Available online at www.sciencedirect.com
-y

“e.* ScienceDirect

Trans. Nonferrous Met. Soc. China 27(2017) 2113-2136

Transactions of
Nonferrous Metals
Society of China

|
e

ELSEVIER

Science
Press

www.tnmsc.cn

Friction stir welding of aluminum to copper—An overview

Nidhi SHARMA, Zahid A. KHAN, Arshad Noor SIDDIQUEE
Department of Mechanical Engineering, Jamia Millia Islamia, New Delhi, India

Received 12 September 2016; accepted 20 January 2017

Abstract: Components made by joining different materials are required in various engineering applications. Fabrication of such
components is a challenging task due to the vast difference in mechanical, thermal and electrical properties of the materials being
used. Friction stir welding (FSW) is capable of joining dissimilar materials such as aluminum (Al) and copper (Cu) and therefore
researchers have used this novel process for dissimilar joining. Consequently, several works pertaining to dissimilar joining,
specifically Al—Cu, are available in the literature but they are scattered in different sources, which makes the task of gathering
information about dissimilar FSW of Al-Cu cumbersome. This work has been written with an aim to provide all pertinent
information related to dissimilar FSW of Al-Cu at one place to ease the problems of researchers. It comprehensively covers and
summarizes the topics such as the effect of tool design and geometry, FSW process parameters, FSW strategies on mechanical
properties, microstructure and formation of defects during dissimilar FSW of Al-Cu. In addition, it also presents and discusses
several variants of dissimilar FSW of Al—Cu. Finally, this work not only puts forth major findings of the previous researchers but also

suggests future recommendations for dissimilar FSW of Al-Cu.
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1 Introduction

Obtaining an efficient weld of dissimilar materials
is a challenging research task and a matter of concern for
the engineers and scientists. The necessity to develop the
machines/parts/systems that culminate in weight
reduction, high strength, high corrosion resistance,
improved thermal and electrical properties at the joint
interface is continuously increasing. Nowadays, most of
the components require multiple properties that need the
use of different materials in a single component/
structure [1]. Al and Cu possess good electrical and
thermal conductivities and they are widely used for
thermal and electrical applications. Al to Cu joints are
commonly found in various applications, such as busbars,
electrical connectors, transformer’s foil conductor,
condenser and capacitor foil windings, tubes of heat
exchangers, refrigeration tubes and tube sheets. Al and
Cu are incompatible materials with regards of joining
because of very high affinity of these materials at
temperature higher than 120 °C [2]. Joining of Al—Cu
produces a large number of IMCs in different weld zones
which are hard, brittle and possess lower strength and
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higher electrical resistance [3]. Fusion welding processes
used to join Al-Cu are not recommended because of the
solidification and liquefaction cracking and also the
tendency large hard and brittle IMCs
consequently the weld defects [4]. Solid state welding of
Al to Cu could avoid such problems and different
welding techniques such as ultrasonic welding, friction
welding, explosive welding, cold rolling, diffusion
welding, and friction stir welding techniques are
benefited in such joins [5,6].

FSW is an innovative solid-state welding
technology originated and patented by the Welding
Institute (TWI), London, UK, in 1991 [7—13], which
possesses great prospective for joining materials of high
chemical affinity such as Al and Cu and having
completely different physical, chemical and mechanical
properties [14]. It has been widely reported that the
microstructure and mechanical properties obtained using
FSW of dissimilar material are very similar to those of
the base materials unlike fusion welding [15]. Specially
designed non-consumable rotating tool is the main
element of FSW and it usually consists two parts:
shoulder and pin, as shown in Fig. 1 [16].

The bottom part of the tool known as tool pin is

to form
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Fig. 1 Parts of FSW tool [16]

completely inserted between adjoining surfaces until the
upper part of the tool known as the shoulder comes in
contact to the base plate or sometimes a plunge depth is
also given during FSW while other process parameters
are carefully selected. The strong rubbing action of the
tool and workpiece generates a large amount of frictional
heat which softens the workpiece materials. This
softened material flows in horizontal and vertical
directions inside the stir zone [7—13]. Three distinct
zones forming the final nugget zone in FSW are: forged
zone affected by the shoulder or axial force, shear zone
influenced by the pin, and swirl zone affected by the
bottom of the pin [17,18]. The basic schematic diagram
of dissimilar FSW of Al-Cu is shown in Fig. 2.

The sound joining of Al—Cu is difficult to achieve
even with FSW and joints usually failed at the interface
or nugget zone during mechanical testing [19-21].
Formation of different IMCs of a brittle nature in the
nugget zone is a possible reason for such failures and
poor weld quality [19]. Dissimilar FSW joint
characteristics are affected by various parameters, i.e.,
tool offset, tool rotation rate, tool traverse speed, and
weld strategy [14,22].

Complete understanding of this important subject of
Al—Cu welding using FSW is of vital importance. An
understanding on the effect of FSW parameters,
their interaction, various welding strategies and their

implications on joint properties is still evolving.
Considerable work still needs to be done to fully compile
and integrate the domains and islands of information/
knowledge of the state of the art. This review work was
compiled by studying a large number of published
articles in the area of dissimilar FSW of Al-Cu. The
review has been performed with the objective to map
various aspects during FSW of Al-Cu, correlating these
aspects, highlighting contiguity and gaps in this area.
This work also gives the latest developments and
provides directions for the interested researchers the
further domain of FSW process used to join AlI-Cu. The
following section presents the effect of several FSW
parameters of dissimilar welding of Al and Cu as
reported by the researchers.

2 Process parameters

The main process parameters during FSW are tool
material, tool design and geometry, tool shoulder and pin,
welding speed and rotational speed. These process
parameters have been studied by various researchers to
find out the effect on dissimilar FSW of Al-Cu in order
to achieve a defect free joining. The main contribution of
these process parameters on FSW are given in
Table 1 [23,24].

It is advisable to carefully select the operating range
of process parameters, so as to lead to an acceptable
quality weld using FSW. Here, the FSW process
parameters have been summarised with respective to the
weld quality.

2.1 FSW tool

FSW tool is a principal process parameter and its
main function is to provide appropriate heating and
softening of workpiece materials by the friction
occurring between the tool and workpiece. It also
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Fig. 2 Schematic diagram of dissimilar FSW of Al the Cu
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Table 1 Principal process parameters in FSW [23,24]

Parameter Major contribution and effect
Rotational Frictional heat, “stirring”, breaking of oxide
speed layer breaking and mixing of material

Tilt Weld appearance, extrusion,
angle thinning and forging action
Welding Weld appearance, material
speed flow and heat control
Downward Maintaining contact of tool
force and workpiece, frictional heat

provides proper stirring action to the plastically
deformed material and, extrudes the base materials
around the tool in vertical (top to bottom) and horizontal
(front to back) direction and finally the solid state joining
of the softened material occurs [25]. The selection of
FSW tool depends on two main factors: tool material and
tool design and geometry.
2.1.1 FSW tool material

Tool material and its characteristics are critical for
FSW of dissimilar Al-Cu [26]. Tool geometry and tool
features should not change during the FSW process. To
achieve successful welds, the important characteristics
required for tool material are strength at atmospheric and
elevated temperature, stability at elevated temperature,
microstructural uniformity, wear resistance, fracture
toughness, machinability, tool reactivity, and adequate
density [9,26]. Workpiece material and desired tool life
are two important criteria for selecting the tool material
apart from user’s own preference and experiences [27].
The commonly used FSW tool materials are given in
Table 2.

Table 2 Commonly used friction stir welding tool materials [9]

Alloy Thickness/mm Tool material
Aluminum <12 Tool steel, WC—Co
and aluminum alloys <26 MP159
Magnesium alloys <6 Tool steel, WC
Nickel alloys,
Copper and <50 PCBN, tungsten alloys
copper alloys <11 Tool steel
Titanium alloys <6 Tungsten alloys
Stainless steels <6 PCBN, tungsten alloys
Low alloy steels <10 WC, PCBN
Nickel alloys <6 PCBN

Dissimilar FSW of Al-Cu has been successfully
done by various researchers using HSS and tool steels
(tempered and quenched) hardened from HRC 45 to
HRC 62 [26,28-31], as given in Table 3. Tool steel has
been dominantly used by researchers for FSW of Al-Cu
but these tools get eroded and worn out at high rotational
speed due to strong rubbing action between Al and Cu
alloys. The inadequate elevated temperature stability and

wear resistance of the tool steel at higher rotational speed
are the main reasons of the tool degradation [26,32,33].
In such cases, to eliminate the tool defect due to the
sticking of AI-Cu mixed material with the tool surface
after welding, the tool should be inserted into the fresh
Al alloy after each experiment [32,34].

Not much has been mentioned by the researchers on
a systematic process for the selection of tool material
respect to the base metal grade. It is, however, pertinent
to mention that the tool material should be selected on
the basis of the hardness of the dissimilar materials being
joined and its thickness [26]. Different tool materials for
dissimilar FSW of dissimilar Al-Cu used by various
researchers are summarised in Table 3.
2.1.2 FSW tool design and geometry

Tool profile and the dimension of pin and shoulder
predominately influence the material flow behavior;
therefore, the FSW tool geometry is considered as a very
important element of the welding process [27]. FSW tool
possesses effect on heat input, plasticised material flow,
force and torque encountered during joining; therefore, it
should be carefully selected and designed [9]. The
important features of the shoulder and pin are their
diameters, surface profile, geometry and nature of
surface [25]. FSW tools are mainly of three types, i.e.,
fixed, adjustable and self reacting and are made as per
requirement. For welding constant thickness workpieces,
fixed type of FSW tool is recommended. However, for
adjusting the probe length during the welding, the
adjustable type of FSW tool is needed to be used which
contains shoulder and pin as two separate segments. The
reacting tool also known as a bobbin type of tool is made
in three segments as top shoulder, bottom shoulder and
probe [18,25]. The effect of different tool geometries and
design of the shoulder and pin during dissimilar FSW of
Al—Cu are discussed as below.
2.1.3 FSW tool shoulder

Tool shoulder diameter is an important parameter of
FSW for obtaining defect-free good-quality joining and it
should be optimally selected. The tool shoulder
possesses two basic roles as it instigates the axial
downward force and also imparts the major portion of
the frictional heat. Heat generation and resultant peak
temperature developments are majorly influenced by
shoulder diameter and geometry during FSW [35,36]. It
has been reported that around 87% of frictional heat
obtained due to the rubbing action between the
workpiece and shoulder surface is contributed by
shoulder diameter [12]. The tool shoulder also plays a
crucial role in the forging of the material being stirred.
During dissimilar FSW of Al—Cu, microstructure and
mechanical properties, material deformation, IMCs
formation and plunge load variation are influenced by
the type of tool used.
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Table 3 Base material, tool material, tool geometries and process parameters used during dissimilar FSW of Al-Cu

Welding condition

No. Bas§ TOO]. Tool design/ Operating Considerable Remark/conclusion  Ref.
material material property
geometry parameter
AA1050 B ©=630-2440 t/min; IMCs: AL,Cu,  MCs provide
HSS D=18 mm; . . strengthening
1 and pure Cu ] L v=20—50 mm/min; AlyCuy; [103]
(4 mm thick) (HRC 62) P,: Cylindrical 0~1.5% O.=1-2 mm: 1=80% of Al ?esultantly
vt ’ increase hardness
D=15 mm; )
5,=50 (Concave); ®=450 r/min; % %?1 A(ljzl?Zur,l
. = ; 4Cuo, ;
AA1050-H16  Hot worked 5‘3 ttT;?ered’ v=20 mm/min; 5.=00.1 MPa; r?f; ;n‘fia‘c“t;r: [17,32,
2 and brass alloy steel D=D ;5 s 0=1.5%; n=80% of Al, affecting IMCs 33,100,
(3 mm thick) (HRC 45) D": 4 rrnm ’ 0,=1.6 mm; 0,=79.3 MPa; formati (%n 112]
I ‘:2 g5 d,=0.25 mm H=HV 165 (top),
P HV 150 (bottom)
Dyp=3:1
=1000 r/min;
AA1050-H16 De145mm; 2, TR Maximum
3 and pure Cu Py: Cylindrical; 0=15° O.=1 ,6 - temperature is [80]
(3 mm thick) D,=4.5 mm; dt 025 mm ’ function of O,
,=0.
AAI050-HIG ®=900 r/min; IMCs: Al,Cu,  FSDB-thin IMCs
and Cu Not presented = . . 5 [61]
4 y=100 mm/min; Al,Cu; layer (~200 nm) at
(C12200-HO1) by authors . . yer -
(4 mm thick) O,: Totally inserted in Al H=HV 125 Al/Cu interface
Ds=20 mm;
AA1050-H16 Py 'Unyhre?ded =900 t/min; IMCs: .AlzCu, F SDBTIMC layer of
5 and C12200-H01 cylindrical; v=10 mm/min: AlyCuq; few micrometers [12]
(4 mm thick) D;=6.5 mm; 0O, Totall ins,erted in 0,=82 MPa; developed
L,=4 mm; b y P —60% of Al at high heat input
Dy/p=3.07:1
Ds:lg mm; ) IMCs: A12Cu, S
AA1060 Heat D=6 mm: ®=600 r/min; Al,Cuy; p of joint is
6 and pure Cu treated P o =100 mm/min; 0~130 MPa; roportional to [101]
P P,: Cylindrical; prop
(3 mm thick) tool steel Lp':2}7/ mm > Op=2mm n=110 MPa; heat input
P H=HV 200
IMCs: ALLCu,
D.=20 mm: Al4Cll9, AlCu,
s L 0~110 MPa;
AA1060 Heat f;r’r'eggig’_dmal ©=400~1000 r/min; 7=91%; ztlz‘(’fvgﬁzifr 1;}3?
7 and Cu (99.9%) treated H13 - > v=100 mm/min; 0,=90 MPa; ne ’ [27,64]
. D,=6 mm,; _ Y Strengthning and
(5 mm thick) tool steel P . 0,=0-3 mm E=13%; .
Dy/p=3.33:1; . IMCs create higher o
[ =4 8mm H=HV 100.(t0p),
P HV 110 (middle),
HV 120 (bottom)
AA1100  Toolsteel-H13, 2+~20 mm; w=1420 t/min; B . Al side TMAZ
D,=4 mm; . 0,90 MPa; .
8 and pure Cu quenched, Dp/ —5.1: v=100 mm/min; 275% of Al consists of [99]
(4 mm thick) tempered I s =pS 3 m7rn 072°; 0y=1.5-1.75 mm n ° fine grains
b=3.
D=18 mm;
AAT100-H14  Hardened 1% SONCAYE 1075 pmin; IMCs: Al,Cu, = Higher , due to
. Dy=D=7.2 mm, a 7 Al,Cug, AlCu; dispersion and grain
9 and pure Cu super high - . =80 mm/min; - . [55]
(6 mm thick)  speed steel D=3.5 mm, 0,=2 mm o~113 MPa; boundary
P Py: Tapered; P n=70.62% strengthening
L,=5.8 mm
0~107.2 MPa;
D¢=20 mm; * o D .
AA1100 D=6 mm; =815 t/min; n=75%of AL, Preheating
L - . E=5%; (current: 45 A) [126,
10  and pure Cu Py: Cylindrical;  v=8 mm/min; o )
(6 mm thick) Dup=3.33:1; O.=1 mm: H=HV 125 (top  improves . 127]
I o 57 .mrr.1 i P ’ and bottom), weld quality
P HV 162 (middle)
Pg: Concave; . 0~=152 MPa;
S 7 ®=1000 r/min; S o) AT
AA1350 DS._16 m, v=80 mm/min; 17:74'14.A) of AL Higher hardness
P,: Threaded o E=6.4%; .
11 and pure Cu P 0=2.5° o occurs at Cu side [98]
lindrical = 90
(3 mm thick) cyimndricat, 0,=2 mm f=HV 90 (top), nugget than Al side
D,=52 mm P HV 100 (middle),
Dy/p=3:1 HV 120 (bottom)

To be continued
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Continued
Welding condition )
No Base Tool - - Considerable Remark/ Ref
‘ material material Tool design/ Operating property conclusion ‘
geometry parameter
IMCs: ALLCu,
Pg: Concave; Al4Cuy, Al,Cus;
Al-5A02 and D=12 mm; @=1100 r/min; 0~130 MPa; High w and low v
12 pure Cu (T2) Tool steel ~ Pp: Cylindrical;  v=20 mm/min; 1n=75.6% of Al prevent cavity [90]
(3 mm thick) D,=3 mm; 0,=0.2 mm F,=700 N; defect
Dy/p=4:1 H=HV 172.4 (top),
HV 195.3 (bottom)
Py: Threaded _ .
AASA06 and cylindrical ?;115051?5;2112’ Preheating of
13 pure Cu (T2) Tool steel  taper (2.80); 0.0.2 mm: ’ 0:~236 MPa Cuim ro%/es [48]
(4 mm thick) D=18,20,22 mm; )P 0 P n
Pg: Conical v
5A06 and Not presented =950 r/min; ai=296(, MPa; No IMCs
14 pure Cu by authors v=150 mm/min 7=100% of Cu formation [102]
(3 mm thick) and 96% of Al
D=12 mm; . IMCs: Al,Cu
s > ®=1000 r/min; PN
AAS052 Pe Concave; —_ 160 mm/min: AlCuy, Cu(AD), oy Gide TMAZ is
15  and pure Cu D,=3 mm; 9=0° AlCu;; a weaker zone [94]
(3 mm thick) P,: Conical; O‘ :O’mm 0,~=127 MPa;
Dyp=4:1 P H=HV 125
D=12 mm;
Dy=3 mm; . .
AA5052 P,: Cylindrical =1000 r/min; IMCs: Al,Cu, Use of Al barrier
16  and pure Cu n(p).nth readed: > v=50 mm/min; Al,Cuy, layer eliminates [122]
(3 mm thick) Dyp=4:1; ’ O,=1 mm Cu(Al) laminae defects
L,=4.5 mm
Py Scrolled, . .
Al-AAS083- Conical-3° cavity; w:750’ 1000 r/min; ) IMCs: ALL,Cu,
H111 Hi3 t00l D=14 mm: v=160, 250 mm/min; AlLCus, Cu(Al) Shoulder geometry [40—
17 and oxygen free s L 0=2°; 40 M strongly influences
steel P,: Cylindrical; _ . solid solution; 42]
Cu (Cu-DHP) Dp 3 mm: d,=0.05 (scrolled); H=HV 700 phase development
. p ) —
(1 mm thick) Dup=4.66:1 F,=7000 N
D=20 mm;
P Concave 6°; IMCs: ALLCu,
AAS5083 Heat treated Py: Cylindrical =800 r/min; Al,Cuy, Recommended O, [54,
18  and pure Cu tool steel H13 nonthreaded,; v=0 mm/min; 0,=225.6 MPa; towards softer 67,
mm thic p—> Mm; = n=97. o of Cu; materia
5 hick) D=5 6=3° 97.40% of C ial 68]
Dyp=4:1; E=3%
L,=4.7 mm
Dy=6 mm; _ .
P,: Cylindrical ai 710 r/mlr'1, .
AAS5086- P . =69 mm/min;
. threaded pin; - ) IMCs: CuAly;
19 HI116 and Chromium D=18 mm: 0,=0.2 mm; 5.=206.7 MPa: HAZ possess [108]
pure Cu alloy steel PS’ ConcaV’e 10°: 6=2°; I;ZHV.B 0 i lowest hardness
(6.3 mm thick) T > d,=0.25 mm;
Dy/p=3:1; Tp=20 s
L,=5.9 mm d
P: Concave;
DS:18 mm; IMCs: AlzCu,
AASTS4and o Py: Cylindrical =950 r/min; ?l:“zc(;lg ;MPa' Hot welding [7387 ’593 ’
20 C11000 threaded; v=50 mm/min; - i condition supports ..
(HRC 53) > 7=86% of Al 95,96
M — - o 9 b bl bl
(3.175 mm thick) Dy=5 mm; F,=11.6 kN H=HV 240; good quality welds 11]
Dy/p=3.6:1; p=0.101 pQ
L,=2.6 mm
D=18 mm; “1118 t/min:
AAGO61 and Por Sauare; 60 mm/min; 0170 MPa; L, and O, criticall
21 pure Cu Py=4 mm; 5o . H=HV 170 (top), B0 0 S 169
(3 mm thick) Dyp=4.5:1; o HV 200 (bottom) &
L,=2.75 mm p—< mm

To be continued
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Continued
Welding condition )
No. Base? TOOIA Tool design/ Operating Considerable Remark/conclusion  Ref.
material material property
geometry parameter
AA6061 and D=18 mm; ®=1200—1400 r/min; . Preheating
22 pure Cu Dy=6 mm; v=50—100 mm/min; %%ﬁl Az}kcluc,u increases [125]
(5 mm thick) L,=4.8 mm 6=3° 0,=2 mm 2T N oint quality
AA6061-T6 Hlsgeg‘;"l /135-2%111}2 iégg_‘; ©=900 r/min; IMCs: ALCu,  Lower o, higher v
23 and pure Cu (HRC Pp'z 5 mm: ’ v=20, 40, 150 mm/min;  AlCu, Al4Cu,, with pin offset give [62]
(4 mm thick) 4 > 0,=0, 2 mm Al+ALCu defect-free joint
50-55) L,=3.8 mm P
D¢=38 mm;
) ’ 4 IMCs: CuAl, ‘
AA6060-T6 Pg: Concave 10°; =750 r/min; Cu Af ) " Thick layered
. 25
24 and oxygen- INT38LC Dy=D=8 mm; y=150 mm/min; 6.=158 MPa; FMCS at [15,
free Cu D=6 mm; 0,=1.5 mm; H=HV 700: interface 91]
(10 mm thick) P,: Tapered 0=2.5° ’ eliminate defect
p
. p=0.39 um
unthreaded pin
D,=6.5 mm; Intercalated
AA6061-T P ?
25 an d6(116re C161 C:trell(;n D=19 mm; =400 r/min; vortex type [20,
© m§1 thick) serew Dy/p=2.92:1; v=60 mm/min Microstructure 88]
L,=5.8 mm occurs at stir zone
D=26.64 ;
Hardened D—g T 0=1300 ymin; IMCs: Al,Cu,
AA6061-T6 P o v=40 mm/min; Al4Cuy, AlsCuy,
tool P, Cylindrical _ ) ; Lower w [77,
26 and Cu-ETP steel-M2 threaded Op=2 mm; AlCus; results in 113
. pores ]
(6.3 mm thick) (HRC 62) (pitch 1 mm 6=2°—4°; o,~117 MPa;
P F,=7880—8500 N H=HV 181
left hand)
AA6061-T6 P,: Cylindrical IMCs: AlL,C
Tool p- Lylndnea =950 r/min; S AR, Overall contribution
27 and pure Cu steel threaded; =95 mm/min Al,Cug, AlCus; of  is around 40% [30]
(12.7 mm thick) Dy=12 mm H=HV 760 ’
1. D=16 mm; ®=800 1/min;
Dy,=6 mm; V=40, 55. 70 Use of too
AA6061-T651 Tool P,: Taper threaded 95 m;n /II’liIl' ’ small Dj results
28 ETP Cu steel-M2 2. D=16 mmy; 9—0°—40- ’ in defects and [38]
6.3 mm thick) ) D.= 8 mm; N ’ it is not
( b
P,: Cylindrical Op=1-3 mm; recommended
p Y F=15000 N
threaded
D=16 mm;
High d P,: Cylindrical Place hard t
AA6063 181 speec p: LyTmdrica @=1000 t/min; IMCs: ALCu, aee narder pare
steel and threaded; . at advancing side;
29  and pure Cu B ) v=56 mm/min; AlyCuy; [26]
(4 mm thick) tool * D=7 mm; 0,-0.5 mm H=HV 295 Lower Oy
steel-H13 Dy/p: 2.1:1, 2.5:1; P at softer material
L,=3.7 mm
Hardened Dg=15 mm; =800 r/min; IMCs: Al,Cu,
AA6082-T6 heat treated Dy=D,=9.7 mm; y=750 mm/min; AlyCuq; IMCs formation [79
30  and pure Cu steel D=3 mm; 0=2.5°; 7n=25% of Cu; deteriorates weld 123’]
(5 mm thick) (HRC 50) Dy/p=1.54:1; O,=1 mm; E=3%; quality
L,=4.8 mm F,=15000 N H=HV 130
S,: Conical 7°;
AAG082-T6 p HOMIEATIE  )=1000 r/min; _
D=16 mm; . Pin offset
and oxygen- s v=200 mm/min;
31 free Cu.DHP. Tool  P,: Cylindrical; g=30 No IMCs towards softer [43]
U- _no.
" steel-H13 D=5 mm; toe formation material side is
R240) D3] 0,=1.9,2.5 mm; ded
=3.2:1; recommen
(3 mm thick) PR F=TkN ccommende
L,=2.9 mm

To be continued
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Continued
Welding condition
Base Tool Considerable .
No. material material Tool design/ Operating property Remark/conclusion  Ref.
geometry parameter
IMCs: Al,Cu,
AA6083-T6 D=18 mm; 1000 t/min: Al_“g:;;\’jl‘;c?‘“
and soft annealed D,=6 mm; = T/min, Os™ a .
32 Cu-DHP Pp' Triflute tvpe: v=0.1 mm/rev; n=142.55% of Cu; Cold rolling [130]
(3.20 mm thick) Dyp=3:1 PE e Z?}?\O;ol;zo'
p=25nQ'm
AA6101 and D=20 mm; =710 r/min: 0~135.5 MPa;  Microhardness
33 pure Cu Tungsten Dp:me;' y=355 mm/min; 0,91.92 MPa; variation is due 92]
(3 mm thick) carbide Dy/p=2.85; 0=1.5° E=3.1% to complex
L,=2.7 mm v H=HV 115 material flow
AAS011 and D=20 mm; @350, 750, B30 /min Dy, Oy and
34 pure Cu D=6 mm; v 0, 6=139 MPa workpiece [36]
(3 mm thick) L,~2.65 mm O=1% positioning are
LA 0,=0.5-1.5 mm critical parameters
anglngr[:lCu gilZzéSnIlnnIlI’l ®=800 r/mir}; HAZ consists of
35 LI > v=50 mm/min; H=HV 150 [73]
((0.9+1.9) mm p=2.6 mm; 7255 lowest hardness
thick) Dy/p=4.28:1
D=15 mm;
Pure Al and HSS Pp:_ Tap_ered; @=1500 t/min: H=HV 70; Mlddl.e zone
36 ure Cu (quenched, D,=D=5 mm, =30 mm/min: Maximum consists of [104]
% +£) mm thick) tempered, D=3.5 mm; 9=3° ? thermal stress: maximum
RC 62) Dyp=3:1; ¢ 10 MPa hardness
L,=5.7 mm
Al and D,=2.9 mm; Use of Al
H13 pm <> T . IMCs: ,
pure Cu Py: Cylindrical ©=600 r/min; MCs: Cul; barrier layer
37 tool . 0,=230 MPa; o [122]
((1.5+3) mm steel D=12 mm; v=50 mm/min H=HV 190 eliminates
thick) L,=2.6 mm defects
AA1100-H24 b~10 mm; ©=1002 t/min; IMCs: AlCu,
Tool  D,=3 mm; J Al,Cug; Intermediate
38  and pure Cu v=198 mm/min; [82]
(2+1) mm thick) steel Dy/p=3.33:1; 0=3° F&=526 N, layer: Zn
L,=1.7 mm ! H=HV 133
AA1100-H24 T Dsi 10 mrrll; ©=1998 t/min: IMCs: Al,Cu, Intermediate
ool  Dy=3 mm; o Al4Cuy; layer (Zn)
39  and pure Cu . v=198 mm/min; . [121]
((2+2) mm thick) steel Dyp=3.33:1; 9=3° F=238N; improves
L,=2.1-2.2 mm ! H=HV 133 bonding
D=20 mm; .
AA1060 and Heat  p . Cylindrical: B . IMCs: Al,Cu, Base plate
40 pr Y ’ =600 r/min; Al4Cuy; positioning is
pure Cu treated D =8 mm _ . M . i, [72]
((3+3) mm thick) _tool steel Dp/ 550 v=50 mm/min F=2680 N; a critical
SP=200 H=HV 130 parameter
L,=4 mm
D=15 mm; IMCs: Al,Cu, Too low v
AA1060 and Tool steel P,: Threaded; »=1500 r/min; Al4Cuy, enhances [22
41 pure Cu quenched, D=5 mm y=118 mm/min; CuAl; microcracks; 58]’
((3+4) mm thick) tempered D/p=3:1; 0=3° F=2709 N; Too high v
L,=6.5 mm H=HV 90 increases cavities
D=20 mm,;
AAS5083 and : Cylindri
an 436 Py: Cylindrical &=1120 t/min: Centre of
brass steel threaded; V=6.5 mm/min: F=3400 N; nugget possesses 31]
((2.5+2.5) mm allo D,=6 mm; g 1 50 ’ H=HV 120 maximum
thick) Y Dy/p=3.33:1; o hardness
L,=3.5 mm

To be continued
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Continued
No Base Tool Tool desi V&;eldmg condltg)n i Considerable Remark/ Ref
’ material material (g)gonfestlr%/n ngzrriel::egr property conclusion ’
. Too low welding
=825 r/min; IMCs: Al,Cu, temperature
AA5083 Tool steel . ) " o Al4Cuy;
D=19.1 mm; v=32 mm/min; - causes channel
43 and pure Cu  quenched, P Concave 6° 0=3.5°: 0,=204.51 MPa; defects and too [59]
((2+3) mm thick) tempered = ¥ dt =0' 4 ’ n=78% of Cu hioh leads t
p mm and 74% of Al 1eh feads to
cavities
Py ical 8°
AA5083-H111 C;VE;’.“‘” 8
- ’ Place h
and oxygen Tool D=10 mm,; =600 r/min; IMCs: Al,Cu, ace .arder
44  free Cu-DHP, . . material at [42]
steel-H13 P,: Cylindrical; v=50 mm/min Al4Cug . .
R240 D=3 mm: advancing side
((6+1) mm thick) Dp =33 3’. |
D=25 mm; _ .
AA6060 and  Tool steel D,= 5 mm; co:1120 r/m%n, F=4673 N: No IMCs
45 pure Cu quenched, P, Cylindrical; v=25 mm/min; H=HV 110 formation [120]
((4+3) mm thick) tempered Lp'=3 S mm ’ 0=2°
p=3.
D=10 mm;
AA6061 and Py: Cylindrical =1400 t/min: IMCs: Al,Cu, 0}? is reiqu'ire.d
46 pure Cu Tool threaded; =127 mm/min: Al4Cuy; during dissimilar 34]
((1.6+1.6) mm  steel-H13 Dy=4 mm; 0=3° ’ F=4 kN; joining for
thick) Dy/p=2.5:1; ' E=23% sound joint
L,=1.6 mm
D=8 mm;
Pg: Concave;
AA6061-T6 DymDezmms 1000 rmin Sur zone
D&=1.5 mm; " . IMCs: Al,Cu, hardness is
47 and pure Cu P,: Conical v=30 mm/min; Al,Cu always higher [105]
((2+2) mm thick) P - d,=0.2 mm -t S g
threaded pin; than base metal
Dy/p=2:1;
L,=4 mm
hAA6082-t])“16 / Pg: Conical 8°;
( eat(t)rge; ta lei D= 9.5 mm; =600 r/min; IMCs: Al,Cu, Conical tool
48 AA(S I;Htl Py: Cylindrical; v=50 mm/min; Al4Cuy; with cavity [44,
non- bfl:a Dp=3 mm; 6=0°; 0240 MPa; supports good 45]
arféeéf Deép DJp=3.1:1; F,=4 kN H=HV 180 material flow
B Lp=1
((6+1) mm thick) o mm
D=20 mm;
AA5083 and P: Concave _ . IMCs: Al,Cu,
n w=1120 r/min;
49 brass (CuZn34) 2436 tool D,=6 mm; —6.5 mm/min: Al4Cuy, CuZn; Hall-Patch [107]
((2.5+2.5) mm steel P, Non-threaded 2:1' 50 ’ F=5400 N; effect
thick) cylindrical, e H=HV 123
L,=3.5 mm
D=17.5 mm;
AA7070 and Pp: Non-threaded ,,— 1120 r/min; P4 N Eggg éL
50 pure Cu 2436 steel Ccylindrical; V=25 mm/min; s N : [74]
D.=5 . H=HV 110 during lap
((2+2) mm thick) p_ > mnm, 6=2° >
Dyp=3.5:1; welding
L,=3.5 mm

Py—Shoulder surface profile; Dy—Shoulder diameter; P,—Pin surface profile; D,—Pin diameter; L,—Pin length; D/p—Shoulder to pin diameter ratio; D;—
Root diameter; D—Tip diameter; w—Rotational speed; v—Welding speed; 6—Tool tilt angle; O,—Tool pin offset; ,—Axial punge load; d,—Depth of
sinking pin; T¢—Dwell time; IMCs—Intermetallic compounds; o,—Ultimate tensile strength; ¢,—Yield strength; n—Joint efficiency, y—Ratio of tensile
strength of joint to that of base metal; F,—Bending force; Fs—Tensile shear fracture load; E—Fracture to elongation; p—Electrical resistivity; A—Maximum
hardness in joint area

AKINLABI [37] measured the mechanical
properties and microstructure of dissimilar friction stir
welded AA5754 and C11000 plates of 3.175 mm in

thickness. The joints were made by using three different
shoulder diameters as 15, 18 and 25 mm. The maximum
tensile strength (208 MPa) and a minimum tensile
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strength (171 MPa) were observed by using tools of 18
and 25 mm shoulder diameters, respectively. The
appropriate material flow and uniform mixing were
observed using 15 and 18 mm shoulder diameters.
However, the tool of 25 mm shoulder diameter created
improper mixing between Al—Cu and created higher heat
input due to the larger shoulder diameter and developed a
thick layer of IMCs. Microhardness also varied with
different shoulder diameters [37]. It is reported that small
shoulder diameter along with large pin offset results in
continuous cavity defect (tunnel) and the combination of
small shoulder diameter with high welding speed results
in a surface crack defect [38].

Tool shoulder geometry is also an important feature
during FSW. Shoulder outer surface may be flat or
conical. Flat, convex and concave are the main types of
normally used shoulder end surface geometries. The end
surface of the shoulder may consist various features like
grooves, scrolls, ridges, knurling and concentric circles
in order to facilitate better mixing of material [8,18].
Different shoulder surface geometry and end features are
shown in Fig. 3.

The profile of tool shoulder and its geometry have
significant effect on the material flow mechanism, weld
nugget shape and size, mechanical and microstructural
properties and on the formation of IMCs in the dissimilar
FSW of Al-Cu. GALVAO et al [40] applied friction
stirring to weld Al 5083-H111 and oxygen-free Cu of
I mm in thickness using conical and scrolled tool
shoulder profile and reported that the scrolled tool
developed tongue-shaped stir composed of
exclusively CuAl, while the conical tool -created
heterogeneous stir zone containing less IMCs and
composed of CuAl,, CugAl,, aluminium and copper
mixture. They also recommended the use of flat and

zone

conical shoulder profile during dissimilar FSW of Al-Cu
to achieve defect-free joints and also mentioned that the
scroll shoulder profile creates defects and larger IMCs in
stir zone consequently increases the hardness and
brittleness of the stir zone. The conical angle should be
selected on the basis of workpiece thickness and
shoulder diameter. 2°-10° cavity for conical shape
shoulder provided the adequate material movement to
form a joint and also promoted the downward material
movement through centrifugal force [37,40—45].
Selection of best suited geometry/feature of the shoulder
is governed by the workpiece thickness and workpiece
and tool materials. Due to limited research articles,
designing of most appropriate shoulder features during
dissimilar FSW of Al—Cu is still a research interest.
2.1.4 FSW tool pin

Probe or pin is the extended segment of the tool
which is inserted into the workpiece by axial force
during welding. The movement of tool pin inside the
workpiece shears the material ahead of tool and pushes it
behind the tool. The main function of the rotating tool
pin is to shear the material ahead, provide a stirring
action to the plasticized material and move this stirred
material behind of the tool for consolidating the joint.
Pin profile also governs the welding speed [46] and
controls the resulting mechanical properties and joint
structure [47]. Important features of tool pin are pin
length, pin diameter and surface profile. FSW requires a
proper contact between workpiece and shoulder, and it is
achieved by maintaining an appropriate axial plunge load
along with a shorter pin length of about 0.2—0.3 mm
compared to the workpiece [8]. Surface profile and pin
diameter have significant effect on material flow pattern,
stir zone size and microstructure. ZHAO et al [48] used
three different types of tool pin as threaded cylindrical,
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taper cylindrical, and straight cylindrical for dissimilar
FSW of Al-Cu and found that taper cylindrical pin
provided the highest strength. The end surface of the pin
may be flat or domed. Both have their particular
advantages as the flat surface helps to increase the
forging force during plunging while domed surface
reduces it [18]. The different pin shapes are shown in
Fig. 4 [8,49-52].

Three flat
threaded

Trivex

|

Cylindrical
threaded

Triangular

g Three flutes =N
left hand heli 7N
o ) ¢ onagutef = @
diameter lands
Threaded Tri-flute Flared Skew
conical (whorl) tri-flute

Fig. 4 Commonly used tool probe shapes [8,49—52]

Shoulder-to-pin diameter ratio (SPR) defines the
relation between the dimensions of tool pin and shoulder.
SPR of dissimilar FSW of Al-Cu depends on the alloy
type and the thickness of the workpiece. SPR is
relatively high for dissimilar welding compared to
similar welding. SPR range from 2:1 to 5:1 has been
used by various researchers for dissimilar FSW of Al-Cu
(refer to Table 3) which is quite higher than that of the
similar FSW. The higher SPR used during FSW of
Al—Cu (possessing different specific heats and thermal
conductivities) increases the heat produced and this
larger heat can be effectively distributed by controlling
other process parameters, i.e., position of workpieces,
tool pin offset, welding and rotational speed. During
FSW of larger thickness workpiece, larger SPR is
required. Designing and selection of the best suited tool
pin profile is an active and needed area of research for
dissimilar FSW of Al-Cu joint.

2.2 Welding speed effect during dissimilar FSW of

Al-Cu

Welding speed or the traverse speed is speed
through which the tool travels along the weld line of the
joint. It has a significant effect on the microstructure and
joint quality and its selection is a complex task for
dissimilar FSW of Al—Cu [53-55]. Different welding
speeds used during FSW possess quite an uncertain
effect on weld properties [56]. The welding speed is
needed to be carefully selected considering various

factors, such as workpiece materials, joint type,
rotational speed and penetration depth [57].

Development of different flow stresses during
dissimilar FSW of Al-Cu is a prominent factor for weld
defects. So, the identification of optimum level of
welding speed is necessary in order to manage the
difference in the flow stress. Heat input in the dissimilar
FSW of Al-Cu is governed by the relation between the
rotational and welding speed which in turn influences the
IMCs formation and other mechanical properties [41].
The decrement of welding speed at constant rotational
speed or the increment of rotational speed at constant
welding speed possesses the similar trends with regards
to weld [58]. So, it is always advisable to use the
optimum combination of rotational and welding speed in
order to manage the heat input and resultantly the IMCs
formation during dissimilar FSW of Al-Cu [40,41,59].

It was reported that reducing the welding speed at
the constant rotational speed raises the heat input to the
weld zone and generates more amounts of IMCs [53—55].
At higher heat input, softened material plastically
deforms and turbulent material flow occurs in the stir
zone. Larger amount of IMC develops in the stir zone
because of turbulent flow of softer Al while Cu particles
are differently distributed in weld area. These IMCs are
very hard and prone to crack formation, and resultantly,
reduce the joint strength [54].

The heat input is inversely proportional to welding
speed. The high welding speed produces insufficient heat
input, and consequently, incomplete welded joint
interface develops [53]. Lower heat input occurring at
very high welding speed causes improper mixing of
Al—Cu material and results in defects like voids [53—55].
Insufficient flow of material at higher welding speed
results in the formation of cavities (i.e., tunneling defect)
inside the joints, so by decreasing the welding speed,
weld zone temperature rises and consequently reduces
the flow stress, thus results in a better plastic flow of
materials and less chances of a cavity defect [60].
Extremely high welding speed produces very poor
metallic bonding as well [22]. For obtaining defect-free
joint, low welding speed and high rotation speed are
recommended [61-62].

Furthermore, the material movement occurs in two
directions with respect to the tool pin. One material
movement occurs in the direction of rotational speed and
the other one is in the downward vertical direction [63].
Higher welding speed creates relatively cold welds and
possesses less material transport in vertical direction
mainly at the retreating side [64]; however, a lower
welding speed results in “hot” welds and creates larger
vertical transport at the retreating side [22,64]. But, the
basic understanding of material flow behaviour at
advancing and retreating side is still not well understood
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and requires a considerable research.

2.3 Rotational speed effect during dissimilar FSW of
Al-Cu

Rotational speed is another parameter which
critically affects the FSW joint quality [65]. The turning
motion of the tool around the tool axis is called rotational
speed and its overall contribution is 40% in dissimilar
FSW of Al-Cu [30]. As mentioned previously, the FSW
of Al—Cu is difficult as brittle IMCs develop in the
nugget zone. Apart from the welding speed, tool
rotational speed also possesses the significant effect on
the reaction temperature consequently on the IMCs
formation [19]. Rotational speed basically serves two
purposes in dissimilar FSW as 1) affects the plastic
deformation by influencing the frictional heat generation
and 2) provides the adequate tool force which resultantly
influences the material flow, stirred zone size, defect,
IMCs formation and tool wear.

Rotational speed should be carefully selected as
lower rotation speed results in less heat input and
inadequate reaction temperature during FSW of
dissimilar Al—Cu [28,65,66]. Due to insufficient reaction
of material, appropriate plastic deformation cannot occur
in stir zone. Consequently, macrocracks and channel
defects are found in such cases of dissimilar FSW of
Al-Cu [28,33,58,59,66]. On the other hand, higher
rotation speed generates ample reaction among Al and
Cu by generating high temperature in the nugget zone.
But, too high rotational speed creates excessive stirring
by the tool pin, which causes a large number of Cu
particles to be detached from Cu bulk, too large to be
distributed uniformly in weld nugget zone, consequently
resulting in improper bonding and creating defect like
voids and cracks [28,33,39,59,65,67].

The thick stacking layered structure of Al-Cu IMCs
forms easily at high rotational speed during FSW of
Al-Cu because of the large amount of detached Cu
pieces presented adjacent to the interface, which causes
difficulty in flowing [65]. Moreover, further increase of
rotational speed increases the heat input and joint
interface temperature and promotes the thickening of
interfacial layer of IMCs [33,68]. The weld surface also
becomes poorer with the increased rotation rates
attributed to the excessive IMCs formation [28]. The
high rotational speed also possesses negative impact on
tool life due to excessive wear of tool by strong rubbing
action [65]. So, it is necessary to identify the optimum
rotational speed during FSW of dissimilar Al—Cu
because both extremely low and high rotational
speed results in poor mechanical and metallurgical
properties [28,33,67].

3 Welding strategy for dissimilar FSW of
Al-Cu

Satisfactory weld quality depends upon the strategy
used to obtain the welded joints. Weld strategies as base
material position, tool tilt angle and pin offset exert
significant impact on the temperature distribution and
material flow pattern,
microstructure evolution of the joint [8]. Material flow
differs in advancing/retreating, top/bottom sides and
strongly affects the joint configurations either butt or

and thereby influence the

lap [19]. Nune’s kinematic model suggested that a
straight through current flow like material flow pattern
occurs at retreating side while whirlpool pattern occurs at
advancing side [19]. During dissimilar FSW of Al-Cu in
butt or lap configuration, the material flow around the
pin is a combined effect of different welding strategies as
placement of workpieces, tool pin offset and tool tilt
angle. The pin is penetrated into the interface of the
plates, which creates a continuous flash, and shoulder
contact with the upper surface of material intensifies the
flash formation. The appropriate tool tilt angle helps to
flow the flashed material behind the shoulder. Friction
between shoulder and top surface of material and cold
deformation surrounding the pin create the heat which
softens the material. The rotational speed imparts the free
flow of this softens the material around the pin when the
tool moves in welding direction [17]. During butt
welding advancing to retreating side material flow and in
the lap welding bottom to top material flow occur,
respectively.

Researchers have also tried to find the effect of
relative positioning of base plate, axial force, tool tilt
angle and tool pin offset during dissimilar FSW of
Al—Cu and it is summarized in the following section.

3.1 Workpiece material thickness

Base plate thickness is a major deciding factor for
selection of particular tool design and other process
parameters. A change in base plate thickness changes the
stirring action, heating and cooling rate and height of
weld. FSW of a thicker material using a short tool
develops an improper boning adjacent to the weld
root [69]. Aluminum alloys from 0.5 to 65 mm in
thickness have been welded using FSW with full
penetration from one side without defects like porosity
and voids [70]. Al and Cu plate up tol2.7 mm in
thickness using FSW have been successfully joined by
various researchers [26,28—31] (refer to Table 3). Further
studies are needed for dissimilar FSW of Al-Cu of more
than 12.7 mm in thickness.



2124 Nidhi SHARMA, et al/Trans. Nonferrous Met. Soc. China 27(2017) 21132136

3.2 Workpiece position and placement

Positioning of base plates at a fixed location is an
critical factor during dissimilar FSW of Al-Cu unlike the
conventional FSW of similar materials [26,28]. It is
reported that the material flow pattern and weld quality
are significantly influenced by the position and
placement of base plates during FSW of dissimilar
alloys [3,14,30,71,72]. If the hard material (i.e., Cu) is
placed at the retreating side, it possesses resistance to
move towards advancing side and results in non-uniform
material flow. This non-uniform material flow among the
dissimilar materials causes large volume defects such as
tunnels and voids due to inappropriate mixing and also
the softer material tends to extrude out from the nugget
zone [28,65]. The surface tunnel is a commonly found
defect while Cu is placed at retreating side and
placement of Cu in advancing side contributed towards
defect-free joining [28,40,42,65]. Placement of softer
material at the retreating side creates a normal material
flow revolution in the nugget zone and results in easy

transfer of softer material towards advancing side [29,73].

So, the placement of harder Cu plate at advancing side
and softer Al plate at retreating side is recommended as
this forms the sound welding during dissimilar FSW of
Al—Cu in butt joint configuration [28,36,40,42,62,65].
Placement of base plates during dissimilar FSW of
Al-Cu in lap joint configuration is also a matter of
concern as it affects the joint quality. It is recommended
to place the Cu plate at bottom and Al plate at the top to
good quality joining. This arrangement
developed suitable amount of heat in nugget zone

achieve
because of lower thermal conductivity of Al and
created good material flow and greater stirring, so, the
sound metallurgical and defect-free joint [74].

3.3 Downward force or plunge force or axial force

Downward force or plunge force or axial force
occurs in spindle axis direction and maintains the tool
contact at or beneath the workpiece material. It is a very
important element to control the quality of the weld
obtained. Axial force is influenced by process parameters
and weld strategy such as tool shoulder, welding speed,
and tilt angle used during FSW [53,74]. It should be
carefully maintained during FSW as lower plunge force
does not provide appropriate vertical flow of plastically
deformed material, while higher plunge force flashes out
the deformed material. During dissimilar FSW of Al-Cu,
comparatively large amount of plunge force (greater than
6 kN) (refer to Table 3) is required due to larger hardness
of Cu compared to Al. Optimum plunge force is
recommended during dissimilar FSW of Al-Cu as it
supports complete penetration in stir zone.

3.4 Tool tilt angle

The relative position of FSW tool with the work-
piece surface is known as the tool tilt angle. Positioning
of FSW tool perpendicular to the workpiece is known as
zero or no tilted [74]. The tool tilt angle plays an
important role with respect to joint quality [75—77]. An
appropriate tool tilt angle serves two purposes as
1) ensures the holding of stirred material under the
shoulder by the tool pin [8] and 2) provides a uniform
material flow by increasing the forging action to get
proper material flow from front to back and from top to
bottom under FSW tool [8,76].

It is reported that the larger tilt angle provides a
tighter weld [77] and prevents the spreading of material
on the top surface (i.e., flash effect). The increment of tilt
angle from 0° to 2° during FSW of Al provided
substantial changes in material flow and microstructure
development [77]. FSW of AA2024 Al to pure Cu using
2° tool tilt angle provided higher strength and good
metallurgical bonding compared to 0° tool tilt angle,
because higher tilt angle with higher axial plunge force
(refer to Section 3.3) provided a free flow to Cu particles
in Al matrix [29]. Hardness at joint area also increases
with the increment in tilt angle because of greater IMCs
formation due to temperature rise in stir zone [77]. In
another study of dissimilar FSW of AA6061-T651—Cu,
the tilt angle from 2° to 4° was recommended [74].
Therefore, it is essential to identify the optimum tilt
angle for FSW of Al-Cu.

3.5 Pin offset

FSW tool displacement from weld centre line
toward a particular base material is known as tool pin
offset. Zero or no pin offset occurs when FSW tool is
positioned precisely at the centre of weld joint line.
Figure 5 shows the tool and base material position for
zero and 1 mm pin offset towards Al side.

FSW tool
<2 shoulder =>

FSW tool
< U >
LJ P LJ Weld centre

<= Tool centre line =>| ~ [ine

| cu Al | |cu Al |
Zg¥?sgznc> => <= Pin offset

Fig. 5 Schematic of tool workpiece position for pin offset

It is suggested that the conventional method of
joining where pin is inserted at the weld centre line
created poor and defective joints in dissimilar FSW
[28,34,35,43,78]. The dissimilar materials like Al and Cu
usually differ considerably in physical, chemical and
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mechanical properties like melting point, strength and
flow stress. Due to differences in thermal conductivity
and melting point, uneven and incomplete plastic
deformation occurs by using zero tool pin offset during
dissimilar FSW of Al—Cu. Also, the material flow
situation in dissimilar FSW is completely different from
that in similar FSW. Unlike similar FSW, in dissimilar
FSW, the fragment of harder material acts as a barrier to
material flow in stir zone. In this situation, shifting the
tool towards Al side is suggested as Cu having the higher
thermal expansion coefficient could not take away the
larger amount of heat. This technique optimally
distributes the thermal stresses to both materials and
generates more heat at Al side compared to Cu side.
Provision of tool pin offset towards softer material side
controls the formation of fragment in the stir zone and
promotes good stirring [17]. Sufficient offset distance
(distance between the pin axis and joint line) of the probe
towards soft materials (such that the pin just becomes
tangent to the hard materials), is considered to be the
most important aspect to obtain defect-free FSW joint of
dissimilar materials [69]. It is widely reported that the
pin offset towards the softer materials resulted in defect-
free joints [21,30,36,54,62]. Provision of pin offset
positively affects the material flow pattern and IMCs
volume fraction, which consequently minimizes the
defect and produces a sound weld in the dissimilar FSW
of materials [16,79]. The maximum temperature
development during FSW of Al and Cu is a function of
tool pin offset [80]. Tool pin offset also helps to
optimally distribute the heat generated in the materials
during dissimilar FSW.

During dissimilar FSW of Al-Cu at very small tool
offset, poor bonding and voids occur due to, the large
number of Cu pieces which are harder than Al needed to
be stirred into the nugget zone and possess difficulty in
deforming and flowing in Al matrix at the prevailing
welding temperature. Because of more available Cu
atoms in the stirred zone at smaller tool offset, higher
amount of brittle IMCs of Al-Cu develops and poor joint
forms [29,81,82]. Contradictory to this, at larger pin
offset, few amount of Cu pieces comparatively smaller in
size are detached from the Cu bulk and easily react with
Al base and mix in the nugget zone [65].

The optimum value of tool offset depends upon the
base material composition, thickness, tool design and
process parameters [26,28—31]. The use of 1.5-2 mm pin
offset was suggested during dissimilar FSW of Al-Cu to
achieve good quality joining (refer to Table 1). FSW in
butt joint configuration is more uniform and defect free
than lap joint configuration as uniform mixing occurs in
former case while appropriate tool pin offset is provided.
Tool pin offset can be adjusted by providing an extra
sheet adjacent to Cu in lap joint configuration [34].

4 Microstructural analysis of dissimilar
FSW Al-Cu joints

Microstructures of similar/dissimilar FSW are
categorised into four zones: two microstructures outside
the shoulder (parent metal microstructure, heat affected
zone (HAZ)) and two microstructures under the shoulder
(stir zone (SZ) and thermomechanically affected zone
(TMAZ)). Dissimilar FSW of Al—Cu forms two distinct
TMAZs, one at Al side and other at Al/Cu interface [74].
Microstructures obtained by various authors for
dissimilar joining of Al-Cu using FSW are presented in
Fig. 6.

During FSW of Al-Cu, wider TMAZ occurs at the
Al side and narrower TMAZ at Al/Cu interface because
the tool offset given at Al side creates more stirring at Al
side and Cu grains do not get affected due to lower peak
temperature at Cu side. HAZ occurs only at Al side
(Fig. 6(a)), it consists of coarse and less hardened grains
because of intense heat and no grain deformation occurs
in this zone [33].

As per the binary equilibrium phase diagram of
Al-Cu, Al,Cuy (y,), AL,Cus (J), Al;Cuy (&), AlCu (772)
and AL,Cu () are the commonly found Al-Cu IMCs
with the reaction between them [78]. During FSW of
Al-Cu, CuAl,, CuyAly, Cu;Al and CuAl are the usually
formed IMCs with small amounts of solid solution of Al
in Cu [83] (refer to Table 3 for summary) and ALL,Cu
(Al-rich phase) and Al4Cuy ( Cu-rich phase) are the
firstly formed IMCs adjacent to Al and Cu side,
respectively [84—88]. The material flow phenomenon is
quite different in similar and dissimilar FSW as onion
ring structure is commonly found in the stir zone during
similar FSW [9,29], but intercalated vortex type
(complex) microstructure is found in stir zone during
dissimilar FSW [88]. Higher stirring action is found at
bottom and it creates intercalated and swirl like pattern
of material while a composite like structure occurs in the
upper part of the nugget zone [89]. The irregular Cu
particles appear like Cu islands in Al matrix in stir zone
(Figs. 6(b, c)). Al side weld zone peak temperature is
found distinctly higher compared to the melting point
temperature of Al—Cu eutectic or some other hypo and
hyper-eutectic alloys [30]. FSW of Al—Cu is difficult due
to the formation of the hard and brittle IMCs and their
presence creates uneven and fragmented defects and
decreases the joint quality [33,41,58,61,65,79,90].

Continuous thin layered IMCs are usually found at
the interface of Al and Cu (0.5-4 mm) (Fig. 6(d)),
resulting in a sound and defect-free joining of Al-Cu
[55,57,65,91], but still the Al-Cu interface region is the
weakest zone due to the presence of brittle IMCs layer
[53,77]. Also, the presence of IMCs critically changes
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Fig. 6 Microstructures for different dissimilar Cu—Al FSW systems: (a) General microstructure of aluminum 1050H16 and brass butt
joint [33]; (b) AA2024 aluminum—copper weld interface [29]; (c) Optical micrograph in nugget of AA5083-H111 Al and DHP-Cu
placing Al at advancing side [42]; (d) Back scattered electron micrograph of Al 5083-H111 and oxygen-free Cu [41];

(e) Transmission electron microscopy joint interface of Al-6082-T6 and Cu (Red lines delineate boundaries of IMC layer [79]);
(f, g, h) Micrograph of AA1100-H14 Al and commercially pure Cu [55]

the microhardness levels of the weld nugget [92]. So, the
study of microstructure and IMCs formation is a needed
area of concern during dissimilar FSW of Al-Cu.

5 Mechanical properties of FSW of
dissimilar Al-Cu

Weld joint efficiency (), is a criterion to identify
the acceptable weld joint and it is expressed as the ratio
of weld tensile strength to the workpiece tensile strength.
During dissimilar FSW of Al—Cu, the tensile strength of

Al is considered to decide the joint efficiency because of
its lower value. During dissimilar FSW of Al-Cu, the
joint efficiency is reported less than 100% because of the
less ultimate tensile strength (UTS) of weld joint
compared to the base materials [88]. The joint efficiency
is significantly influenced by the combination of
rotational speed and traveling speed used during FSW of
Al-Cu [93]. During dissimilar FSW of Al-Cu, the Cu
side TMAZ is the weakest zone where the brittle fracture
occurs during tensile testing due to hard and brittle IMCs
in this zone [48,77,94—97]; however, ductile fracture
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occurs at Al side TMAZ because of sever plastic
deformation due to comparatively fine grains in this
zone [54,59,67,90,98,99]. The selection of the
non-optimal process parameters is a possible region for
lower UTS and weld defects due to improper material
flow between Al matrix and loose Cu particles.
Excessive process temperature reportedly creates larger
amount of Cu particles to be diffused in Al matrix
consequently larger IMCS and cracks and decreased
UTS [59]. Size of Cu particle is also a very important
element to affect the UTS as small size Cu particles
provides strengthening and increases the UTS of joint.
UTS of weld zone during dissimilar FSW of Al-Cu can
be improved to some extent by providing strong stirring
action. Sufficient stirring provides grain refinement, and
consequently increases the UTS of weld but still less
than that of the workpiece materials because of
inhomogeneous microstructure and formation of IMCs.
These IMCs have negative impact on the ductility, yield
strength and elongation of the weld joint. The effect of
traverse speed, rotational speed and pin offset on
temperature generation has been reported in previous
sections. UTS is propositional to rotational speed and
inversely proportional to the traverse speed because this
higher heat input condition generates homogeneous
grains [36,56]. Larger pin offset and lower rotational
speed produce poor UTS due to insufficient reaction
between Cu particles and Al matrix. Higher rotational
speed and appropriate pin offset of 2—2.5 mm produce
high UTS during dissimilar FSW of Al-Cu [79].

Hardness also gets affected by welding temperature,
strain rate and material flow [59]. It also depends on
Cu particles distribution in Al matrix during FSW of
Al—Cu [100]. Large number of fragmented Cu particles
increases the hardness of weld nugget. The possible
reason of higher hardness at any region is: 1) higher
fraction of Cu in that region and 2) comparatively more
homogeneous finer lamella structure in that region.
FSW process parameters such as Cu particle distribution,
formation of IMCs and different microstructures
significantly affect the hardness at different zones.
Larger heat input conditions such as larger shoulder
diameter [101], lower welding speed [102] higher
rotational speed [33], and larger tilt angle [77] develop
higher amount of IMCs in the stir zone, consequently the
higher hardness [62]. Strengthening due to Al-Cu IMCs
substantially increases the hardness [65,103]. Hardness
profiles given by various researchers for different
dissimilar FSW are shown in Fig. 7.

The maximum hardness is observed at Al/Cu
interface  (stir zone) possibly due to
recrystallization, grain refinement, solid
strengthening and mechanical twinning [37,90,98]. Very
fine recrystallized grains are generally found in the

dynamic
solution

middle of nugget zone and maximum hardness is
observed here (refer to Figs. 7(a, h—j, 1) [31,74,77,
90,104]. Complex material flow critically changes the
microhardness levels of the weld nugget [92]. The stir
zone hardness is always higher than base materials
hardness due to hard IMCs formation and considerable
plastic deformation in the stir zone (refer to Figs. 7(h and
J), respectively) [71,90,105,106] as per Hall-Petch
effect [107]. Heterogeneous hardness distribution is
found for dissimilar FSW of Al-Cu butt joint as shown
in Figs. 7(b—f, i~k and n) [32,33,61,65,77,90,98,101,108].
Cu side shear zone contains higher hardness due to the
presence of fine grains and IMCs layer in this area
(refer to Figs. 7(c—e)) and Al side shear zone possesses
considerably lower hardness even less than Al base
material due to micro voids at this area [33,61,109].
However, grain coarsening at the HAZ develops the
lowest hardness in this area (refer to Figs. 7(c, g, j and
m) [33,73,90,108]. For similar FSW, the hardness
observed across the weld section typically consists of a
“W?” shaped profile [9], for FSW of dissimilar AI-Cu in
lap configuration, it consists of different profile like “\”,
as shown in Figs. 7(a, g, h,  and n) [31,73,74,104,105].

Hardness values vary not only in different zones but
also from top to bottom in stir zone during for butt
joining (refer to Figs. 7(e, j and k)). More amount of
IMCs are presented at bottom of stir zone and
consequently higher hardness is observed here (refer to
Figs. 7(¢ and k), respectively) [65,98] but it is
contradictory to ESMAEILI et al [32] (refer to Fig. 7(d)).
Reduction of hardness in stir zone is a prominent area of
research during dissimilar FSW of Al-Cu.

6 Electrical and chemical
dissimilar FSW of Al-Cu

analysis of

Most of the components made by joining Al and Cu
are required to be highly conductive, so the electrical
properties of the dissimilar FSW of Al—Cu joint are a
major area of concern. Joint’s electrical resistivity is
proportional to the heat input and increases with its
increment [82,101]. Dissimilar materials may be
successfully welded with excellent joint integrity as it is
reported that during FSW of 5754 Al and C11000 Cu the
increase in the electrical resistivity is lower in the welds
compared to the parent materials [37]. The corrosion
results of dissimilar joints of Al-Cu made by using
FSW revealed that traverse speed does not have the
major influence on the rate of corrosion, however,
rotational speed majorly influences the rate of corrosion.
Higher rotational speed creates more amount of
Al,Cu intermetallics which increases the corrosion
resistance [110].
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7 Welding defects of dissimilar FSW of
Al-Cu

Non-optimal FSW process parameters and incorrect
welding strategy cause the several weld defects [91,105].
Radiographic testing is a reliable approach to detect
any hidden internal defect of the joints fabricated by
FSW [111]. Most of the welding defects found during
dissimilar FSW of Al—Cu are shown in Fig. 8.

7.1 Cavity/voids and tunnel

Cavities/voids are volumetric defects where empty
space containing no material is created and usually
occurs at advancing side of the joint. The presence of
void above the root and beneath the top surface in
continuous pattern is more commonly known as
tunneling defect. Selection of non-optimal FSW process
parameters results in insufficient heat input and material
flow and void/cavity forms in the joints. Too low
rotational speed/too high traverse speed, and too low
plunge load are the various reasons for developing
voids [91]. Lower welding speed decreases the chances
of cavity/void formation by increasing the weld zone

®

temperature, and resultantly decreases the flow stress and
creates good plastic flow [60]. But higher welding speed
promotes this type of defect and produces very poor
metallic bonding as well [22]. Thus, lower welding speed
or higher rotational speed is recommended for reducing
the chances of void and cavity formation.

Base plates positioning and tool pin offset during
dissimilar FSW are dominant factors towards cavity/void
formation apart from tool design and configuration, and
axial pressure [17]. As discussed before, the Cu plate
should be placed at advancing side, otherwise transfer of
hard Cu particle to the advancing side becomes difficult
and continuous void (connected tunnel) defect forms in
the weld; however, placing of Cu plate at advancing side
creates defect free welds [28]. It has been reported that
smaller shoulder diameter and larger pin offset promote
the tunnel defect [38,112]. Lower pin offset and
placement of Cu at retreating side create large void and
connected tunnel because large amount of Al extrudes
out from weld zone [28,43,65]. Selection of optimum pin
offset during dissimilar FSW reduces the voids and
tunnel defects. Tool pin profile also possesses significant
effect during dissimilar FSW of Al-Cu as taper pin
profile creates voids in the bottom part of the stir zone

(®

Fig. 8 Common welding defects in FSW of dissimilar Al-Cu: (a) Al-1060 and pure Cu (lap joint)—Cavity defect and
microcrack [22]; (b) AA 6063 and pure Cu (butt joint)—Macro cracks [26]; (c) Al-1060 and pure Cu (butt joint) [28]; (d) Al-1050
and brass (butt joint) [32]; (e) Al-1050 and brass (butt joint) [54]; (f) AI-AA5083 and pure Cu (lap joint) [59]; (g) Al-5052 and pure
Cu (butt joint) [94]
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due to inadequate mixing of Al and Cu in this zone [112].
Figures 8(a), (c) and (d) represent the voids occurred at
stir zone of Al-Cu.

7.2 Macrocrack and microcrack

Crack formation is another defect which is visible
on the weld surface. Insufficient plunge depth, improper
tool design and pin offset and incorrect positioning of
base plates are prime causes for crack development
[17,28,91,112]. Cracks may be further considered as
macrocracks and microcracks and these are dominantly
found in stir zone during dissimilar FSW of Al—Cu, as
presented in Figs. 6(b), (d), and (e). IMCs formation and
poor metallurgical bonding in the stir zone are the
possible reasons of cracks in this area (refer to Figs. 8(b
and d)) [28,54,112].

7.3 Fragmented defects

Fragmented defects are uniquely found during
dissimilar FSW of Al-Cu and generally do not appear for
similar FSW. The fragmented Cu particles in the
aluminium matrix are considered as fragmented defect.
The inappropriate material flow cannot distribute the
fragmented Cu uniformly, thus the contacting surface of
fragments and sharp edges remains unfilled and causes
voids, microcracks due to higher hardness and lower
tensile strength in stir zone. Selection of the optimal
process parameters especially the lower rotational speed
and appropriate tool pin offset can reduce these
defects [17].

7.4 Lack of penetration

Lack of penetration is another commonly found
weld defect during dissimilar FSW. This occurs at the
bottom of the welded joint where workpieces are
detached or not joined properly which results in weak
bonding. This may be considered a crack where high
stress corrosion factor, low tensile strength and poor
fatigue strength occur and lead to fracture. Welding
conditions like improper tool design, too short tool pin,
too low plunge depth, variation in plate thickness or
misalignment of the tool with respect to the butting
surfaces increases this kind of defect. This defect may be
detected by using a bend test where root is under the
tension [112].

7.5 Pores

The larger size voids, 0.1-0.5 mm in diameter are
considered as pores and usually found in the stir zone.
These may be seen as single or in line up to 9 mm in
length. Too small tool plunge depth [112], small tool tilt
angle [38,74,91] and very low rotational speed [113] are
the main identified welding parameters causing pores in
stir zone.

8 Alternates of dissimilar FSW of Al-Cu
alloys

FSW technology has been developed and improved
using different approaches and methods for dissimilar
Al—Cu system. Friction stir spot welding (FSSW), under
water friction stir welding (UFSW), FS lap welding
using intermediate layer, friction stir butt barrier welding
(FSBBW), friction stir diffusion bonding (FSDB), cold
rolling post FSW, hybrid FSW (HFSW), warm friction
stir welding (WFSW), friction stir brazing (FSB), and
microfriction stir spot welding (uWFSW) are the different
modified and alternative FSWs for dissimilar Al-Cu
system and are discussed here as alternates of the
technology.

FSSW has been successfully used to join Al—Cu
alloys. FSSW of AA6061-T6 Al and Cu of 1.5 mm thick
sheets, placing Al above the Cu sheet resulted in good
weld strength as 2090 N with the use of 2.60 mm pin
length, 0.13 mm plunge depth, 2000 r/min rotational
speed and 3 s weld time [9,114]. The similar kind of
study for FSSW of AAS5083 Al and deoxidized
phosphorous Cu led to the development of the 10 mm
fine composite band layer of fine particles at the Al-Cu
joint interface [115]. In a study of FSSW of 1050 Al
alloy and pure Cu using three different plunge depths of
2.8, 4 and 5 mm reported the defect free joint with good
tensile property using 4 mm and 5 mm plunge depth.
Recrystallization and grain deformation in the stir zone
resulted in finer grains at Cu side near to the Al/Cu
interface in compared to the base material Cu [116].
FSSW of Al/Cu composite using a triangular pin through
accumulative roll bonding technique recommended the
use of higher tool rotational speed to increase the
maximum shear failure load [117]. FSSW of 1060 Al
alloy and pure Cu by placing Al above the Cu developed
the Cu ring of various lengths on both sides of the
welded joints, which provides the strong welds due to the
extrusion of Cu upward into Al sheets [118].

UFSW creates horizontal and vertical material flow
simultaneously, but FSW creates only horizontal material
flow. It is reported that the UFSW created horizontal
material flow, prevented oxidation of base materials,
reduced IMCs formation and decreased the peak
temperature during joining of AA6061-T6 Al and pure
Cu while similar process parameters were used [119].
Figure 9 shows the horizontal and vertical material flow
around the tool.

FS lap welding using intermediate layer is also
found effective during joining of Al-Cu. Use of a new
anodized material Al-MIL-A-8625F containing coating
of anodic sulfur with a layer of 23 mm-thick Cu
improved the shear strength by 25% and prevented the
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IMCs formation during dissimilar FSW of AA6060 Al
and Cu [120]. Similar kind of study that used the
50 mm-thick Zn intermediate layer during dissimilar
FSW of AAI1100-H24 Al and pure Cu also reported
the good metallurgical bonding and limited IMCs
formation [121].

Fig. 9 Material flow: (a) Horizontal direction; (b) Vertical
direction

Use of barrier sheet during FSW is also found
effective sometimes. FSBBW of dissimilar AA5052 to
Cu using AAS5052 as barrier layer improved surface
appearance and eliminated cracks, pits, grooves and
flashes. Increment of barrier sheet up to a certain
thickness creates a better welding conditions but the use
of Cu sheet as barrier layer is not recommended [122].
FSBBW also increased the productivity as welding speed
got doubled with this joint configuration [35]. Barrier
welding can also be used in lap joint configuration while
barrier layer of Al should be placed near to Cu as it helps
to provide an appropriate tool pin offset and results in a
better weld quality [34].

FSDB is also an improved alternate of FSW to join
dissimilar Al-Cu where the tool pin is completely
inserted into the Al sheet resulting in joining through
frictional heating and stirring causing the interfacial
chemical reaction without any mechanical mixing. But,
inter diffusion reaction cannot prevent the formation of
IMCs and leads to poor tensile strength [123,124].

HFSW/WFSW has great potential in preparing
defect-free joint of dissimilar materials like Al and Cu.
Preheating of FSW Al-Cu joints enhances the
mechanical properties as preheating increases the
hardness at Cu side [125]. Preheating of Cu side up to
200 °C develops adequate material flow around the tool,
prevents excessive IMCs formation and improves the
weld quality of dissimilar FSW of Al-Cu [126]. The use
of a separate FS tool as a preheating source to raise the
temperature of Cu sheet by 150-200 °C in HFSW of
AA5A06 Al and Cu-T2, resulted in 230 MPa maximum
tensile strength and improved weld efficiency [48].

Plasma torch has been also used as preheating source in
HFSW of dissimilar AA1000 and Cu to preheat the Cu
side to 200 °C, and improvement in weld efficiency was
reported [127].

Cold rolling post FSW is also found effective to
improve the mechanical properties and to remove weld
defects like flaws. Cold rolling post FSW creates strain
hardening effect in the dissimilar materials and results
into huge rises in tensile strength. Also, the cold rolling
can apart the IMCs layer to eliminate various defects like
voids and cracks. FSW of 0.5 mm initially thick sheets of
AAI1100-C11000 was followed by cold rolling and
70 um of thickness was obtained without flaws [128].
Also, the FSW of ultra thin thickness of 0.8 mm of
AAS5051—pure Cu has been done without IMCs
formation [129]. HFSW of dissimilar AA6063-T6 and
soft-annealed DHP Cu followed by cold rolling resulted
in 50% more joint efficiency compared to the base
materials [130].

FSB method used to join Al-Cu is found much
more effective than conventional brazing process. In a
FSB study, 0.1 mm-thick Zn foil was placed between the
Al—Cu sheets and a pin, less tool was moved on the
workpieces and this resulted in excellent joining
compared to the furnace brazing. Failure load of the joint
was also higher than that of the conventional lap joint
configuration [131]. FSB of 1A99 Al and pure Cu using
Zn intermediate layer also reduced the IMCs formation
and produced good mechanical properties [132].

uFSSW is used to join the material thicknesses of
1000 pm or less. pFSSW improved the strength,
electrical resistivity and reduced the formation of IMCs
while C connector of Al and Cu cable was joined [133].

9 Conclusions and scope for future research

A comprehensive review of the available literature
on dissimilar FSW of aluminum to copper has been
presented to provide insight for the current state of the
art knowledge related to dissimilar FSW of Al-Cu. Most
of the referred research studies provided a deep
understanding of the various process parameters and
their influence on the microstructure, mechanical and
electrical properties of the Al—Cu joints made by FSW.
The defects that occurred during dissimilar FSW of
Al—Cu found by researchers are listed and their possible
causes and remedies have been discussed. In addition,
other possible variants of FSW used by researchers for
dissimilar FSW of Al—Cu are discussed. Despite
considerable research interests in the dissimilar FSW of
Al-Cu, complete fundamental understanding to join
these materials is still lacking and therefore, following
suggestions are proposed for future investigations.

1) The material flow pattern, tool geometry and
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design, welding tool wear, microstructural stability are
very important aspects which require more
understanding for joining Al—Cu using FSW and
therefore, these aspects may be explored.

2) The holistic studies on thrust force and other
force component as well as torque empowered for FSW
of Al-Cu remains under reported. Consequently,
investigations may be carried out to measure these
performance parameters.

3) Considerable scope exists for analyzing heat
input, heat balance, flow stress on both sides i.e.
advancing/retreating and top/bottom sides. Further,
temperature distribution coupled with flow stress under
various deleterious condition are formed which needs
special attention in future studies.

4) New studies need to be carried out for process
optimization and cost effective FSW tools selection for
good quality joining. The improvement in this technique
is a much needed area of research for employing this for
industrial application to join dissimilar materials.
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