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A REVIEW ON ALUMINIUM HYBRID SURFACE COMPOSITE FABRICATION
USING FRICTION STIR PROCESSING

Nowadays, Aluminium (Al) based hybrid surface composites are amongst the fastest developing advanced materials used for
structural applications. Friction Stir Processing (FSP) has emerged as a clean and flexible solid-state surface composites fabrica-
tion technique. Intensive research in this field resulted in numerous research output; which hinders in finding relevant meta-data
for further research with objectivity. In order to facilitate this research need, present article summarizes current state of the art and
advances in aluminium based hybrid surface composites fabrication by FSP with in-situ and ex-situ approach. Reported literature
were read and systematically categorized to show impacts of different types of reinforcements, deposition techniques, hybrid rein-
forcement ratio and FSP machine parameters on microstructures, mechanical and tribological characteristics of different Al alloys.
Challenges and opportunities in this field have been summarized at the end, which will be beneficial to researchers working on

solid state FSP technique.
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1. Introduction

Abundantly available aluminium and its alloys are im-
portant materials preferred in various structural applications in
automotive, light rail, marine, aerospace, etc. industries mainly
because of their high specific strength, light weight, high duc-
tility and good corrosion resistance [1]. The design engineers
are looking for light weight and high strength materials for
structural applications. Aluminum alloys are replacing steel al-
loys in various applications due to their high specific strength
and low density [2-4]. However, poor surface properties like
wear resistance under high load applications are restricting their
wider applications. Unlike steels, Al alloys can’t be hardened
significantly by induction hardening since martensitic phase is
not available. Thin hard coatings do not sustain on Al alloys in
high loading applications due to ‘thin-ice effect’ [5]. So rigor-
ous scientific research to improve their material properties gave
rise to various effective alternative methods. Amongst these
methods, fabrication of bulk and surface Metal Matrix Com-
posites (MMC) has become most popular from more than last
three decades. Important potential of MMC approach is ability
to induce customized properties with help of introducing par-
ticular reinforcements [6]. For many engineering applications

spectrum of material properties required are broad enough so
that those cannot be full filled using single reinforcement. Thus
deposition of two or more reinforcements into metal alloy has
become essential and is known as metal matrix hybrid composites
approach. This approach has generated many opportunities in
developing low cost-high performance material with possibilities
of tailoring their customized properties [7]. Al based mono and
hybrid MMCs have shown high specific strength, high specific
modulus, improved fatigue, improved resistance to corrosion and
wear. Such ability to induce customized properties have made
mono and hybrid MMCs famous in materials research field [7-8].

In surface engineering field, surface MMCs have been
synthesized through various methods like plasma spraying [9],
cold spraying [10], laser melting [11-14], cast sinter [ 15-16] and
electron beam irradiation method [17] etc. These fabrication tech-
niques have many disadvantages such as particle agglomeration,
formation of detrimental phases and interfacial reactions because
of processing above melting point temperatures of respective
metal alloys. Then disadvantages of these above mentioned
techniques highlighted a need to find effective alternative method
for synthesis of MMCs. In 1999, R.S. Mishra et al. proposed FSP
technique, in which intense plastic deformation has been used to
induce superplasticity in Al 7075 alloy successfully [18]. After-
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wards they have fabricated the Al-silicon carbide (SiC) ex-situ
surface composites using same FSP technique [19]. Then this
novel, solid state processed and eco-friendly technique became
more popular amongst the researchers and led to numerous re-
searches on surface composites fabrication using FSP.

FSP technique is based on principle of friction stir welding
(FSW); which is invented by TWI, Cambridge, UK in 1991 [20].
In FSP, material is subjected to intense plastic deformation due to
thermo-mechanical friction stirring action. It comprises both heat
generation due to friction and material flow due to continuous
stirring action of the tool. In this, the rotating FSP tool is plunged
into workpiece and traverses, during which plasticized material
reaches to temperature less than melting point temperature of the
material [21-26]. The composite fabrication using FSP involves
both in-situ and ex-situ approach, and this process is complex
because it involves many process parameters. The responses
in terms of various material properties of the base alloys are
observed to be different in nature to one another for the same
set of process parameters used. Also to replicate the desired
material properties at various processing systems with respect
to some chosen process parameters, it is necessary to have good
control over the work environment. The Al alloys shows changed
responses for comparable process parameters merely due to their
different nature of metallurgical and structural behavior and thus
it becomes essential to know the response of each alloy type to
the respective processing conditions thoroughly. Thus for this
purpose, there is need to present state of the art in a systematic
manner to the researchers in this field. This article is written with
focus on fabrication process of hybrid Al surface MMCs using
FSP on various aluminum alloys. Also the effects of various
types of reinforcements and involved FSP process parameters
on microstructure, mechanical and tribological properties of base
Al alloys used in the process.

2. Fabrication of Al alloy based Hybrid Surface
Composites using FSP

FSP technique is utilized to develop Al hybrid composites
through mainly two approaches- by in-situ and ex-situ approach.
In in-situ approach, the required reinforcement phases have
to be developed during processing by reactions of deposited
precursor mixture with the base alloy. Whereas in ex-situ route,
already developed reinforcements are directly embedded dur-
ing processing in to the base alloy. Fabrication of composites
using in-situ approach facilitates much clean interfaces between
reinforcements and base alloy substrate. In-situ approach gives
better dispersion of reinforcements without impurities since
reaction happens in a controlled environment inside stir zone.
However, in-situ approach has less options of reinforcements and
combinations [27]. The ex-situ approach facilitates more number
of reinforcement combination options. In ex-situ route the care
must be taken about purity of the reinforcements and cleanliness
of the deposition locations on the base alloy [28]. The fabrication
of hybrid surface composites by both in-situ and ex-situ approach

involves many process parameters. One of the parameters is the
strategy of pre-placing the particle of reinforcement over the base
plate and then embedding it via FSP. From time to time, research-
ers have used multiple methods to pre-place reinforcements on
substrates, including pre-placed particle layers, through grooves,
through surface blind holes and some have used cold spraying
methods, mechanical alloy methods, multichamber method, and
direct friction stir processing (DFSP) methods.

Generally preplaced reinforcements are packed into the
substratum by running with a pinless shoulder tool or by using
a thin Al foil before the final FSP to originally cover the par-
ticles filled grooves or holes to avoid sputtering. Interestingly,
in multichamber technique [29], the surface blind holes are
processed by avoiding the particle sputtering using single tool
by performing FSP in two steps. In the DFSP method, there is
facility of simultaneous reinforcement’s addition through tool
itself while performing FSP [30]. From the studies summarized
it’s clear that Al alloys behaves very differently to comparable
processing conditions merely because of the different nature of
its metallurgical, structural behavior and thus it becomes es-
sential to know the response of each alloy type to the respective
processing conditions thoroughly.

2.1. Hybrid reinforced wrought aluminium composites
2.1.1. 1xxx series

The Al 1xxx alloy group consists of super-pure and dif-
ferent commercially-pure grades of aluminium alloys. From
initial phase of industry, these alloys have been used in wrought
product forms for many applications including chemical process
equipments, electrical conductors, foils etc. These materials have
high electrical conductivity, formability and corrosion resistance.
The tensile strength of these alloy ranges between 45-165 MPa
[31]. However these alloys can only be strengthened more by
using cold working as they are non-heat treatable alloys. The
summary of Al 1xxx based hybrid surface composites fabrica-
tion is given in Table 1.

Using functionality of FSP and addition of reinforcements,
the mechanical and tribological properties of these alloys were
improved by means of activating different strengthening mecha-
nisms. In order to activate distinct strengthening routes, grain size
refinement was noted primarily owing to dynamic recrystalliza-
tion using intense FSP plasticization and grain growth pinning
through the incorporation of hard particles. Mainly strengthening
due to load transfer mechanism with good interfacial bonding,
Orowan mechanism, grain refinement — Hall Petch relationship,
coefficient of thermal expansion mismatch, elastic modulus
mismatch and increase in dislocation density were observed by
researchers. The variations in the microhardness and ultimate
tensile strength of Al 1xxx based hybrid surface composites is
as shown in Fig. 1 and Fig. 2 respectively.

Dixit et al. [37] found that interfacial bonding between alu-
minium and graphene was continuous, due to which dislocations
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TABLE 1
A Summary of hybrid surface composites fabrication on Al 1xxx alloys
Base Material Reinforcement and Tool Material and FSP Process Prominent Results Reference
and size Preplacement Method Specifications Parameters ! "
H — 13 steel tool: The ultimate tensile strength (UTS)
Straight cylindrical Capping pass: of the hybrid nano composite
Al 1050 ii;orili(llle%n;c));/?l gla?l? d threaded pin, w — 1120 rpm, was a function of milled time for Ghasem
L—-210 mm, }; 711 Groove M;: thod: SD — 18 mm, v—125 mm/min. | reinforcements. Hybrid composites Azimi —
W —70 mm, éD 3.5 mm ’ PD -5 mm, FSP pass: showed significant increase in Roeen et al.
T -5 mm. GW_ 1'4 mm, PL —4 mm, Threads | w— 1400 rpm and tensile strength (97 to 159 MPa) 2017 [32]
' ' depth — 0.5 mm v — 40 mm/min. and hardness (33 to 75 HV) than
with angle 30°. base alloy.
SiC (3.6 um) and Gr The UTS of AI/GO (graphene
used for synthesizing D2 die steel tool: FSP Pass: coorzl(?s)i;n\c;vzps sEilaLeeci fﬁgﬂh}:ﬁﬂle
Pure Graphene Oxide (GO) concave shoulder, w — 600 rpm, Al Aril /SiC com ogs ite b ths factor Subhash
Aluminium decorated SiC, threaded cylindrical v —20 mm/min, ] P ¥ the | .
. . = "o of nearly 3.4 and 1.3 respectively. | Singh et al.
150 mmx50 Surface Blind Holes pin, SD — 18 mm, TT-1°,
) They observed that Al/ GO 2017 [33]
mmx6 mm. Method: ¢ — 2 mm, PD - 6 mm, F - 10 KN, . .
. (graphene oxide) encapsulated SiC
depth — 4 mm, inter — PL-5.5 mm. No. of pass — 1. ) . .
cavity spacing — 3 mm hybrid composite had 98% increase
Y spacing ) in storage modulus.
Al (50 pm), TiO,
(10 um) and graphite Concave Shoulder FSP Pass: They found higher hardness
Al-1050 (10 pm), used with 1. surface, Straight w —950 rpm, and UTS (110 MPa) due to TiC
L-130mm, | Asmixed,2. 60 h ball cylindrical pin, v —37.5 mm/min, (100nm) produced in — situ for R. Beygi et
W —60 mm, milled condition. SD — 18 mm, No. of passes — 4 hybrid composites ball — milled | al. 2016 [34]
T—-5mm. Groove Method PD -5 mm, with changing AS mixture than that of as — mixed
GW — 1 mm, PL — 4.8 mm. to RS in each pass. mixture.
GD -3 mm.
High angle grain boundaries
Fe,Os (1 um), Al(100 H13 steel tool Capping Pass: w — increased during FSP due to
273 L2 W, 1120 rpm, dynamic restoration phenomenon
Al 1050 pum), SD — 18 mm, . . .. Ghasem
. v—125mmmin—1,| in processed zone. The grain size ..
L—-210 mm, milled for 1, 2, 3h PD — 5 mm, Azimi Roeen
FSP Pass: had decreased more when the
W —70 mm, Groove Method: PL — 4 mm, threads w — 1400 rom and owder milled for more time was et al.
T-5mm. GD - 3.5 mm of 0.5 mm depth and P P . 2017 [35]
GW — 1.4 mm 30° angle v —40 mm min — 1, | encapsulated. The reactive powders
’ ' ' No. of passes — 4. addition had helped in increasing
low ~CSL boundaries.
. w — 1500 rpm, Higher microhardness was reported
Sic (1'125 5” mn)l,)A1203 SKS]]))671 TT?IIHE?OI v—1.66 mm/s TT for mono SiC composite. They ER.L
Al 1050 — H24 Groo.ve l\l/lleth’o a4 a square probe —3°,No. of FSP | found that for load of 5 N the (SiC | Mahmoud
T—-5mm. GW — 3 mm ' dia Ccl)nal lé)n th— passes — 3 with 80%, Al,O3 20%) combined hybrid | et.al. 2010
GD-15 mn; 5 mr§ PL_3 g3 mm changing AS to RS | composite shown excellent wear [36]
) ) i ) ) in each pass. resistance than other hybrid ratios.
Exfoliation of graphite to graphene
. Plain tapered took place successfully. Hardness
o,
Pure Gr ((2(()) 2?:)$liz 0//0))’ Al cylindrical pin in increases from 31.6 £0.4 HV to
al ml;ni m Groove Meth; aQ: capping, with spiral 48.7+ 0.6 HV in the composite Dixit et.al
4 1ateu GV\y 3 mm ’ grooves in FSP, No. of passes — 8. compared to base plate. The @ Oxl 7 ['3 7']
T E)6 mm GD_4 mm, PD — 6 mm at the improved UTS — 147 MPa and 33%
’ Sealed with thin 1;1 foil bottom; 8 mm ductility attained by the composite
' on the top. due to good bonding between
graphene and pure aluminium.

Note: UTS — Ultimate Tensile Strength , HV — Microhardness Value, L — length, W — width, T — Thickness, w — tool rotational speed, v — tool traverse
speed, AS — Advancing Side, RS — Retreating Side, SD — Shoulder Diameter, PD — pin diameter, PL — Pin length, TT — tool tilt angle, F — Axial force,
GD — groove depth, GW — groove width, ¢ —hole diameter, FSPed — Friction Stir Processed, FSP — friction stir processing, MMC — Metal matrix composite.

motion were restricted in the Al-graphene nano composites. The
micron size graphite exfoliated up to 6 pm thickness multilayer
graphene sheets were homogenously distributed using multi
pass FSP (8 passes). They found that presence of well bonded
multi-layer graphene with metal matrix enhanced strength and

ductility. Singh et al. [26] pointed out that MMCs functionality
and mechanical properties were governed by controlling the
problem of de-agglomeration, grain size of composites and sur-
face morphology and distribution of dispersoids. They produced
Al-SiC/graphene oxide (GO) composites without intermetallic
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compounds and thus improved dispersibility and stability of
dispersoids. Agglomeration of SiC particles significantly di-
minished by GO (graphene oxide) decoration. Using dynamic
recrystallization during FSP, equiaxed fine grain structures were
obtained from the elongated grains in as cast pristine Al matrix.
Such that average grain size reduced from 160 um to 4 pm in
the resultant hybrid nano composite. They mentioned that GO
(graphene oxide) helped in enhancing the interfacial bonding in
Al-SiC/GO (graphene oxide) composite. This increased bonding
at the matrix and dispersoids interfaces was mainly respon-
sible for enhanced storage modulus and strength in resultant
material.

Beygi et al. [34] and Azimi-Roeen et al. [32] both empha-
sized that ball milling of hybrid mixture prior to FSP not only
enhanced reaction rates inside the stir zone by energizing the
particles but also refined particles sizes. Beygi et al. [34] found
that titanium oxide (TiO,) (10 um) and graphite (Gr) (10 pm)
particles were broken into finer sizes due to ball milling and
thus titanium carbide (TiC) (100 nm) particles were induced as
areaction product in the stir zone after FSP. The mixture without
ball milling couldn’t produce TiC phase after FSP, since friction
stirring was not able to break graphite particles into finer ones.
Therefore graphite particles didn’t dissolve in Al matrix to form
Al4C5. The microhardness values were homogenous across the
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Fig. 1. Microhardness (HV) values of Al 1xxx series hybrid surface
composites
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Fig. 2. Ultimate tensile strengths of Al 1xxx series hybrid surface
composites

stir zone of hybrid composite resulted due to homogenous par-
ticle distribution. The improved strength of Al 1050-TiC-Al3Ti
hybrid composites was attributed to Orowan strengthening. Par-
ticles refinement and their dispersion promoted due to high strain
rate plastic deformation during FSP. Azimi-Roeen et al. [32]
found that load transfer due to good interfacial bonding and grain
refinement by Hall Petch relation were prominent strengthening
mechanisms in Al 1050-(Al,3Fes+Al,O5) hybrid composites. The
average grain size inside hybrid composites were 3.2 um, 3.1 um
and 2.1 um after FSP with ball milled (Fe,O5+Al) powders for
1 h, 2 h and 3 h respectively. The base alloy average grain size
was 7.8 um. The intermetallic compounds like Al;3Fe,, Al,O4
and Fe;0, acted as nucleation sites for resisting grain growth
in the composites.

Mahmoud et al. [36] fabricated Al 1050/SiC/ Al,O5 hybrid
surface composites with ex-situ approach and studied their
mechanical and wear properties. They used multipass FSP and
obtained uniform dispersal of the reinforcements. The Al,O3
particles surrounded by some minuet voids were reported in
the microstructural observations. They reported that inclusion
of hard SiC particles helped in improving the hardness of com-
posite layer. However after introducing Al,O; particles hardness
get decreased. The higher microhardness was reported for mono
Al 1050/SiC composite. The wear properties showed variations
depending on the hybrid ratio of reinforcements and the load used
during testing. They found that (SiC 80%, Al,03 20%) combined
hybrid composite have shown excellent wear resistance than
other composites with another hybrid ratios. They found that in-
creasing the load in wear testing beyond certain critical value may
change the wear mechanism from mild wear to severe wear and
this value is vital as far as anti-wear material design concerned.
They noted that Al,O; had contributed in such a way that wear
resistance increased and coefficient of friction decreased with
its increased content in the hybrid mixture with SiC.

In terms of hybrid ratio optimization as an important
variable, Dixit et al. [37] recommended that lubricative graph-
ite powder should be added with other non-lubricative metal-
lic or non-metallic powder in order to avoid tattering of FSP
band due to high thermal conductivity and to achieve proper
consolidation. The optimum hybrid ratio of powders used was
(40atomic%Gr+60atomic%Al) for getting defect free FSP bands.
Mahmoud et al. [36] found (80%SiC+20% Al,O5) as optimum
hybrid ratio for highest wear resistance.

For FSP of Al 1xxx hybrid composites, tool rotational
speeds reported were from 600 rpm to 1500 rpm. The tool trav-
erse speeds used were between 20 mm/min to 100 mm/min. The
number of passes reported were 3 to 8 in multipass FSP methods
by various researchers. The multiple passes with 100% over-
lapping in same traverse direction and with change of traverse
direction were reported useful. The tool materials used in FSP
of this series were H13 steel [32,35-36] and D2 die steel [33].
The pin probe shapes like threaded straight cylindrical [32-33],
square [36] and conical threaded [37] were used.

By in-situ approach, micron sized ball milled Fe,O;+Al,
TiO,+Al+Gr mixtures were deposited into the base alloys us-



ing groove method in order to produce Al,Os+Al;Fe,, TiC as
reinforcement phases. By ex-situ approach, (SiC+Al, O3, and
(Al+Gr) mixtures were deposited using groove method. The
GO (graphene oxide) coated SiC particles were deposited into
the base alloy using surface blind holes method. Amongst them
Al-SiC/GO (graphene oxide) hybrid composite produced by
surface blind holes method gave higher strength and ductility
compared to other composites.

Thus for Al 1xxx series hybrid surface composites, the
GO (graphene oxide) decorated SiC helped in achieving maxi-
mum tensile strength as compared to other combinations. The
multiple passes strategy was majorly used by many researchers
for Al 1xxx hybrid composites. The optimum FSP machine
parameters used for successful fabrication of composites are
enlisted in Table 2. The microhardness, tensile strength, ductility,
fracture toughness, hot deformability and wear resistance were
improved using the FSP characteristics along with reinforce-
ments inherited properties.
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2.1.2. 5xxx series alloys

The Al 5xxx group represents non heat treatable, strain
hardenable alloys with Mg as main alloying element. The ma-
terials have been utilized for cryogenic pressure vessels, super-
structures in ship vessels, bulk tanks for domestic milk/petrol
transportation, parts of military vehicles such as ballistic armor
plates and hulls of small boats. These alloys have good tough-
ness, weldability and corrosion resistance. The tensile strength
of range 40 MPa-310 MPa can be obtained with various grades
of this series [31,38]. The Table 3 summarizes state of the art
for fabrication of Al 5xxx based hybrid composites using FSP.

Researchers utilized FSP technique to incorporate effec-
tive reinforcements into the Al 5xxx series alloys substrates and
succeeded in improving mechanical and tribological properties.
The microhardness and ultimate tensile strength of Al 5xxx
based hybrid surface composites are compared in Fig. 3 and
Fig. 4 respectively. Sahandi et al. [44] found that strength of the

TABLE 2
Successful FSP machine parameters used for Al 1xxx hybrid surface composites
Composite Tool rotational speed (w) | Tool traverse speed (v) | No. of passes Reference
A1 1050/ Fe,04 1400 rpm 40 mm/min P-4 Azimi-Roeen et al. 2017 [32]
Pure Al/ SiC/GO (graphene oxide) 600 rpm 20 mm/min P-1 Singh et al. 2017 [33]
Al 1050/TiO,/Gr 950 rpm 37.5 mm/min P-4 R. Beygi et al. 2016 [34]
Al 1050-H24/SiC/Al,04 1500 rpm 1.66 mm/s P-3 Mahmoud et.al. 2010 [36]
TABLE 3
A Summary of hybrid surface composites fabrication on Al 5xxx alloys
Base Reinforcement .
Material and Preplacement Tool M.aterljal and FSP Process Prominent Results Reference
. Specifications Parameters
and size Method
1 2 3 4 5 6
w —400, 600,
. H - 13 Tool Steel, 800 rpm, _ The average Hardn;ss Valugs increased by
SiC (10 um), Al,O4 v — 60 mm/min, 30% with increase in ceramic content. The
Al 5083 Flat shoulder, o . . .
L— 200 mm (3 um), Groove Square Probe: TT-3°, maximum hardness value obtained at (SiC Zaved et al
>| Method: GW -3 4 ’ FSP passes — 2, 50%, Al,05 50%) hybrid ratio, 2 FSP passes 4 )
W - 50 mm, W -6 mm . . . . (2019) [39]
T—10 mm mm, L—6mm Hybrid Ratio: and at 600 rpm. The higher wear resistance
’ GD - 6 mm. SD - 25 mr;l (50%SiC, 50% Al,05), observed for composites with (SiC 50%,
’ (100%SiC) and (100% Al,053 50%) hybrid ratio.
Al,O3).
B4C (>10 um), . .
MWCNT (avg, H— 13 steel of The Al ‘5083/B4C f:omp051t.f> showed maxi-
. mum rise of 20% increase in HV and 41%
length — 1 um, collet diameter . . . . .
- FSP pass: increase in UTS with 10mm inter — cavity
diameter 2 16 mm, w — 750 rpm distance Mahmood
Al 5083 0._ 30 nm), Surface S]? — 20 mm, v — 16 mm/min, The hybrid Al 5083/MWCNT/B,C composite | Khan et al.
T—-8 mm. |Blind Holes method: | conical threaded o . S I
. TT-2°, showed intermediate increase in microhard- | (2017) [40]
¢—2mm, pin, . )
No. of pass — 1. ness and tensile strength. The 10 mm inter
depth — 3 mm, PD - (4, 6 mm), oo
. . . — cavity distance proved better results than 8
intercavity spacing — PL—-5 mm.
mm.
(8 mm, 10 mm).
Al 5083 AL O; (80 nm), 52 HRC H13 tool | FSP Pass: w— (500, | The higher UTS and hardness attained at 710
L— 140 mm TiOy(15 nm), steel, SD — 20 mm, 710, 1000 rpm), rpm and 20 mm/min as independent parame- | Heiderpour
W — 50 mm Groove Method: threaded pin v — (20, 56 mm/min), ters. etal. 2018
T—5mm GW — 1 mm, PD - 6 mm, TT -3¢, The hybrid composites had low friction coeffi- [41]
) GD -2 mm. PL -3 mm. No. of passes — 2. cients and wear rates than that of base alloy.




446

1 2 3 4 5 6
FSP two passes at: The increasing no. of passes and changing
Al 5083 (~5 0(:;110)2 sic Ciizjgztzfgér w — 800 rpm, direction of processing helped in distribution
? ’ v — 35 mm/min. of reinforcements and improved SZ homoge-
L—250 mm, (~80 nm), SD — 18 mm, FSP third pass at: neit M. Amra
W-100 Groove Method: threaded P ’ Y- . etal. 2018
Lo . w — 600 rpm, Improved wear performance for hybrid com-
mm, GW - 1.2 mm, cylindrical pin, . . . [42]
T—5mm GD -2 mm PD — 6 mm v — 45 mm/min. posite than base alloy and mono composites
) L—230 mm’ PL—4.5 mm TT — 3°, for third pass was reported due to The solid lubricating
) ) ) changed AS to RS CeO2.
) Higher wear resistance for hybrid A15083/
B4C (30-60 nm), HS_DI i Sltgei;g()l’ Frsnpfisiovrn_ml/gg?l B4C/TiC composite than others; because of
TiC (30—-60 nm), S ’ pm, > | attained low coefficient of friction. The load | N. Yuvraj
A15083 -0 cylindrical threaded | No. of FSP Passes — 4 . . . . .
Groove Method: . . . bearing B,C particles and solid lubricant TiC | etal. 2016
T—-8mm. pin, Hybrid Ratio: (100% . . . . .
GD - 3 mm, o) particles helped in improving the tribological [43]
GW — 1 mm PD =6 mm B4C), (100% TiC), and mechanical properties of the hybrid com-
: PL- 5 mm. (50% B,C, 50% TiC). propert Y
posites.
Clc;lnlc3a\szfae:;1(t)?1(l)(li,er :{af 111(1)17gspas;i The UTS and YS improved by 90% and 31%
TiOy(~30 nm), surface. SD — 18 v_30 mmr/prnlr,l than the base alloy. Fatigue strength improved
Groove Method: S by 33% and 28% for the Nano composites P. Sahandi
A15052 — mm, straight FSP pass: w — 1200 . o .
210 mm long, S . with TiO, vol % of 3.5 and 2 respectively. etal. 2016
H32. threaded cylindrical | rpm, v — 100 mm/min, o .
GD — 4 mm, . Ductility reduced up to 30%. Micro — cracks, [44]
pin, PD — 5 mm, | No. of FSP passes — 6, . .
GW - (0.8, 1.2 mm). micro — voids were observed on the fractured
PL -4 mm, thread F-10KN, specimens after fatigue tests
angle —30°. | TiO, — (~2, 3.5 vol%). P £ :
SD - 18 mm Capping pass: Hybrid composite showed higher high tempe-
A15050 — threaded pin F’SP w — 1075 rpm, rature strength. Deformation activation energy
132 TiO, (~30 nm) t0ol PD _p 5 mm v — 30 mm/min, at high temperatures had been increased si- F. Khoda-
Groove Method: S FSP pass: TT —2.5° | gnificantly after FSP. Very fine hard particles —
L-210 mm PL — 4 mm, pin . X . . bakshi et al.
W — 70 mm GD - 3.5 mm, threads depth — w — 1200 rpm, produced through in — situ reaction during 2014 [45]
T—5mm ? GW - 1.2 mm. 0.5 mm v — 100 mm/min, FSP had contributed reasonably to hard de-
' an ‘le 3 (’)0 No. of FSP passes — 4, | formation behavior enhancement and thermal
£ : TiO2 vol% —~3.1% stability.
FSP passes: First two
CeO, (30 nm) 52 HRS(EGI;B tool with w — 800 rpm, The higher mechanical properties were obta-
Al 5083 M2W CNT ’ Cylindrical ;oncave v — 35 mm/min. ined for hybrid ratio of 75% CNT and 25%
L— 250 mm (L—10-20 um ¥ shoulder Third pass with CeO,. The average grain size in the processed S.A.
W - 100 D—10-20 L:l m7) SD- 18 rn,m w — 600 rpm, zone decreased significantly after FSP. The Hossieni
nm Groove Metho d" threaded cvlin dr’ical v —45 mm/min, CeO, nano particles helped in enhancing the | et al. 2014
T—5mm GW— 1.2 mm ’ ir)1, No. of FSP passes — 3, | resistance to the pitting corrosion; on the other [46]
’ GD - 2 nm ? PL 711 5’ mm TT - 5°, and volume | hand cathodic natured CNT had deteriorated
) PD— 6 mm ? ratios used — 25, 50 the resistance to pitting.
’ and 75.
. The mono composite with 100% SiC had
TAJ ;?an 52HRC H13 tool FSIE \S zisze()s 0 ﬁritltwo obtained highest tensile strength and hardness
? steel, Concave pm, than other composites. The CeO, particles
Groove v — 35 mm/min) Third . . o .
shoulder, had helped in improving the pitting corrosion | M. Amra
Method Ce0, (50 nm), SD - 18 mm pass (w— 600 rpm, resistance by means of increasing the passiva- | etal. 2015
W12 SiC (80 nm). . v — 45 mm/min) . y . ng e p '
mm threaded cylindrical TT - 3° ? tion range. The hybrid composite with volume [47]
> pin, PL — 4.5 mm, . i ratio 25%SiC: 75%CeO, had shown the most
D-2 mm, PD - 6 mm vol. ratios — 25:75, timum combination of mechanical proper-
L 230 mm. : 50:50, 75:25. optimum €o on ol mechanical prope
ties and corrosion resistance.
Nano composites material with (75% Gr, 25%
FSP passes: Al,O3) hybrid ratio had shown higher tensile
Al O; (80 nm), w— 1250 rpm, properties but if application required both
Al 5083 — Gr (10-50 nm), HRC51 HI3 tool v — 20 mm/min, combination of good tensile and wear proper- | Mostafa-
Hl116 Groove Method: steel TT-3°, ties then (50% Gr, 50% Al,05) hybrid ratio pour et al.
T - 10 mm. GW — 1 mm, No. of pass — 3, would be beneficial. 2013 [48]
GD - 4.5 mm. Hybrid ratios — 25:75, | Interparticle spacing of reinforcements inside
50:50. 75:25 composites had affected mechanical proper-
ties.
FSP pass: Microhardness shown by 100% SiC mono
M;;% ((55 }inn;)’ Sglj 258621;11 w — 1250 rpm, composite was higher. Hybrid composite exhi- S Soley-
Al 5083 i v — 50 mm/min, bited higher wear resistance than other mono $ 0y
Groove Method: PD — 6 mm . .. . mani et al.
T -3 mm. No. of FSP pass — 1, | composites and base alloy. Friction coefficient
GD -2 mm, PL-2.8 mm, : . : . . . 2012 [49]
GW — 0.65 mm TT - 3° powders weight ratio | was intermediate for hybrid composite compa-
) ) ) used — 2:1. red to higher 100% SiC composite and others.




Al 5052 alloy was enhanced with the use of FSP at the cost of
reducing ductility. Increasing TiO, concentration, greater yield
and ultimate tensile strength were also achieved even though the
ductility was slightly lost. It was noted that considerable grain
refinement occurred on the aluminum alloy FSP, especially while
titanium dioxide particles were used. The result of dynamic
recrystallization leads to the growth of new and dislocation-
free grains at earlier grain boundaries and deformation band
interfaces. By Zener-Holloman pinning effect — MgO (50 nm),
Al;Ti (50 nm), TiO, (30 nm) particles hindered the rate of grain
boundary movement throughout a fine-grained Al alloy matrix
(<2 pum). The Al 5052 alloy’s average grain size was around
49 um, which was lowered to about 11 um since 6-pass FSP.

In converse to Sahandi et al. [44], in another study Zayed et
al. [39] found that the ductility of the material was significantly
improved along with tensile strength for Al 5083-SiC/Al,O;
hybrid composite produced. The average micro hardness in-
creased with content of ceramic particles. Reinforcement’s
distribution become more uniform and homogenous with in-
crease in no. of stirring passes. Heiderpour et al. [41] produced
Al5083-A1,05/TiO, hybrid surface nano-composites. They
noted that as per Hall-Petch equation, reducing the grain size
contributed to rise in the hardness value. In conjunction to grain
refinement, the improvement in micro-hardness value was due to
direct reinforcement given to the matrix by these strong and hard
reinforcements, which impeded the movement of the dislocations
in the composite. The microhardness values obtained with this
combination is one of the maximum results for Al 5xxx series
as shown in Fig. 4.

Mostafapour et al. [48] found that nano composites pro-
duced with different hybrid ratios had shown different tensile
properties for Al 5083-Gr/Al,O; composites. Particle clustering
in processed zone increased with rise in reinforcement volume
percentage. Microhardness and UTS had shown two trends
i.e. enhanced properties when mean inter-particle spacing is
reduced up to specific hybrid ratio and deteriorated after fur-
ther reduction in inter particle spacing of Alumina in the nano
composites. They mentioned that if nano composites material
had application with requirement of higher tensile properties
then (75% Gr, 25% Al,05) hybrid ratio would be best option.
S. A. Hossieni et al. [46] fabricated Al 5083/CeO,/CNT hybrid
composites. They found higher mechanical properties for hybrid
composite with (75% CNT, 25% CeO,) combination than mono
composites and base alloy. They mentioned that many strength-
ening mechanisms were present simultaneously. Average grain
size in processed zone decreased significantly after FSP. Highest
UTS of 396 MPa obtained for hybrid surface composite with
(75% CNT, 25% CeO,).

Halil Ibrahim Kurt [50] estimated effect of hybrid ratio and
FSP machine parameters on tensile strength of Al 5083 using
mathematical formulation model using Matlab. The experimental
UTS results measured for Al 7075, A1 6061, Cu, A1 1016 and Al
5083 with various hybrid reinforcements reported by researchers
in literature were used as training data for model. As per the find-
ings, UTS increased with increasing CNT vol%, tool rotational
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speed and traverse speed. Reinforcement combinations used
were CNT/ZrO,/SiC/Gr/Al,O; particles. Through mathematical
model, (10% Gr, 5%Zr0O,) hybrid ratio showed maximum tensile
strength for Al 5083 hybrid composites.

Ahemadifard et al. [51] fabricated the AA5083/A1,05/TiO,
hybrid nano composites and obtained improved mechanical
properties. They found that the tensile behavior was changing
according to the hybrid ratio of the reinforcements. The hybrid
composite with (25% Al,O5 and 75% TiO,) combination showed
highest tensile strength and microhardness. The multipass FSP
helped in distributing the reinforcements in the processes zone
but still at some points agglomerated clusters were detected in
the metallographic study. They attributed the reasons for im-
provements in mechanical properties to the stir mixing of hard
ceramic nano particles in the intense plasticized zone during
the fabrication process. The various strengthening mechanisms
found to be present simultaneously.

Al 5xxx composites Microhardness (HV)
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Fig. 3. Microhardness (HV) values of Al 5xxx hybrid surface composites
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Fig. 4. Ultimate tensile strength of Al 5xxx hybrid surface composites

The attempts were made for improving the surface proper-
ties like wear rate and coefficient of friction of the Al 5xxx series
alloys using approach of hybrid composites through FSP. The
wear rates of Al Sxxx hybrid surface composites are enlisted in
Table 4. Zayed et al. [39] improved wear resistance of Al 5083
by 40% for (SiC 50%, Al,O3 50%) combination. Reinforce-
ment’s distribution become more uniform and homogenous with



448

increase in no. of stirring passes. The consolidated SiC and Al,O;
ceramic particles resisted the plastic flow of the material by
enhancing the material’s strength and hardness at elevated tem-
peratures. In addition, the SiC particles hold the material debris
on the surface, and some of this debris got collected around the
particles during wear by staying stable at those locations. Also
these ceramic powders avoided severe contact between ball and
the substrate surface and beard more load at their localized points.

TABLE 4
Wear rate of Al 5xxx based hybrid surface composites
Composite Load | Wear rate Reference
Al15083-SiC/Al, O3 | 20N 0.6 g/m Zayed et al. [39]
A1 5083-A1,05/TiO, | 20N | 0.28 mg/m | Heiderpour et al. [41]
A15083-Gr/AL,O; [24.8 N|48x107% g/m | Mostafapour et al. [48]

In another study, Soleymani et al. [49] dispersed SiC/MoS,
powders uniformly within processed zone and without any
imperfections in Al 5083 alloy. They found that the surface
composite layer had been very well bonded with the substrate
without any void defects. The lamellar structured MoS, got
decreased in size after FSP compared to hard SiC powder. With
soft solid lubricating effect, MoS, powder helped in enhancing
wear resistance of hybrid composite. The main wear mechanisms
observed in hybrid composites were light delamination as well
as light abrasion mechanism.

Heiderpour et al. [41] for A15083-A1,05/TiO, hybrid com-
posites found lower friction coefficients and wear rates than
base alloy at 710 rpm and 20 mm/min parameters due to grain
refinement and effective dispersion of reinforcements. As they
mentioned, volume loss was inversely proportional to the hard-
ness of the surface composite, as per the Archard’s wear law. By
enhancement in the surface nano-composite’s micro-hardness,
metal removal during sliding wear was declined. They observed
further that as tool rotational speed increased, the wear rate of
the composites also increased. Because the highest hardness of
140 HV were acquired for FSPed samples with 710 rpm and
20 mm / min, the minimum wear rate observed. Wear resistance
increased with greater hardness values due to microstructure
changes and grain refinement during FSP.

Hossieni et al. [46] found that CeO, nano particles helped
in enhancing resistance to pitting corrosion by behaving as
a cathodic inhibitors; on other hand CNT had deteriorated re-
sistance to pitting due to cathodic nature. Similarly, Amra et al.
[42,47] mentioned that CeO, helped not only to improve wear
resistance but also to lower coefficient of friction due to its solid
lubricating effect. In further investigations [47], they observed
good interfacing between reinforcements and base alloy; with no
defects in friction stirred zone. The CeO, particles had helped in
improving the pitting corrosion resistance by means of increasing
the passivation range. SiC has not shown the passivation effect
due to its cathodic nature. As per results, the hybrid composite
with (25% SiC and 75% CeO,) has shown the most optimum
combination of mechanical properties and corrosion resistance.

Thus for Al 5xxx based hybrid surface composites showed
significant material properties enhancement with help of solid
state friction stirring technique with embedding the reinforce-
ments. The optimum FSP machine parameters used for successful
fabrication of Al 5xxx based hybrid composites are enlisted in
Table 5.

TABLE 5

Successful FSP machine parameters used for Al 5xxx hybrid
surface composites

Tool rotational Tool traverse | No. of
Composite d (W) rpm speed (v) | passes | Authors
speed (W) rp mm/min P)

Al5083/B,C/ Khan
MWCNT 750 16 ! et al. [40]
Al 5083/ Amra
Ce0,/SiC 800 33 3 et al. [42]

Al 5083/ B4C/ Yuvraj

TiC 1000 40 4 et al. [43]

. Sahandi

A15052/ TiO, 1200 100 6 et al. [44]
. Khodabak-

Al 5052/ TiO, 1200 100 4 shi [45]

2.1.3. 6xxx series alloy

In 6xxx series Al alloys, main alloying elements are Mg and
Si. They represents heat treatable and strain hardenable medium
strength alloys with good weldability, high resistance to stress
corrosion cracking and corrosion resistance. They are utilized
in extruded forms and sheets in various automotive and aircraft
applications. Ultimate tensile strength (UTS) ranges between
245 MPa-330 MPa for various grades of Al alloys available in
this series [31]. The summary of Al 6xxx alloy based hybrid
surface composites is given in Table 6 below.

From the literature reported, heat treatable Al 6xxx alloy’s
tribological behavior were found significantly improved by
the researchers. The microhardness of this series alloys were
improved as shown in Fig. 5. However the tensile strength of
Al 6xxx series alloys were deteriorated after FSP as shown in
Fig. 6. In one of the studies, Sharma et al. [52] emphasized that
hybrid Al 6061/SiC/Gr composites had higher nano mechani-
cal properties than mono composites. They observed interfacial
bonding between base alloy and ceramic particles. They had main
two observations, i.e. SiC particles had de-bonding phenomenon
with Al matrix due to defects induced around these particles
during FSP and residual stresses with edge disorder in graphite
crystals were observed after FSP in the resultant composites. The
Gr particles were sheared during FSP. They found that mean axial
force during friction stirring increased for mono Al-Gr composite
due to high thermal conductivity of graphite. They remarked that
graphite layer and grain refinement helped in reducing interfacial
and intergranular corrosion of hybrid composite. Despite of these
effects, the nano-mechanical properties were found higher for
the hybrid composites.
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TABLE 6
A Summary of hybrid surface composites fabrication on Al 6xxx alloys
Base Reinforcement Tool Material
Material and Preplacement . . FSP Process Parameters Prominent Results Reference
. and Specifications
and size Method
1 2 3 4 5 6
FSP pass: w— 1800 rpm,
H13 tool with flat | 2200 pm, and 2500 rpm Hybrid reinforcements helped in impro-
SiC (~100 pm), shoulder, used for plunge depth ving mechanical properties. Optimum im- .
. . . . Abhishek
Graphite (~44 pm), SD — 25 mm, of - 0.2 mm, 0.3 mm proved mechanical properties are obtained
A1 6061 . . .. Sharma
T—6mm Groove Method: square pin: and 0.4 mm at constant | at 2200 rpm and 25 mm/min. Exfoliation etal. (2018)
' GW -3 mm, W —5mm, v — 25 mm/min, of Graphite into graphene and presence [ 52]
GD -2 mm. L—5mm, Hybrid Ratio: (50% SiC, | of residual stresses was confirmed using
H-5mm. 50% Gr), (SiC 100%) Raman Spectroscopy.
and (Gr 100%).
H13 steel tool,
SD — 16 mm,
AL 6061 AlLO; (<500 nm), Pm prof'iles:v Th'ey found t.hat for FSP using square and VM.
: straight cylindrical, FSP pass: triangular pin profile hardness and wear X
L-150 mm,| TiB, (<500 nm) . Lo . Khojasteh-
threaded w — 1500 r/min, properties highly improved because of
W—-100 Groove Method: Lo . . NSO . nezhad
cylindrical, tapered v — 25 mm/min, more uniform distribution, fine grain size,
mm GW —2mm, cylindrical, square No. of pass — 1 better flow of stirred material than other ctal
T— 6 mm. GD - 3.5 mm. ylndrical, square, -otp : ; (2017) [53]
triangular pin, pin profiles.
PL -4 mm,
PD -5 mm.
Improved wear resistance obtained in fine
FSP pass: w— 1600 rpm, average grain sized (6um) hybrid com-
TiB, (~20 um), 62HRC HCHCr v — 60 mm/min, posites. Micron s1z.ed TiB2 particles were
Al 6082 F-10 KN, fractured during FSP to change .
BN (~200 nm) steel, SD — 18 mm, . . R. Palanivel
L-100 mm N No. of passes — 2 with their morphology. The counter face wear
Groove Method: | cylindrical threaded - . |etal. (2016)
W —50 mm . changing AS to RS, reduced because of less Fe percentage in
GW —-1.2 mm pin, PD — 6 mm, ; . . [54]
T—-10 mm. GD -5 mm PL—55mm Hybrid ratios: 100% wear debris. The Fe percentage
) ’ ) TiB2, (50% TiB,, 50% | in wear debris of hybrid composite (5.4%)
BN) and 100% BN. was less than the mono AMC
with TiB, (9.2%).
The addition of B4C and TiB, powders
B4C (7 um), ) improved the hardness and the wear
Ti (40-60 um), | oylindrical threaded | T or Pass: Threepasses |G ce. The AMC with 100% TiB2
Al 6063 with w — 1000 rpm . . Mohammad
B (2 pm), tool, . reinforcement held maximum hardness . .
L—200 mm and fourth with . . Narimani
Al (63 um) SD — 18 mm, and wear resistance because of protective
W —70 mm w— 710 rpm, . . etal. 2016
Groove Method: PD - 6 mm, ; oxide (Fe,O3) metal matrix layer over the
T— 10 mm. v — 40 mm/min [55]
GD —4.5 mm, PL—-4.5 mm. TT 20 surface.
GW — 1 mm. ’ The wear debris with smaller sized flakes
observed for hybrid composites.
Microhardness values increased with num-
FSP pass: Wear resi:)tzrn(c)z E;:rp;ifre ;SP asses
Al,Os (500 nm), w— 1250 rpm, ‘ > passes Reza
: H — 13 steel tool, . improved significantly to produce hybrid
TiB, (500 nm) v — 16 mm/min, . . Vatankhah
Al 6061 SD — 16 mm composites. Presence of TiB, hard .
Groove Method: No. of passes — 1 to 4, . .3 ) Barenji
T—6 mm. PD -5 mm particles, avoiding defects and solid
GW -2 mm Powders . c etal. 2015
PL - 3.5 mm. Iubricant Al,O5 within surface layers
GD -3 mm. Wt. 1 g/cm length of the . . . [56]
has contributed cumulatively to improve
groove. . .
wear resistance of hybrid nano
composites.
HCHCr steel tool Composites with combination
. 00% (6% Al,05, 0.5% Gr) had shown higher
Al 04, Gr (avg. size. SD —18.5 mm, . . . o
A1 6061 Hybrid Ratio — Al,O; — | mechanical properties in terms of hardness
95 nm) shank . . .| T.Prakash
L-100 mm . 0.5 wt%, and wear resistance. Dynamic recrystalli-
Groove Method diameter — 15 mm, . . . etal. 2014
W —50 mm o Gr(0,2,4,6,8 zation due to intense super plastic defor-
GW -1 mm threaded cylindrical . . . . [57]
T—6 mm. . and 10 wt%) mation during stirring had significantly
GD - 1.5 mm. pin, PD - 4.5, .S, . .
PL— 3 mm refined grains sizes and helped in uniform

dispersion of ceramic particles.




450

1 2 3 4 5 6
During wire EDM cutting FSPed hybrid
H13 tool steel, v — 40 mm/min composites tool wear rate decreased with
AL606]1 — SiC, Gr (20 pm) screwed taper pin F_SKN TT_2 ’50 rise in pulse off time; surface roughness Murahari
Groove Method profile, with o T decreased with rise in current i.e. incre- .
T6 Hybrid . . Kolli et al.
GW -3 mm, SD — 24 mm, . o ased spark discharge energy. Material
T -4 mm. Ratio — (6 vol%), . 2013 [58]
GD -3 mm. PD — 8 mm Gr (3 vol%) removal rate of produced composites en-
PL-3.5 mm. o hanced with increased pulse off time and
current.
The Al 6061/SiC/ Al,03 composite had
shown higher hardness than AL6061/SiC/
. Gr combination due to hard nature of the
(aslc;gé’?glzooﬁn) H13 tool steel w — 900 r/min, Al,O5 than Gr powder. Wear resistance of
& " v — 40 mm/min, SiC/Gr combination was higher than SiC/ .
Al 6061 — Groove Method SD — 24 mm, o . . .| A. Devaraju
. F-5SKN,TT-25 Al,05 case because of higher solid lubri-
Te, GW — 3 mm, screwed taper pin, . . . etal. 2013
Hybrid Ratio: cating nature of the Gr than Al,O3 powder.
T—4mm. GD =3 mm PD —8 mm (SiC: Gr) (SiC: ALO3) | The SiC/Gr combined hybrid composites [59]
2 mm far away from PL-3.5 mm. Co VNG . yorc POos
the center line vol. ratio (8%:4%). showed thin layer of mechanically mixed
’ reinforcements within hybrid composite
which acted as solid lubrication to reduce
wear rate.
The Al}5Cr, and Al;;Cr, intermetallics
dispersion within the processed zone
had helped in enhancing wear resistance
Al 6061 — Cr,04 v 71;13 3 rsr;[frf/lmin v Y&giﬁ;ﬁi;ﬂ of hybrid nano composites produced. S.R. Anvari
T6 Atmosphere plasma © — 630 rpm TT - 3° ? FSPed base alloy without reinforcement | et al. 2013
T-13 mm. spray. rop i also shown higher wear resistance due to [60]
TT-3°. No. of passes — 6. L . .
reduction in number of hardening preci-
pitates due to severe super plastic defor-
mation.
62 w — 1600 rpm, The all hybrid composites showed
HRC — HCHCr v — 60 mm/min, less wear rate than the base alloy. The
TiC (~2 m), steel tool F -8 KN, No. of passes — | (50%TiC, 50% B,4C) combined hybrid
Al 6360 B4C (~3m) evlindrical thr;:a ded 2 with changing AS to RS | composite had lowest wear rate amongst | C. Maxwell
T—10 mm, Groove Method: Y i Hybrid Ratio — 100% TiC, | them. Equi — axed flakes received as wear | Rejil et al.
L - 100 mm. GW - 0.5 mm sD 7p1 8, mm (75% TiC+25% B,C), debris of the hybrid surface composite. 2012 [61]
GD - 5.5 mm. PD — 6 mm ’ (50% TiC + 50% B,4C), The iron content within wear debris of
PL_5.38 mrr’l (25% TiC+75% B,4C) (50%TiC, 50% B4C) hybrid composites
’ ’ 100% B,4C. were low; thus reduced counterface wear.
. Higher wear resistance for hybrid TiN/
AI6061 grl IEII E)S_gonmlzi) 45HRC Steel Gr volume ratio of 0.2. Interestingly, they
L— 100 mm Groove Megw a4 SD —-20 mm , w — 1800 rpm, observed that the hardness was not uni- M. Man-
W-50mm | U shape roove' cylindrical pin, v — 80 mm/min, form throughout the depth of the proces- | sumi et al.
T—20 mm GDIi 2gmm ’ PD -4 mm, TT -3°. sed zone along the thickness. The higher | 2012 [62]
’ GW_1 mm, PL-3 mm. microhardness reported at surface layer 2
’ mm below from the processed surface.

Murahari Kolli et al. [58] studied wire EDM cutting process
of Al 6061-T4/SiC/Gr composites. They found that for cutting
of hybrid composites; tool wear rate decreased with rise in pulse
off time and surface roughness decreased with rise in current
i.e. increased spark discharge energy. Material removal rate of
produced composites enhanced with increased pulse off time
and current.

Khojastehnezhad et al. [53] used different FSP tool pin
profiles such as- simple and threaded straight cylindrical, square,
taper and triangular for developing Al 6061/ Al,05/TiB, com-
posites using FSP. They found that for FSP using square and
triangular pin profile, hardness and wear properties highly im-
proved because of more uniform particles distribution, fine and
equiaxed grain structure and better flow of the stirred material
than other pin profiles. In another study, Berenji et al. [56] used

Microhardness (HV) of Al 6xxx hybrid composites
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Fig. 5 Microhardness (HV) of Al 6xxx alloys based hybrid surface
composites



multipass FSP strategy for synthesizing Al 6061/A1,05/TiB,
hybrid composites. They pointed out that multi-pass FSP helped
in distribution of nano particles and reduction of average grain
size in processed zone. They found that hardness values increased
with increase in number of FSP passes used for fabrication of
composites.

R. Palanivel et al. [54] observed uniform distribution of
reinforcements and pointed out that distribution of particles
was independent of location in stir zone of Al 6082/TiB,/BN
composites. Fine average grain size of 6 pm obtained in hybrid
composites. Micron sized TiB, particles were fractured during
FSP to change their morphology and shape due to intense plas-
ticization. BN particles remained same as that of as received
size. Narimani et al. [55] used ball milled B,C particles and TiB,
particles for fabricating Al 6063/B,C/TiB, composites. With
addition of B,C and TiB, powders further improved hardness
Composite with 100% TiB, reinforcement held maximum hard-
ness because of protective oxide layer over surface of resultant
composites.

Kumar et al. [63] investigated FSP tool rotational speed
effects on mechanical properties of Al 6061/SiC-Gr/SiC-Al,O;
hybrid composites. They obtained higher microhardness for
SiC/ Al,0; combination due to Zener pinning effect after disper-
sion of these reinforcements. Similarly in another study, Devaraju
et al. [59] found that out of Al 6061/Sic-Gr/SiC- Al,O5 hybrid
composites, SiC/ Al,O; combination shown higher hardness than
SiC/Gr combination due to hard nature of Al,O5 than Gr powder.
In another study of fabrication of A1 6061/ Al,05/Gr composites
by Prakash et al. [57], they used weight percentage of Al,O4
(0,2, 4, 6, 8 and 10) with constant Gr 0.5% weight percentage.
They found that (6% Al,O3, 0.5% Gr) had shown higher hardness
than others. They concluded that dynamic recrystallization due
to intense super plastic deformation during stirring had signifi-
cantly refined grains sizes and helped in uniform dispersion of
ceramic particles.

Mansumi et al. [62] produced Al 6061/TiN/Gr composites
through friction stirring. They pointed out that combination of
graphite with TiN powder had enhanced distribution of hard TiN
powder; thus reduced agglomeration of ceramic particles. Hard
TiN improved load bearing capacity in the composites. They

Ultimate tensile strength (MPa) of Al 6xxx hybrid
composites
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Fig. 6 Ultimate tensile strengths of Al 6xxx based hybrid surface

composites
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observed that hardness was not uniform throughout depth of
processed zone along thickness. Higher microhardness reported
at surface layer 2 mm below from processed surface.

The Al 6xxx series alloys were processed with optimum
FSP machine parameters as given in Table 7. The combination
of hard and soft ceramic powders were used so as to balance
both mechanical as well as tribological behavior. The multi pass
strategy was used for further enhancement in FSPed composites.

TABLE 7
Successful FSP machine parameters used for Al 6xxx hybrid
composites

To.ol Tool No. of

. rotational | Traverse

Composite passes Reference
speed w speed v ®)

(rpm) (mm/min)

. Sharma
A16061/SiC/Gr 2200 25 1 etal. [52]
Al 6061/A1,05/ Khojastehne-

TiB, 1500 25 ! zhad et al. [53]
Al 6061/A1,05/ Berenji
TiB, 1250 16 ! et al. [56]
Al 6082/ B4C/ Palanivel
TiB, 1600 60 2 et al. [54]
Al 6063/ B4,C/ Narimani
TiB, 1000 40 4 etal. [55]
Al 6061/ SiC/ Kumar
Gr 900 40 ! etal. [63]
Al 6061/ Prakash
Al,O3/Gr 700 60 ! etal [57]
Anvari
Al6061/Cr,O5 630 100 1 et al. [60]

The wear rate of Al 6xxx based hybrid composites were
decreased satisfactorily by using different reinforcements as
shown in Table 8. However, loading condition while perform-
ing the tribological testings is matter of concern since at some
critical value the wear mechanism turns from soft wear to severe
wear mechanism.

TABLE 8
Wear rate of Al 6xxx hybrid surface composites
Composite Load | Wear Rate Reference
. Khojastehnezhad
Al 6061/A1,05/TiB, | 50N 0.4 mg/m etal. [53]
Al 6061/A1,05/TiB, | 50N 0.4 mg/m Berenji et al. [56]
. 13x10°° .
Al 6082/ B,C/TiB, | 20N m/Nm Palanivel et al. [54]
A16063/B,C/TiB, | 15N | 0.01 mg/m | Narimani et al. [55]
A16061/ SiC/Al,05 | 40N 2 mm’/m Kumar et al. [63]
Al6061/Cr,05 ION | 0.02 mg/m Anvari et al. [60]
‘ 300x107 3
A1 6360/TiC/B4C | 20N 3 Rejil et al. [61]
mm-/m

Berenji et al. [56] fabricated Al 6061/ Al,05/TiB, hybrid
composites and obtained improved wear resistance than base
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alloy. They obtained significantly improved wear resistance
after four FSP passes to produce hybrid composites. Adhesive
and abrasive mechanism was observed in wear against a steel
disk in wear tests. The presence of ceramic TiB, hard particles,
lack of cavity like defects and solid lubricating nature of Al,O;
within surface layers has contributed cumulatively to improve
wear resistance of hybrid nano composites. Narimani et al. [55]
found that with addition of B4,C and TiB, powders the wear re-
sistance of further improved for Al 6063 composites. Composite
with 100% TiB, reinforcement held wear resistance because of
protective oxide layer over surface. Wear debris with smaller
sized flakes observed for hybrid composites than Al 6063 plates;
so less affinity to agglomeration.

Kumar et al. [63] found that and soft solid lubricants Gr
and Al,O; particles helped in improving wear properties of
produced hybrid A1 6061/SiC-Gr/SiC-Al,O5 composites. Hybrid
composites with SiC/Gr combination shown reduced wear rate
because of hard load bearing SiC particles and solid lubricant Gr
particles. In case of SiC/ Al,O3, wear debris obtained were more
with abrasion wear mechanism because of pulling out the hard
particles on steel disk during wear tests. Devaraju et al. [59] con-
firmed same results for Al 6061/Sic-Gr/SiC- Al,O; composites.
So that wear resistance of SiC/Gr combination was higher than
SiC/ Al,O5 case because of higher solid lubricating nature of Gr
than Al,O; powder. The SiC and Al,O; particles showed good
interfacing with base alloy in hybrid surface composite. SiC/Gr
combined hybrid composites showed thin layer of mechanically
mixed reinforcements within hybrid composite which acted as
solid lubrication to reduce wear rate.

Anvari et al. [60] used Al 6061/Cr-O materials, Cr,O5 is
initially converted to pure Cr and Al,O5 during friction stirring.
These phases reacted with Al substrate further produced Al;;Cr,
and Al;;Cr, intermetallics. These hard intermetallics dispersion
within processed zone had helped in enhancing wear resistance
of hybrid nano composites produced. They found that after FSP
of base alloy without putting reinforcement, wear resistance was
higher owing to reduction in number of hardening precipitates
during friction stirring.

Rejil et al. [61] found that all Al 6063/TiC/B4C hybrid
composites showed less wear rate than base alloy. However,
the (50%TiC, 50% B4C) combined hybrid composite had low-
est wear rate amongst them. They observed that equi-axed
flakes received as wear debris of hybrid surface composite.
Iron content within wear debris of (50%TiC, 50% B,4C) hybrid
composites were low; thus reduced counterface wear. Mansumi
et al. [82] fabricated Al 6061/TiN/Gr composites through FSP.
They observed that wear resistance was varying with variation
in hybrid ratio of TiN and Gr particles. Hard TiN improved load
bearing capacity where as soft Gr added solid lubricating effect
to mechanically mixed layers after severe plasticization action
in FSP. They obtained higher wear resistance for hybrid TiN/
Gr volume ratio of 0.2.

2.1.4. 7xxx series

Al 7xxx series alloys are age hardenable and strain harden-
able with Zn-Mg-Cu as alloying elements. They are amongst
super high strength alloys used in many structural applications
in aerospace, ship building, automotive and defense equipment
industry. Their UTS ranges 220 MPa to 600 MPa in various
grades of this series. These are favorable material because of
very high specific strength and high toughness [31]. Summary
of Al 7xxx alloys based hybrid composites fabrication using FSP
is mentioned in Table 9 below.

The phenomenon of dissolution of large precipitates already
present in base alloys during FSP was confirmed by Naeem
[65] and Soleymani Mahmoud et al. [67], which deteriorated
microhardness of resultant composites. Thus subsequent heat
treatments were performed on the composites to regain precipi-
tates in the base alloys. Naeem [65] fabricated Al 7075 surface
composites through FSP pulverization of ball milled Ni and (Al,
Zn, Cu, Mg) particulates into the substrate. Processed samples
were applied with T¢ aging and homogenization treatments.
Microstructural characterization confirmed that average grain
size decreased up to 70% after FSP with equiaxed grains. The
ball milled highly energized Ni powder and increased no. of
Al-Ni intermetallics changed microstructure and led to increased
dislocation density. Thus composites shown higher hardness
values than as received Al 7075 alloy. Soleymani Mahmoud
et al. [67] synthesized Al 7075-T4/SiC/BN hybrid composites
with multipass FSP (6) to improve wear resistance and hardness
of base alloy. They observed that hybrid composites had lower
microhardness and wear resistance than as received A17075-Tg
alloy; since precipitates got dissolved with intense superplastic
deformation in FSP. Finally after application of T6 heat treatment
again on the Al 7075/SiC/BN hybrid composites; they showed
higher hardness values almost by one third than base Al 7075-T
alloy. Microstructural characterization confirms that micron
sized SiC and nano sized BN had been distributed uniformly
after repetitive 6 FSP passes.

Azadi Mina et al. [68] noted that soft solid lubricant nature
of MoS, was most contributive factor from improvement of wear
resistance in the developed A17075/TiC/MoS, hybrid compos-
ites. However hardness of hybrid Al 7075/TiC/MoS, composite
was less than that of A17075/TiC composite due to presence of
soft solid lubricant MoS, powder. However they didn’t men-
tioned any precipitates dissolution phenomenon responsible for
drop in the microhardness of the composites.

The addition of (B4C, MoS,) [66] and (B4C, TiB,) [64] rein-
forcements using FSP helped in improving the ballistic properties
of A17075 and Al 7005 respectively. Sudhakar et al. [66] found
that hard and load bearing nature of B4C, solid lubricant nature
of MoS, have helped in achieving desirable wear and ballistic
properties. They mentioned that poor tribological properties of
Al alloys can be preferably improved more with FSP than other
fusion based surface engineering methods. Nitinkumar Pol et al.
[64] found that tough core of matrix and hard ceramic particles
have improved ballistic resistance. The lowest depth of penetra-



453

TABLE 9
A Summary of hybrid surface composites fabrication on Al 7xxx alloys
Base Reinforcement Tool
Material and | and Preplacement | Material and | FSP Process Parameters Prominent Results Reference
size Method Specifications
w — 750 rpm, All hybrid composites showed nearly same mi-
TiB, (3 um), H13 tool v — 50 mm/min, crohardness (170 HV) but higher than the base
Al17005 B4C (3 um), SD — 18 mm, FSP passes — 2 with alloy (90 HV). Improved ballistic resistance ob- Nitinkumar
L— 150 mm Surface Blind with straight changing AS — RS, served in hybrid composites than base alloy due Pol et al
W —100 mm Holes Method: cylindrical pin: | Hybrid Ratio: (50%TiB,, | to presence of hard ceramic particles. Hybrid 2018) [ 6;1]
T—8 mm. ¢ — 1.5 mm, PD - 6 mm, 50%B,4C), (75%TiB,, composite with (25%TiB,, 75%B4C) combina-
depth — 3 mm. L—4 mm. 25%B4C) and (25%TiB,, | tion showed least steel projectile penetration
75%B,4C) (20 mm) compared to others.
The FSPed composites shown higher hardness
Al 7075 Al, Zn, Mg, Stainless — steel ' Valu§s than as received Al 7075 alloy. Haider
. . v — 39 mm./min, Avg. grain size decreased up to 70% after FSP Tawfiq
T-13 mm Cu, Ni particles tool, threaded . . . . .
. w — 2300 rpm, with equiaxed grains. Ball milled highly ener- Naeem
L-90 mm Groove Method: | tapered pin, flat . . . . .
Ageing Treatment (T6) gized Ni powder and increased no. of Al-Ni |etal. (2017)
W —20 mm. V shape. shoulder. . . .
intermetallics changed circumstances and led to [65]
increased dislocation density.
Ballistic performance and wear resistance incre-
H =13 steel ased significantly in case of hybrid composites
AL7075-T6 |  B4C (30, 60, tool, straight & Y o oL hy P
D w — 960 rpm, than other mono composites and base alloy. The | I. Sudhakar
L—-500 mm 160 pm), MoS, cylindrical, . . . .
. v — 50 mm/min, plunge | hybrid composites showed very low coefficient | et al. (2014)
W — 500 mm Surface Blind SD — 20 mm, . . . .
speed — 30 mm/min. of friction. The B4C of size 30 um along with [66]
T - 40 mm. Holes Method. PL -3 mm, . .
MoS, gave optimum results due to load bearing
PD — 6 mm. . . .
and solid lubricant nature respectively.

tion and improved mass efficiency factor (1.6 times) obtained
for A17005-(B4C 75%, TiB, 25%) hybrid composite than base
metal and other composites.

As per literature reported above on Al 7xxx series hybrid
surface composites, it is noted that microhardness, wear resist-
ance and ballistic properties were improved in respective base
alloys. However emphasized studies on tensile behavior of these
composites are not yet reported.

2.2. Hybrid reinforced cast aluminium composites

The cast aluminium alloys are utilized in many areas
including automotive industry due to their comparatively low
melting temperature, good fluidity, better surface finish and low
solubility of gases (except H,). They are heat treatable as like
wrought Al alloys [31]. Researchers used A356 [69,70], LM25
[71] and A413 [72] cast alloys as base material and reinforced
with various ceramic particles to investigate improvements in
mechanical properties. Table 10 summarizes fabrication of as
cast hybrid composites with FSP.

During processing of A356, Akbari et al. [69] and Alidokht
etal. [70] found that intense plasticization due to friction stirring
resulted in defragmentation of Si particles and alloy dendrites.
Thus, average grain size had decreased significantly; grains
became more fine and equiaxed. Akbari et al. [69] fabricated
A356/Si0,/Al,05 and found almost doubled microhardness
with (20% SiO, and 80% Al,03) combined hybrid composite
than base A356 alloy. Increase in SiO, nano powder percentage
from 0 to 100% had decreased microhardness consistently. Wear

resistance had increased by 35% than base A356 alloy with (20%
Si0O, and 80% Al,05) combined hybrid composite. Alidokht et al.
[70] fabricated A356/SiC/MoS, and found that presence of soft
MoS, particles decreased hardness of hybrid composites. They
also reported higher wear resistance and lower coefficient of
friction for hybrid composite than mono SiC composite with base
alloy. It was due to stable solid lubricating thin film generated
in mechanically mixed layer with presence of MoS, particles.

Gurusamy et al. [71] fabricated LM25/SiC — Al,0O5 and
LM25/B,C — Al,O; composites and found that hybrid com-
posites with B4C — Al,O5 combination had higher mechanical
properties than SiC — Al,0O; combination. With decreasing
tool rotational speed and traverse speed, reinforcement disper-
sion have decreased. They mentioned that increasing width of
groove for deposition of reinforcements have no significant
effect on powder distribution in stir zone. M. Janbozorgi et al.
[72] synthesized A413/SiC/MoS, hybrid composite and found
improved tribological behavior due to lubricating effect of MoS,
particles. Wear rate and coefficient of friction decreased due to
less adhesive mechanism amongst metallic particles in mechani-
cally mixed layers incorporating MoS, particles in composite.
Hardness of hybrid composite was less than Al/SiC composite
due to incorporating soft solid lubricant MoS, particles.

3. Summary
The approach of fabricating hybrid surface composites on

Al alloy substrates via FSP has gained much ground for im-
proving their mechanical, tribological and corrosion resistive
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TABLE 10
A Summary of hybrid surface composites fabrication on cast aluminium alloys
Base Reinforcement Tool
Material and | and Preplacement | Material and | FSP Process Parameters Prominent Results Reference
size Method Specifications
H- 13 tool The wear rate and coefficient of friction decre-
A413 Al-Si SiC (7 um), v — 25 mm/min. ased due to less adhesive mechanism amongst
steel, columnar . . . . . M.
Alloy MoS, (10 pm), w — 1600 rpm, metallic particles in mechanically mixed layers .
shape, o . . . . . Janbozorgi
T -8 mm Groove Method: TT-3°, incorporating MoS, particles in the composite.
SD — 16 mm, . . et al.
W — 60 mm GD -3 mm, PD — 6 mm No. of The hardness of the hybrid composite was less (2017) [72]
L — 80 mm. GW -2 mm. ’ Passes — 1. than the Al/SiC composite due to incorporating
PL -3 mm. . . .
soft solid lubricant MoS2 particles.
. The needles shape Si particles were broken into
threaded pin, . . . S
thread FSP tool tilt angle, very fine particles due to intense plasticization.
itch — the penetration depth, Almost doubled microhardness reported
I; mm and automatic with (20% SiO2 and 80% Al,0;) combined hy- Mostafa
Zr0O,, SiC, B,4C, > plunging speed were kept brid composite than the base A356 alloy. .
A356 . PD — 6 mm, . . Akbari
T—10 mm TiC SD - 18 mm constant at TT — 3, The SiO2 nano powder percentage rise etal
’ Groove Method. ’ PL-3.5 mm, from 0 to 100% had decreased the microhard- ’
v-28,32, . . - . (2017) [69]
80 mm/min v — 6 mm/min, ness consistently. The wear resistance had incre-
W — 800. 1200 No of passes — 4 with ased by 35% than base A356 alloy
’ ’ changing AS to RS. with (20% SiO, and 80% Al,03) combined
1600 rpm. . .
hybrid composite.
SiC — Al,03, B,C They found that the hybrid composites with B,C
— Al,O3, Groove — Al,O3 combination had higher mechanical
LM25 method: groove Straight v — 40 mm/min. properties than SiC — Al,0; combination. They P.
L-160 mm, GW - 1.4 mm, cylindrical F-5KN ’ found uniform distribution of the reinforcements | Gurusamy
W —50 mm, GD -2 mm, threaded pin TT-25 ’ in the LM25 with the help of SEM testing. et al.
T — 34 mm. at 1 mm offset to tool. e With decreasing tool rotational speed and tra- | (2015) [71]
center line of the verse speed, reinforcement dispersion have
toolrotation on AS. decreased.
H— 13 tool After FSP more fine and equiaxed grain struc-
steel. columnar ture obtained. The higher hardness for mono
éha . composite with SiC than the hybrid composite
SD_ 28 I"Ill’n and base alloy; due to the inclusion of hard SiC S A
SiC (30 um), ? w — 1600 rpm, particles. The presence of soft MoS, particles -
A356, threaded . . . . Alidokht
MoS,; (5 pm) . v — 50 mm/min, decreased the hardness in the hybrid composite.
T-10 mm. Pin, . . etal. (2011)
Groove Method. PD — 6 mm No. of passes: 1. They reported higher wear resistance for the [70]
’ hybrid composite than the mono SiC composite
PL-3.7 mm . . .
. . with base alloy due to the stable solid lubri-
pitch distance — . . . .
cating thin film generated in the mechanically
1 mm. .
mixed layer.

properties successfully. The functionality of FSP to encapsulate
desirable reinforcement particles into Al alloys processed below
melting point temperature is now well established. After looking
at the literature reported on fabrication of hybrid surface MMCs
using FSP involving both in-situ and ex-situ approach, it’s noted
that fabrication by both routes are complex because it involves
many process parameters. The Al alloys showed changed re-
sponses for comparable process parameters merely due to their
different nature of metallurgical and structural behavior and
thus it becomes essential to know the response of each alloy
type to the respective processing conditions thoroughly. Thus
this systematic review on Al hybrid composites fabrication and
subsequent material properties variations via FSP technique is
presented and various aspects are summarized.

The effect of FSP process parameters on tensile proper-
ties varied for heat treatable and non-heat treatable Al alloys.
For 1xxx and 5xxx series based hybrid surface composites, the
tensile strengths have been increased compared to base alloys.

The use of combination with load bearing hard ceramic particles
and solid lubricant soft particles has shown improvements in
both mechanical and tribological properties. The ball milling
energization of reinforcements has shown significant effect on
increasing the in situ reaction and improving the tensile strength
of resultant composites. For heat treatable 6xxx and 7xxx series
based hybrid surface composites, the tensile strength improve-
ment is not reported, rather decrease in tensile strength due to
dissolution of the large precipitates has been observed. Thus it
emphasizes need of the heat treatment after FSP to regain the
vanished precipitates into the base alloy. However for the heat
treatable Al alloys, improved microhardness, ballistic properties,
high temperature strength and tribological behavior obtained
with various reinforcement combinations.

Many deposition methods for preplacing reinforcements on
surface of base alloy were reported like groove method, surface
blind holes method, mechanical alloying and plasma spraying
method. Different groove shapes e.g. square groove, rectangular



groove, v shape groove etc. have been used. Blind holes with
different diameters and depth were used by researchers for
deposition of reinforcements. The various blind holes patterns
on surface of base alloy with varying intercavity spacing was
also reported in literature. Out of these preplacement methods,
groove method is more popular because of easy implementa-
tion compared to other methods. However, surface blind holes
method has less probability of powder wastage due to blowing
during processing as the shoulder covers the upcoming hole
before processing. The selection of intercavity spacing is crucial
in order to maintain continuity of composites.

Generally, it is noted that selection of reinforcements for hy-
brid composites was combination of hard ceramic and soft solid
lubricating particles to get balanced material properties. The FSP
functionality with hybrid reinforcing strategy have shown pres-
ence of several strengthening mechanisms simultaneously in the
material. The grain size strengthening by Orowan mechanism,
work hardening due to strain misfit between reinforcements and
base metal, increase in dislocation density due to coefficient of
thermal expansion (CTE) mismatch and resistance to dislocation
motions due to angled grain boundaries have been reported. The
disintegration of precipitates in heat treatable Al alloys due to
FSP has decreased the resultant material strength.

Various types of reinforcement materials have been used
by researchers and found their effect on resultant hybrid surface
composites. In this review, use of SiC, TiB,, B,C, Al,0O;, Gr,
MoS,, Fe,03, TiC, BN, CeO,, TiO,, TiN, GO (graphene oxide)
and Cr,0O3 powders have been reported. These particles have
shown their own effect on resultant hybrid surface composites.
Inclusion of hard SiC, B4C, TiC, TiN particles helped in im-
proving the hardness and strength of composites due to their
load bearing nature and ability to activate different strengthen-
ing mechanisms. The TiB, ceramic particles have helped in
improving wear properties, hardness and ballistic properties of
composites. The solid lubricating nature of Gr, Al,05, MoS,, BN,
TiC and CeO, has helped in improving tribological properties
of resultant composites. The conversion of Gr into multilayered
Graphene using FSP is reported and has helped in improving
hardness and tensile properties of base alloy. The GO (graphene
oxide) coated SiC has significantly contributed to increase in
strength of material. CeO, nano particles helped in enhancing
resistance to pitting corrosion by behaving as a cathodic inhibi-
tors in hybrid composites. TiO, has been utilized as precursor
material for synthesis of Al3Ti and MgO reaction products in
base alloys. Cr,05 has been utilized as initial material for in-
situ reaction with base alloy to develop Al;3Cr, and Al;;Cr,
intermetallics in composites. MW-CNT has helped in increasing
microhardness, UTS, wear resistance but deteriorated pitting cor-
rosion resistance due to its cathodic nature in produced hybrid
composites using FSP.

The triangular and square profile tools facilitated high dis-
persion in stir zone, however particle breaking was also reported.
The tapered cylindrical threaded pin profile facilitates material
flow not only in horizontal direction but also vertically along pin
length. Multi pass FSP ensures more homogenous distribution
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of particles. The particles breaking increases with increase in
number of passes. The multipass strategy improved the mate-
rial strength in case of non-heat treatable Al alloys where-as
decreased in case of heat treatable Al alloys.

Many challenges are remaining in this field that can be
tackled in future research attempts. There is need to define gen-
eral correlation model between various designed tool parameters
and deposition method parameters also among FSP machine
parameters and deposition method parameters in order to get
defect free homogenous composites. FSP technique is becom-
ing mature technique, however its thermo-mechanical behavior
still need to be investigated and certain bench marking of tool
design, reinforcements deposition strategy and process param-
eters is needed in order to replicate defect free hybrid composite
materials mass production. There are many opportunities for
developing hybrid composites using FSP on various Al alloys
which are not yet exploited with huge possible combinations
of variety of reinforcement particles from synthetic ceramic,
industrial wastes, agricultural wastes and other possible metallic/
nonmetallic materials.
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