 

in Table 1. Dry powders were mixed with the acetone (carrier material), to get the paint-like 

effect and the resulting paste was applied on prepared hollow pockets with the help of brush 

followed by capping pass to seal the reinforcement particles on the surface by an M2 tool steel 

pinless tool. After that stirring pass performed with pin tool to distribute the powders in the 

matrix. Heat-treated FSP tool prepared from tungsten carbide with an 18 mm shoulder 

diameter, conical threadless pin with 5 mm root diameter, 3 mm tip diameter and 2.9 mm pin 

length were used to fabricate surface composites. After several primary trials, the optimum 

processing parameters for FSP were set at a tool rotational rate of 545 RPM, traveling speed of 

50 mm/min, and the tilt angle of 3°. Three, 100% overlapped stirring passes in the reverse 

direction were accomplished to restrict the powders accumulation and for the identical material 

flow on advancing and retreating sides [16, 39, 50]. Initially sample A, B, C, D, E, F and G 

were planned with hole method FSP. After the successful fabrication of mono and hybrid 

surface composites up to 50% MoS2, sample H with 87.5%B4C+12.5%MoS2 fabricated for 

optimization of powder combination. One more sample I with optimized powder combination 

87.5%B4C+12.5%MoS2 fabricated with groove method to compare hole and groove method.  

(a) (b) 

Fig. 3: Schematic of hollow pocket patterns in Al6061 to insert reinforcement particles before FSP: (a) blind 

hole and (b) groove.  
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Table 1: Sample ID as per parameter set 

Sample ID Hollow pocket configuration Powders % 

A Hole 100% B4C 

B Hole 75% B4C+25% MoS2 

C Hole 50% B4C+50% MoS2 

D Hole 25% B4C+75% MoS2 

E Hole 100% MoS2 

F FSPed AA6061 without powder 

G As received AA6061 

H Hole 87.5% B4C+12.5% MoS2 

I Groove 87.5% B4C+12.5% MoS2 

 

6.2 Microstructural characterization and hardness testing 

To analyze the powder distribution in SZ, specimens for microstructure study were sectioned 

from the FSPed samples perpendicular to the processing route. Cut specimens were initially 

ground by different grinding papers trailed by polishing with diamond paste, and etching using 

Keller's reagent (1% HF, 1.5% HCL, 2.5% HNO3, and 95% water). Optical microscopy (OM) 

was carried out following the ASTM standard E407. Scanning Electron Microscopy (SEM) 

was carried out for higher magnification characterization. The SEM equipment was equipped 

with Energy dispersive X-ray spectrometer (EDX), which was used for elemental analysis. The 

samples prepared for microscopy were also used for the microhardness test following the 

ASTM standard E384. The microhardness was measured at 0.3 kg applied load for 10 sec. 

dwell at the SZ in a 0.5 mm interval.  

6.3 Wear testing 

Cylindrical shape pins with spherical tip (hemisphere) were used for wear testing of FSPed 

samples and BM. The pin geometry is as per the ASTM G99 standard applied to the pin-on-

disk wear test [57]. Primarily, cylindrical specimens of 6 mm length and 6 mm diameter, end 

to end with the plate thickness were sectioned from the SZ using wire cut electro-discharge 

machine. The FSPed side upper half of the cylindrical specimen is then machined to 

hemisphere shape resulting in a hemispherical tip at the FSPed side. The disk made of EN31 

steel with 62 HRC hardness used as a counterpart. Wear testing is performed using a load of 

20 N, sliding speed of 1 m/s, wear track diameter of 50 mm and constant sliding distance of 

2000 m on a pin-on-disk tribometer. Dry sliding wear tests for each sample were repeated 3 

times and averaged out wear results were reported.  
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6.4 Results and discussions 

6.4.1 Surface morphology 

The surface appearance of the FSPed sample is displayed in Fig. 4. No surface defects such as 

crack, void and surface tunnel were observed for FSPed samples except 25%B4C+75%MoS2 

and 100%MoS2 composites. As it can be observed, that the surface appearance gets poor with 

increasing the fraction of MoS2. It is worth to note that 25%B4C+75%MoS2 and 100%MoS2 

hybrid surface composites were not successful, as revealed in Fig. 4(d, e).  The material started 

sticking around tool pin during the first stirring pass itself and FSP was not feasible from the 

second stirring pass. This can be attributed to the higher amount of solid lubricant MoS2, which 

is having excellent adherence to the tool. Higher lubricant percentage causes more lubrication 

and less friction, which resulted in material sticking to the tool [41, 44].  

 

6.4.2 Microstructural observations 

The macrostructure of the processed zone for mono (B4C), and hybrid (87.5%B4C+12.5%MoS2 

hole method) surface composites are represented in Fig. 5. The surface composites exhibited 

basin-shaped SZ. The formerly filled reinforcement particles were dispersed into the matrix 

after three passes. During, FSP severe plastic deformation of BM takes place by the tool. 

Moreover, simultaneously vigorous contact takes place among the plastically deformed BM 

with filled reinforcement particles, forming SMMC. Kumar and Kailas [58] recognized two 

material flows as “pin driven flow” and “shoulder driven flow”, which were found to differ 

through the processing depth. Because of higher softening instigated and convinced forging 

(e) (g) (h) (f) (a) (c) (d) (b) 

Fig. 4: Surface morphology of FSPed samples: (a) A-100%B4C, (b) B-75%B4C+25%MoS2, (c) C-

50%B4C+50%MoS2, (d) D-25%B4C+75%MoS2, (e) E-100%MoS2, (f) H- 87.5%B4C+12.5%MoS2 

Hole method, (g) I- 87.5% B4C+12.5%MoS2 Groove method,  and (h) F- FSPed AA6061 
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forces at the shoulder region, uniform powder distribution was obtained in the shoulder contact 

region in comparison to the tool pin contact region [12]. The different direction multipass FSP 

led to almost the same dispersal of reinforcement particles on both advancing and retreating 

sides.  

 

For surface composites, the dispersal of powders within the AA6061 matrix is shown in the 

optical microstructure in Fig. 6 (a-c) and SEM micrograph in Fig. 7(a-c). Microstructure 

exhibited fine equiaxed Al grains in the SZ with the uniform distribution of very fine second 

phase particles in the fine-grained matrix. This homogeneous dispersal of reinforcements is 

credited to the multipass different direction strategy [50]. The hybrid composites achieved the 

better dispersal of reinforcement particles due to solid lubricant MoS2. During processing for 

mono and hybrid surface composites, the crushing effect induced by the tool rotating action 

results in reduced dimensions of reinforcement particles by rounding or breaking off the sharp 

edges, which leads to particle size refinement. The significant breakdown of reinforcement 

particles in the SZ resulted from extreme plastic deformation has been demonstrated by 

different investigators [12, 38, 42, 51, 52]. 

 

(a) (b) 

2 mm 2 mm 

Fig. 5: Macrographs of surface composites: (a) A- 100% B4C, (b) H- 87.5%B4C+12.5%MoS2 Hole method.  

(a) (b) 

Fig. 6: SZ optical micrographs of 

surface composites (a) A- 100% 

B4C, (b) H- 87.5%B4C+ 12.5% 

MoS2 Hole method, (c) I- 87.5% 

B4C+ 12.5% MoS2 Groove 

method,  and (d) F- FSPed 

AA6061, and (e) G- as received 

AA6061. 

 

50 µm 50 µm 

50 µm 

(e) 

50 µm 

(d) 

(c) 

50 µm 
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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 number of hole rows in the processed region [14]. The SZ of FSPed 

AA6061 obtained fine grains as shown in Fig. 6(d) due to recrystallization.  

 

EDX elemental analysis of the hybrid composite 87.5%B4C+12.5%MoS2 hole method sample 

H is presented in Fig. 8, which confirms the presence of B4C and MoS2 reinforcement particles 

in the Al matrix. 

  

6.4.3 Microhardness profile  

Fig. 9 displays microhardness distribution alongside the SZ cross-section at 0.5 mm interval 

for all FSPed samples. FSPed AA6061 demonstrates a reduction in SZ hardness compared to 

the as-received AA6061. AA6061-T651 comprises the Mg2Si precipitates as a strengthening 

phase [35], which is not temperature resistant. The multipass FSP associated high heat input 

would dissolve Mg2Si precipitates (temperature expected to be over 200oC-250oC) and causes 

reduction of precipitate density or even complete dissolution of precipitates [59]. Peak 

temperature measurement during FSP on AA6061-T6 without powder confirms the 

(a) (b) 

Fig. 7: SEM micrograph showing dispersal of reinforcement particles within SZ of Surface composites : (a) A- 

100% B4C, (b) H- 87.5%B4C+12.5%MoS2 Hole method, and (c) I- 87.5%B4C+ 12.5%MoS2 Groove method. 

(c) 

Fig. 8: EDX elemental analysis of 87.5%B4C+12.5%MoS2 hole method samples H. 
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temperature range of precipitate dissolution. Thus the FSPed AA6061-T651 loss T6 condition 

and revealed the lesser hardness compared to as-received alloy.  

 

Improvement in the hardness was observed for mono as well as hybrid surface composites 

compared to BM. The highest hardness in surface composites with 100%B4C was observed in 

comparison to other surface composites, confirming results obtained in a similar work [50].  

FSP refines the grains by severe plastic deformation. Moreover, reinforced hard carbide 

particles lead to inhomogeneous local deformation of Al matrix grains and consequently 

increases the grain refinement. According to Srinivasu et al. [53],  hard carbide particles cause 

dispersion hardening associated grain boundary pinning, improve the hardness of the surface 

composite. During Orowan strengthening, dislocation loops are made around the hard B4C 

particles, which in turn limit the movement of the dislocations hence improve the strength and 

hardness of the SMMCs [37, 39, 52, 53]. Despite the loss of strengthening precipitates, the 

well-distributed hard B4C particles could have increased the hardness in SZ of surface 

composites,  similar results reported by M. Cinta Lorenzo-Martin et al. [6]. Hybrid surface 

composites with the different fraction of MoS2 exhibited lower hardness in comparison to mono 

(B4C) composite, but higher hardness than BM. This reduction in hardness is mainly attributed 

to the layered structure and relative softness characteristic of MoS2 [38, 42, 52]. Therefore, 

hybrid surface composites showed reducing hardness trend with increasing the fraction of 

MoS2. 

Fig. 9: Microhardness survey of the cross-section region of FSPed specimens and base material 
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6.4.4 Wear behavior 

The length of wear pin specimens reduces during the test on the pin-on-disk tribometer. The 

wear loss is found to increase as sliding distance increases. The relation of wear rate and sliding 

distance for FSPed samples and BM is shown in Fig. 10. The FSPed AA6061 showed the 

highest wear rate due to hardness reduction by dynamic recovery, similar results reported by 

different authors [6, 35, 37]. All surface composites showed a less wear rate than that of BM 

and FSPed AA6061, which is accredited to the presence of load-bearing abrasive particles B4C 

and solid lubricant MoS2 in the Al matrix. It is worth to mention that the existence of B4C in 

the Al matrix reduces the direct bearing load between the Al matrix region of pin and steel disk 

of wear tester and restricts the micro-cutting action of the pin to depress the material 

elimination from the wear pin. Hence, this reduced load-bearing composite specimen surface 

produced less wear rate in a substantial amount. Metallurgical transformations like Orowan 

strengthening by uniform particle dispersal, grain refinement, and work hardening owing to the 

strain misfit among the elastic reinforcing powders and the plastic matrix are the main 

strengthening mechanisms, which backed the improved wear resistance [3, 50]. 

 

Regardless of the highest hardness of mono surface composite (100%B4C), the hybrid surface 

composite (87.5%B4C+12.5%MoS2) achieved the highest wear resistance due to the active role 

of solid lubricant MoS2 in the hybrid surface composite. The addition of MoS2 with B4C 

powders enhances the material flow of B4C abrasives around the tool pin during FSP, which in 

turn results in better distribution of abrasives in the Al matrix. Furthermore, the exceptional 

lubricant behavior of MoS2 is attributed to large spacing or weaker bonds among S-Mo-S layers 

which help to increase the proper mixing of MoS2 and B4C [43, 44]. This improvement in 

Fig. 10: Variation in the wear rate with the sliding distance 
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hybrid composites is due to a steady and rich MoS2 mechanically mixed layer (MML), which 

prevented metal-to-metal contact and increased the wear resistance of hybrid surface composite 

(87.5% B4C +12.5% MoS2). These results are also in accordance with the FSPed Al matrix 

hybrid surface composites with different reinforcements particles produced using MoS2 as a 

solid lubricant [38, 42, 51-53]. Also, hybrid surface composite with an increased fraction of 

MoS2 showed the poor wear resistance due to the presence of more lubricant powder and less 

abrasive powder, which is also similar to the hardness results. Average SZ hardness, wear 

volume loss with standard error and wear rate for FSPed samples and BM are given in table 2.  

Table 2: Average hardness and wear data 

Sample Powders % Average. SZ 

hardness 

(Hv) 

Wear 

volume loss  

(mm3) 

STD error in 

wear volume 

loss  (mm3) 

Wear rate  

(mm3/m) 

A 100% B4C 111.0 3.061 0.383 0.001530 

H 87.5% B4C+12.5% 

MoS2 Hole method 

106.4 0.813 0.036 0.000406 

I 87.5% B4C+12.5% 

MoS2 Groove method 

105.7 0.938 0.206 0.000469 

B 75% B4C+25% MoS2 103.6 2.910 0.088 0.001455 

C 50% B4C+50% MoS2 99.0 3.248 0.562 0.001624 

F FSPed AA6061 67.8 4.548 0.266 0.002274 

G As received AA6061 80.2 4.368 0.360 0.002184 

 

The hybrid surface composite 87.5%B4C+12.5%MoS2 hole method sample H presented 13.3 

% less wear compared to groove method sample I, with lesser standard error, which directs 

more  even tribological performance. The better wear performance with more evenness owned 

to an improved homogeneity of particle distribution offered by zigzag hole pattern. Moreover, 

the present work concludes that to produce a hybrid surface composite with better hardness 

and high wear resistance, an optimum amount of lubricant powder in the combination of 

abrasive hard particles is required simultaneously with zigzag hole pattern to advance the 

homogeneity of the powder distribution. 

 

7. Achievements with respect to objectives 

The main objective of the research was to manufacture AA6061/ (B4C+MoS2) mono and hybrid 

surface composites with improved mechanical properties in terms of enhanced hardness and 

wear resistance by the Friction Stir Processing (FSP) technique and their comparison with 

Friction Stir Processed (FSPed) AA6061 and base material.   
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 Mono (B4C), as well as hybrid (B4C+MoS2) surface composites with 12.5%, 25% and 50% 

MoS2, have been successfully fabricated on AA6061-T651 aluminum plate using multipass 

FSP with the change in direction approach.  

 The defect-free surface appeared for mono as well as hybrid surface composites. 

 Reinforcement particles distributed homogeneously in the (Stir Zone) SZ.  

 The microhardness and wear resistance of processed surface composites are improved as 

compared to FSPed AA6061 and base material. 

 Mono surface composite exhibited the highest hardness while hybrid surface composite 

(87.5%B4C+12.5%MoS2) booked the highest wear resistance. 

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

wear performance compared to the groove method. 

 

8. Conclusions 

 Surface appearances for mono as well hybrid surface composites up to 50% MoS2 show 

defect-free surface appearance. While FSP with 75% and more MoS2 is not recommended 

due to the dominant lubricant nature of MoS2. 

 The multipass FSP approach along with the change in processing direction after each pass 

results in uniform dispersion of reinforcement particles without agglomeration or clustering 

in the processed region. The opposite direction multipass strategy can be favored in the 

production of surface composites by FSP. Interface exhibits a healthy bond with the matrix 

without defects. 

 FSPed AA6061 without reinforcement resulted in reduced hardness and wear resistance 

due to loss of T6 condition caused by the annealing effect of FSP.  

 Despite the dissolution of the strengthening phase in SZ, the microhardness and wear 

resistance of processed surface composites are improved due to uniform distribution of 

reinforcement particles (B4C and MoS2), 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 softness of MoS2 powder. 

The hardness across the SZ direction is found almost uniform, which confirms 

homogeneous reinforcement particles distribution by an effective strategy of multipass FSP 

in different directions. 
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 The hybrid surface composite (87.5%B4C+12.5%MoS2) exhibited a higher wear resistance, 

despite the fact of lower hardness than mono surface composite (B4C). This is mainly 

accredited to the stable and MoS2 rich mechanically mixed layer (MML) with B4C could 

have minimized disk-Al matrix contact and increased the wear resistance. 

 Lower wear resistance in hybrid composites with increasing MoS2 % 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. 
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