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Abstract
Aluminumalloy-based surface composites have been in numerous applications since the introduction
of the Friction Stir Processing (FSP)method to developmultifunctional properties owing to its ease of
use and control in process parameters to obtain desired properties. AA6061-T651 is used as a
substitute for AA6082 in structural applications due to its higher strength in comparison. To further
improve the surface properties of AA6061, the friction stir processing techniquewas employed to
reinforce BoronCarbide (B4C) particles by the Blind-Holemethod. To achieve uniformity in
distribution, FSPwith a different direction strategy has been adopted. The surfaces thus developed
were characterized usingOpticalMicroscopy (OM) and Scanning ElectronMicroscopy (SEM)
techniques. The grain sizemeasurement wasmade on the processed samples usingHeyn lineal
interceptmethod. Tension andmicrohardness tests were also conducted to study the change in
mechanical properties. The dark carbide zones with clear boundaries were identified in single pass
processed specimens. Uniformity in the B4C distributionwas observed on the dual-pass surface. In
addition, Energy-Dispersive Spectroscopy (EDS) results have shown the presence of B4C embedded
regions in the nugget zones alongwith the AA6061matrix. Higher ultimate tensile strengthwas
observedwith the single-pass processed surface by 11% than the dual-pass processed surface.

1. Introduction

Lightweight and high strength composites withAluminum (Al) asmatrix arewell known for their applications
in shipbuilding and aerospace industries as structuralmaterials.Metalmatrix composites with Almatrix know
to possess good strength and tribological properties [1]. Al-basedmetal composites have a restriction in use
where toughness and ductility is the requirement for thematerials. Brittleness is induced in the Al-based
composites because of the addition of the brittle particulate reinforcements [2]. On the other hand, Al-based
metal composites possess good surface properties with respective wear and hardness alongwith high toughness
in comparison to the basemetal. Surfaces that are processedwith laser and plasma energies tomodify the
properties by bringing the elements of thematerials to the liquid phase result in poormechanical properties
because of transformationswithin the compositematerials such as penetration of reinforcement elements into
basemetals [3]. Friction stir processing has been suggested as having great potential for producing surface
composites without sacrificing the properties as themodification is caused in solid-state [4].

Friction stir processing uses a non-consumable rotating tool with predefined pin profiles to plunge against
the surface to bemodified and traverse the tool across the surface causing localized plastic deformation and
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redistribution of thematerial over the surface. This technique is often used in removing defects on casting
surfaces while refining themicrostructure and thus increasing resistance to corrosion [5]. FSP has shown
improvements on the surfaces of Al, Cu, Fe, andNi-based alloys. FSPworks similar to friction stir welding
wherein themetal bases are not joined rather surfaces aremodified and considered as a variant of the process [6].
In FSP, severe plastic deformation in the basemetal occurs as the tool is plunged against the basematerial
causing the development offine grains [7]. FSP is extensively used in applications that require grain refinement
on the surfaces severe plastic deformation, andmodification of the fusion joints [8].Mishra et al [9] reported on
the production of surface Almatrix composites with the addition of ceramics across the plunger to form a
particle. To accomplish the task, blind holes with predefined sizes would be drilled in series and the selected
ceramic particles are inserted by following upwith FSP. Later investigations of FSP surface composites have
shown the results of improvements in tribological properties, especially in aluminium-based surfaces [10].
Cluttering of particulates on the surface has been themajor concern in the development of the surfaces and the
issues were resolved by investigating the selection of process parameters. Spindle rotation, pin profile, speed of
traversal and the number of passes were considered as the influencing parameters [11, 12]. Gangil et al [13]
reported on the achievement of uniformity of SiC reinforcement particles by employing themulti-passmethod.
Further going a step ahead, Rana et al [14] demonstrated that selection of stir directionwould also result in the
least number of surface defects onAA7075 andB4Cparticulate surface composite. Erosion of the ceramic
particles from the surface would lead to increasedwear rate and tominimize this effect addition of graphite and
other self-lubricating solid powders are used to increase the properties of surface composites [15]. Surfaces
producedwithmore than one kind of particulate power are known as hybrid surface composites. Themodified
surfaces exhibitmultiple properties such as hardness, wear-resistance and self-lubrication. Extensive research
has been done on the hybrid surfaces based on the Almatrix by adding various combinations of reinforcements
[16]. Rejil et al [17] reported on the improvement of thewear properties and uniform distribution of the
particulates when employing Titanium carbide andBoron carbide particulates onAl6360 but laid in opposite
directions. Yuvaraj et al [18] reported on the effect ofmultiple passes on the uniformdistribution of the
particulates whenAA5083 ismodifiedwith B4C+TiC. Best results were seenwhen four passes were employed
to generate a hybrid surface. A lot of attention has been drawn to the development of a hybrid surface involving
wear resistance and lubrication properties. Soleymani et al [19]made comparative studies of single particulate
(SiC) surfacewith a hybrid (SiC+MoS2) surface of AA5083metal and reported on the improvement of wear
resistance on the hybrid surface.Mahmoud et al [20] also investigated graphite induced hybrid surface based on
AA6061 and showed an improvement inwear resistance. Sudhakar et al [21] reported on the improvement of
ballistic andwear properties of AA7075/ (B4C+MoS2) surfacewhenMoS2 has been introduced using the
Blind-Holemethod onto the B4C surface. Similarly,Mabuwa et al [22] did comparative studies of aluminium
alloys using Surface Friction Stir Processing (SFSP) and FSW. The SFSP joints have shown higher ductile

Figure 1.Detailed drawing of FSPH13 tool.
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properties than the normal FSP. Ali et al [23] have suggestedmulti-pass FSP as a better substitute for elemental
addition instead of castingmodification, heat treatment and electromagnetic stirring of the primaryMg2Si in
in situAl-Mg2Si composites for improvedmechanical and tribological properties. Hamidreza et al [24]
investigated the effects of pin profile and number passes onAA6061 embeddedwith SiC particles using FSP. The
average grain size was reduced by the increased number of passes and identified uniformity in SiC particle
distribution over the composite surface, which resulted in resistance of wear rate. From the literature, authors
have presented data based on trends obtained from lower to higher rpmwhile developing the surfaces.Most of
the reports havementioned betterment inmechanical properties with an increased number of passes. The
direction of the pass was also not considered in developing the surfaces.

In this research, the surface composite of AA6061/(B4C) is developed by usingmultiple-pass friction stir
processing. FSPwas done on three different samples i.e., FSP only on basemetal, FSP on basemetal with B4C
single pass and FSP on basemetal with B4C dual pass for comparative studies. The dual-passmethod in the
reverse direction has been adopted to improve the uniformity in the distribution of B4C particulates and also
improvemechanical properties. Themechanical andmetallurgical characterizationwas done on these samples
and studied the effect of FSP andB4C particles.

Figure 3.Opticalmacrostructures of (a) only FSP, (b)with B4C single pass and (c)with B4C dual pass.

Figure 2. Surfacemodification of AA6061 (a) only FSP, (b)with B4C single pass and (c)with B4Cdual-pass.
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2.Materials and experimentation

The basemetal AA6061 of size 120×80×6mmwere considered for developing the B4C particulate layer on
the AA6061-T651 surface. The chemical composition of basemetal AA6061 is shown in table 1. The basemetals
werefirmlymounted on a predesigned fixture on the FSWmachine. FSWmachine capacity is 12 kVA/440V
with a speed range of 300 to 3000 rpm.H13 steel tool with dimensions as shown infigure 1 has been used for
processing AA6061 surface. The process parameters used for stir processing are 1200 rpmwith a feed rate of 30
mmmin−1 and the same set of values were used for processing FSPwith B4C single pass and FSPwith B4Cdual-
pass which arementioned in table 2. In this research, the direction of feed for the dual pass is commenced
opposite to the single pass. The Blind-Holemethod has been used to incorporate B4Cparticles into themetal
surface. The dimensions used for Blind-Hole are 2mm in diameter and 3mm in depthwith a gap of 5mm
between the holes. The developed friction stir AA6061surface with B4Cparticulate samples is shown infigure 2.
After stir processing, the samples were wire cut using EDM for furthermetallurgical andmechanical
characterization. Themetallurgical studies were done on 30×5×5mmsized specimens by using optical and
scanning electronmicroscopes. The specimensweremounted in hotmoulding using Bakelite powder to obtain
samples formetallurgical tests. A series of polishing stepsweremade using grit papers 200, 400, 600, 800, 1000,

Figure 4.Opticalmicrostructures atHAZ andTMAZof (a) only FSP, (b)with B4C single pass and (c)with B4C dual-pass.
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Figure 5.Nugget zone of (a) only FSP, (b)with B4C single pass and (c)with B4C dual-pass.

Table 1.Chemical composition of AA6061 (wt%).

Basemetal Cu Mn Si Mg Fe Zn Cr Al

AA6061 0.27 0.1 0.6 1.0 0.3 0.15 0.19 97.39

Table 2. Friction stir processing parameters used.

S. No Materials

Tool rotational

speed (rpm)
Travelling speed

(mm/min) Tool specification

%of B4C

addition

01 Friction stir processing 1200 30 Material: H13 tool steel

Hardness: 490HV 5%

02 Single Pass of FSW+B4C Shoulder dia.: 25mm

Pin height: 5.6mm

03 Dual Pass of FSP+B4C Pin taper: 7 to 5mm

5
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1200, 1500, and 2000 followed by diamond polishing.Mirror diamond paste with 3microns suspended
particulates on velvet clothewas chosen to ensure scratch-free surface before it is sent to etching. Keller’s reagent
has been used for etching the surfacewith an exposure time of 15 to 20 s. The grain sizemeasurement wasmade
on sample 2 and sample 3 usingHeyn lineal interceptmethod. In thismethod, the average grain size was
measured by counting the number of grains intercepted by one ormore straight lines sufficiently long to yield at
least 50 intercepts. The grain size wasmeasured as per ASTME112-13 standard. A tension test was conducted
usingADITYAUTE 40 on specimens prepared as per ASTME/8 standardwith a strain rate of 2mm/min.
Hardnessmeasurements were taken usingMATSUZAWAMMTX7Vickers hardness tester. The indentation
was carried out along the transverse direction of the processed surfaces. Indentations on the test specimenswere
takenwith a gap of 1mmby selecting a load of 500 gf (HV0.5) passing through the basematerial (AA6061), HAZ,
andTMAZ from the advancing side to TMAZ,HAZ&BMretraining side. After completion ofmicrohardness

Figure 6.OMand SEMMacrostructures of (a) (a) only FSP, (b)with B4C single pass and (c)with B4C dual-pass.
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measurement, the same sample was subjected for partial etchingwith kellers reagent. This sample is placed
under the opticalmicroscope formeasuring the number of indentations projected in various zones.

3. Results and discussions

3.1.Metallurgical studies
Themacrostructures of the FSP processed AA6061, single-pass FSP processed AA6061with B4C and double pass
FSP processed AA6061with B4C surfaces are shown in figure 3. A clear distinction can bemade between all the
macrostructures with features of particulate distribution and particulate concentration zones. In reverse dual-
pass particles were distributed uniformlywhile on the single-pass surface the particles were still concentrated at
onion ring zones. The opticalmicrostructures atHAZ, TMAZ and nugget zone of all three samples are shown in
figures 4 and 5. It is clearly observed that the TMAZof sample 2 and sample 3 is consistent with B4C particles
with coarse grain structures. TheHAZof all the samples is observedwithfine grains and no presence of B4C
particles in sample 2. In sample 3, the B4Cparticles are observed at the interface ofHAZ andTMAZ. It is clearly
observed from figure 5 that amore number of B4C particles withfine grains in the nugget zonewere observed in
sample 2which could be attributed to strengthening at the nugget zone. Due to the reversal pass on sample 3, the
B4C particles were distributed into various zones including TMAZand Interface ofHAZwhich could be
attributed to increased hardness in various zones. Different shapes and proportions of these phases can be
observed in both specimens with a higher density of AA6061 surface in the dual-pass specimen. It was observed
fromfigures 6(b) and (c) that the surfaces have shown the embedded regions of B4Cdark zones in an onion ring
pattern along the process line and a distributed zone in the dual-pass surface. Figure 6(a) shows a plastically
deformed region of AA6061 from the advance side to the retread side. Thefigure also confirms the uniform
distribution of the composite particulate on the surface vowing to the suitability of the process parameters to
achieve composite surfaces. The dark carbide zones with clear boundaries were identified in single pass
processed specimens. Alireza et al [25] suggested that the increased tool travel speed increases the uniformity in
the distribution of B4Cparticulates in almatrix and at lower speeds, the agglomeration of the particles was
observed. Two phases, i.e., B4C andAA6061 can be seen in both specimen’smicrostructures.

The grain sizemeasurement wasmade on FSP+B4Cwith single-pass and FSP+B4Cwith double pass
using theHeyn Lineal Interceptmethod as shown infigure 7. It is observed that the grain size of 8.4μmand 9.3
μm in sample 2 and sample 3 respectively. It is also observed that the onion ring zones with high dense B4C
particles in sample 2 than sample 3. SEM/EDS tests weremade on all the specimens to observe the presence of
the processing elements as shown infigure 8. EDS results have shown the presence of B4C embedded regions in
the nugget zones alongwith the AA6061matrix. This confirms non-fusion zoneswithin the nugget region thus
ensuring solid-state development of a surface composite.

Figure 7.Grain sizemeasurement of FSP samples (a)B4C single pass and (b)with B4C dual-pass.
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3.2.Mechanical properties
3.2.1. Tensile studies
Tensile stress-strain graphs of all the specimens i.e., FSP processed AA6061, Single-pass FSP processed AA6061
with B4C and double pass FSP processed AA6061with B4C surfaces were obtained are shown infigure 9. The
average tensile properties were computed by testing three tensile coupons taken from each surface and the values
are listed in table 3. Necking and fracture in specimens, under tension, were observed near the basemetal
AA6061 and FSP interface indicating an improvement in the resistance of the processed surfaces under tension.
The failure location of weldments is shown infigure 10.Moslem et al [26] observed that tensile strength has
increased from86.84 to 173.92MPa as the number of FSP passes is increased from1 to 8wherein the spindle
rotation of 900 rpmwas chosen to achieve the bettermechanicalmixing. Asmentioned earlier the rotation speed
was considered as 1200 rpm in thefirst pass and the same rotational speedwas considered in the reverse dual-
pass. The averageUTS FSP processed AA6061, Single-pass FSP processed AA6061with B4C and double pass FSP
processed AA6061with B4C surfaces filler weldments were observed as 185MPa, 190MPa and 171MPa,
respectively. The ratio of yield strength to the ultimate tensile strength of all the specimenswas observed as 0.64.
The higher yield strength valuewas observed in sample 1 and sample 2 in comparison to sample 3. The results
corroborate hardness data and the fracture occurred at the interface ofHAZof AA6061 in samples 1 and sample

Figure 8. SEM/EDS point analysis of (a) only FSP, (b)with B4C single pass and (c)with B4Cdual-pass.
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3.Whereas the fractured occurred at the interface of TMAZ in sample 3. The percentage of elongation of single-
pass FSP processed AA6061with B4C surface has shown a higher value when comparedwith the other two
specimens.

3.2.2.Microhardness
Themicrohardnessmeasurements weremade across the processed surface covering the nugget zone, TMAZ,
HAZ and basemetals. The hardness profiles of three processed samples were plotted and are shown infigure 11.
Fromfigure 11, it is identified that themicrohardness value of AA6061, FSP+B4C single pass, FSP+B4C
double pass weld zones as 76±0.2HV0.5, 750.2HV0.5 and 73.50.2 HV0.5, respectively. Hardness values in
TMAZwere increased after processing the surface with a reverse direction pass.Mechanical work hardening
effect or particulate pinning effectmight have caused an increase in the hardness values in these zones. The
averagemicrohardness value and heat-affected regionwidth of single pass and double pass nuggets were

Table 3.Tensile properties of FSP developed samples.

S.No Sample Id Yield strength (MPa) Ultimate tensile strength (MPa) %Elongation inmm Failure location

1. Only FSP 119 185 8.89 HAZ

2. FSP+B4C-I 120 190 9.50 HAZ

3. FSP+B4C-II 110 171 8.23 HAZ

Figure 9.Tensile stress-strain graph of FSP samples.

Figure 10.The fractured tensile sample under tension test.
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computed and are shown in table 4. The average hardness value of the processed surface of AA6061 using B4C
with a single-pass zonewas observed to be higher than the basemetals. The drop in hardness value ofHAZhas
been observed in all the specimenswhen compared to the nugget zone.

Figure 11.Microhardness across the samples (a) only FSP, (b)with B4C single pass and (c)with B4C dual-pass.

Table 4.Microhardness value at various zones of AA6061/B4C.

Sample ID HAZ,HV0.5 TMAZ,HV0.5 Nugget zone,HV0.5

Only FSP 60 70 75

FSPwith B4C single pass 55 65 71

FSPwith B4C dual-pass 58 72 74
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4. Conclusions

Surfacemodification of AA6061 alloy by embedding B4C particles via friction stir processingwas done
successfully. The following conclusions aremade frommetallurgical andmechanical test results;

• Themicrostructure of the dual pass processed specimen has shown uniformity in AA6061/B4C surface than
single-pass processed AA6061/B4C.

• The uniformity of B4Chas been achievedwhen the reverse pass ismade on the same surfacewith the same
parameters. Since the reverse pass has achieved a uniformity of B4Cwithminimized Agglomeration and also
resulted in higher hardness valueswhen compared to the first pass.

• The average grain size at the nugget zone of FSPwith B4C single pass and FSPwith B4Cdual-pass was observed
as 8.4μmand 9.3μmrespectively.

• UTS of the single-pass processed surface with B4Cwas obtained as 190MPawhile double pass-processed
surface with B4Cwas obtained as 171MPa. Single-pass processed specimenAA6061/B4Chas shown higher
tensile strength of 11%when compared to dual-pass with B4C.

• To achieve higher tensile strengthwith fine grains of B4C particles single pass processing onAl6061/B4C is
sufficient and reverse double pass processing can be extended to achieve uniformity in the distribution of B4C
and higher hardness.

Data availability statement

The data that support thefindings of this study are available upon reasonable request from the authors.

ORCID iDs

Venkat RamanaG https://orcid.org/0000-0003-4430-2302
KuldeepK Saxena https://orcid.org/0000-0003-4064-5113
VelaphiMsomi https://orcid.org/0000-0002-5752-8848
VishwanathaHM https://orcid.org/0000-0003-3045-9771
Ajit Behera https://orcid.org/0000-0001-5357-7733

References

[1] Yelamasetti B, KumarD, SaxenaKKandRajyalakshmiG2021 Experimental investigation on temperature profiles and residual stresses
inGTAWdissimilar weldments of AA5052 andAA7075Adv.Mater. Process. Technol. 00 1–14

[2] Venkat RamanaG, Yelamasetti B andVishnuVardhanT 2021 Effect of FSWprocess parameters and tool profile onmechanical
properties of AA 5082 andAA6061weldsMater. Today Proc. 46 826–830

[3] Venkat RamanaG, Yelamasetti B andVishnuVardhanT 2021 Study onweldability and effect of post heat treatment onmechanical and
metallurgical properties of dissimilar AA 2025, AA 5083 andAA7075GTAWweld jointsMater. Today Proc. 46 878–882

[4] BalramYelamasetti SM andKuldeepK S 2021Multi-response Taguchi grey relational analysis ofmechanical properties andweld bead
dimensions of dissimilar joint of AA6082 andAA7075Adv.Mater. Process. Technol 1–11

[5] DolatkhahA,Golbabaei P, Besharati GiviMK andMolaiekiya F 2012 Investigating effects of process parameters onmicrostructural
andmechanical properties of Al5052/SiCmetalmatrix composite fabricated via friction stir processingMater. Des. 37 458–464

[6] BaratiM,AbbasiM andAbediniM2019The effects of friction stir processing and friction stir vibration processing onmechanical, wear
and corrosion characteristics of Al6061/SiO2 surface composite J.Manuf. Process. 45 491–497

[7] RathinasuriyanC, Senthil KumarV S and Shanbhag AG2014Radiography and corrosion analysis of sub-merged friction stir welding
of AA6061-T6 alloyProcedia Eng. 97 81810–818

[8] SaravananT, Lahiri B B, ArunmuthuK, Bagavathiappan S, Sekhar A S, Pillai V PM, Philip J, Rao BPC and Jayakumar T 2014Non-
destructive evaluation of friction stir welded joints by x-ray radiography and infrared thermography Procedia Eng. 86 469–475

[9] Mishra R S,MaZY andCharit I 2003 Friction stir processing: a novel technique for fabrication of surface compositeMater. Sci. Eng. A
341 307–310

[10] MadhusudhanReddyG, Sambasiva RaoA and Srinivasa RaoK 2013 Friction stir processing for enhancement of wear resistance of
ZM21magnesium alloyTrans. Indian Inst.Met. 66 13–24

[11] WangW,Yu ShiQ, Liu P, Ke LiH and Li T 2009Anovel way to produce bulk SiCp reinforced aluminummetalmatrix composites by
friction stir processing J.Mater. Process. Technol. 209 2099–2103

[12] Nakata K, KimYG, Fujii H, TsumuraT andKomazaki T 2006 Improvement ofmechanical properties of aluminumdie casting alloy by
multi-pass friction stir processingMater. Sci. Eng. A 437 274–280

[13] Gangil N,Maheshwari S and Siddiquee AN2018Multipass FSP onAA6063-T6Al: Strategy to fabricate surface compositesMater.
Manuf. Process. 33 805–811

[14] RanaH andBadhekaV 2019 Elucidation of the role of rotation speed and stirring direction onAA7075-B4C surface composites
formulated by friction stir processing Proc. Inst.Mech. Eng. Part L J.Mater. Des. Appl. 233 977–994

11

Mater. Res. Express 9 (2022) 056511 BYelamasetti et al

https://orcid.org/0000-0003-4430-2302
https://orcid.org/0000-0003-4430-2302
https://orcid.org/0000-0003-4430-2302
https://orcid.org/0000-0003-4430-2302
https://orcid.org/0000-0003-4064-5113
https://orcid.org/0000-0003-4064-5113
https://orcid.org/0000-0003-4064-5113
https://orcid.org/0000-0003-4064-5113
https://orcid.org/0000-0002-5752-8848
https://orcid.org/0000-0002-5752-8848
https://orcid.org/0000-0002-5752-8848
https://orcid.org/0000-0002-5752-8848
https://orcid.org/0000-0003-3045-9771
https://orcid.org/0000-0003-3045-9771
https://orcid.org/0000-0003-3045-9771
https://orcid.org/0000-0003-3045-9771
https://orcid.org/0000-0001-5357-7733
https://orcid.org/0000-0001-5357-7733
https://orcid.org/0000-0001-5357-7733
https://orcid.org/0000-0001-5357-7733
https://doi.org/10.1080/2374068X.2021.1927641
https://doi.org/10.1080/2374068X.2021.1927641
https://doi.org/10.1080/2374068X.2021.1927641
https://doi.org/10.1016/j.matpr.2020.12.801
https://doi.org/10.1016/j.matpr.2020.12.801
https://doi.org/10.1016/j.matpr.2020.12.801
https://doi.org/10.1016/j.matpr.2020.12.1115
https://doi.org/10.1016/j.matpr.2020.12.1115
https://doi.org/10.1016/j.matpr.2020.12.1115
https://doi.org/10.1080/2374068X.2021.1946340
https://doi.org/10.1080/2374068X.2021.1946340
https://doi.org/10.1080/2374068X.2021.1946340
https://doi.org/10.1016/j.matdes.2011.09.035
https://doi.org/10.1016/j.matdes.2011.09.035
https://doi.org/10.1016/j.matdes.2011.09.035
https://doi.org/10.1016/j.jmapro.2019.07.034
https://doi.org/10.1016/j.jmapro.2019.07.034
https://doi.org/10.1016/j.jmapro.2019.07.034
https://doi.org/10.1016/j.proeng.2014.12.355
https://doi.org/10.1016/j.proeng.2014.12.355
https://doi.org/10.1016/j.proeng.2014.12.355
https://doi.org/10.1016/j.proeng.2014.11.060
https://doi.org/10.1016/j.proeng.2014.11.060
https://doi.org/10.1016/j.proeng.2014.11.060
https://doi.org/10.1016/S0921-5093(02)00199-5
https://doi.org/10.1016/S0921-5093(02)00199-5
https://doi.org/10.1016/S0921-5093(02)00199-5
https://doi.org/10.1007/s12666-012-0163-4
https://doi.org/10.1007/s12666-012-0163-4
https://doi.org/10.1007/s12666-012-0163-4
https://doi.org/10.1016/j.jmatprotec.2008.05.001
https://doi.org/10.1016/j.jmatprotec.2008.05.001
https://doi.org/10.1016/j.jmatprotec.2008.05.001
https://doi.org/10.1016/j.msea.2006.07.150
https://doi.org/10.1016/j.msea.2006.07.150
https://doi.org/10.1016/j.msea.2006.07.150
https://doi.org/10.1080/10426914.2017.1415448
https://doi.org/10.1080/10426914.2017.1415448
https://doi.org/10.1080/10426914.2017.1415448
https://doi.org/10.1177/1464420717736548
https://doi.org/10.1177/1464420717736548
https://doi.org/10.1177/1464420717736548


[15] Alidokht S A, Abdollah-ZadehA, Soleymani S andAssadiH 2011Microstructure and tribological performance of an aluminium alloy
based hybrid composite produced by friction stir processingMater. Des. 32 2727–2733

[16] Mazaheri Y, Karimzadeh F and EnayatiMH2014Tribological behavior of A356/Al2O3 surface nanocomposite prepared by friction
stir processingMetall.Mater. Trans. A Phys.Metall.Mater. Sci. 45 2250–2259

[17] Rejil CM,Dinaharan I, Vijay S J andMuruganN2012Microstructure and slidingwear behavior of AA6360/(TiC+B4C) hybrid
surface composite layer synthesized by friction stir processing on aluminum substrateMater. Sci. Eng. A 552 336–344

[18] Yuvaraj N, Aravindan S andVipin 2015 Fabrication of Al5083/B4C surface composite by friction stir processing and its tribological
characterization J.Mater. Res. Technol. 4 398–410

[19] Soleymani S, Abdollah-ZadehA andAlidokht SA 2012Microstructural and tribological properties of Al5083 based surface hybrid
composite produced by friction stir processingWear. 278– 279 41–47

[20] MahmoudER I, TakahashiM, Shibayanagi T and Ikeuchi K 2010Wear characteristics of surface-hybrid-MMCs layer fabricated on
aluminumplate by friction stir processingWear 268 1111–1121

[21] Sudhakar I,MadhuV,Madhusudhan ReddyG and Srinivasa RaoK 2015 Enhancement of wear and ballistic resistance of armour grade
AA7075 aluminium alloy using friction stir processingDef. Technol. 11 10–17

[22] Mabuwa S andMsomiV 2020Comparative analysis between normal and submerged friction stir processed friction stir welded
dissimilar aluminium alloy joints J.Mater. Res. Technol. 9 9632–9644

[23] AliM, AhmadR,MoslemP,Michaela S, Olatunji OOandReza T 2020 Enhancing themechanical and tribological properties ofMg2Si-
rich aluminum alloys bymulti-pass friction stir processingMater. Chem. Phys. 250 123066

[24] Hamidreza E, AhmadAA,Alireza K andPaidarM2020Microstructure andwear behavior of AA6061/SiC surface composite
fabricated via friction stir processing with different pins and passesRareMet. 39 429–435

[25] AlirezaMF,Morteza S,Hossein E,MoslemP andYahya B 2018 Friction stir welding of Al-B4C composite fabricated by accumulative
roll bonding: evaluation ofmicrostructure andmechanical behavior J.Mater. Eng. Perform. 27 835–846

[26] MoslemP,Olatunji OO,HamidRE andAkbarH 2019 Influence ofmulti-pass FSP on themicrostructure,mechanical properties and
tribological characterization of Al/B4C composite fabricated by accumulative roll bonding (ARB) Surf. Coat. Technol. 361 159–169

12

Mater. Res. Express 9 (2022) 056511 BYelamasetti et al

https://doi.org/10.1016/j.matdes.2011.01.021
https://doi.org/10.1016/j.matdes.2011.01.021
https://doi.org/10.1016/j.matdes.2011.01.021
https://doi.org/10.1007/s11661-013-2140-x
https://doi.org/10.1007/s11661-013-2140-x
https://doi.org/10.1007/s11661-013-2140-x
https://doi.org/10.1016/j.msea.2012.05.049
https://doi.org/10.1016/j.msea.2012.05.049
https://doi.org/10.1016/j.msea.2012.05.049
https://doi.org/10.1016/j.jmrt.2015.02.006
https://doi.org/10.1016/j.jmrt.2015.02.006
https://doi.org/10.1016/j.jmrt.2015.02.006
https://doi.org/10.1016/j.wear.2012.01.009
https://doi.org/10.1016/j.wear.2012.01.009
https://doi.org/10.1016/j.wear.2012.01.009
https://doi.org/10.1016/j.wear.2010.01.005
https://doi.org/10.1016/j.wear.2010.01.005
https://doi.org/10.1016/j.wear.2010.01.005
https://doi.org/10.1016/j.dt.2014.08.003
https://doi.org/10.1016/j.dt.2014.08.003
https://doi.org/10.1016/j.dt.2014.08.003
https://doi.org/10.1016/j.jmrt.2020.06.024
https://doi.org/10.1016/j.jmrt.2020.06.024
https://doi.org/10.1016/j.jmrt.2020.06.024
https://doi.org/10.1016/j.matchemphys.2020.123066
https://doi.org/10.1007/s12598-016-0691-x
https://doi.org/10.1007/s12598-016-0691-x
https://doi.org/10.1007/s12598-016-0691-x
https://doi.org/10.1007/s11665-018-3131-2
https://doi.org/10.1007/s11665-018-3131-2
https://doi.org/10.1007/s11665-018-3131-2
https://doi.org/10.1016/j.surfcoat.2019.01.043
https://doi.org/10.1016/j.surfcoat.2019.01.043
https://doi.org/10.1016/j.surfcoat.2019.01.043

	1. Introduction
	2. Materials and experimentation
	3. Results and discussions
	3.1. Metallurgical studies
	3.2. Mechanical properties
	3.2.1. Tensile studies
	3.2.2. Microhardness


	4. Conclusions
	Data availability statement
	References



