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Material Flow and Microstructural Studies in Friction Stir Welding / Processing of Aluminium: A
Literature Review
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ABSTRACT

Material flow in friction stir welding / processing under different process parameters with aluminium has been
studied by many scientists. All such studies have been considered and a detailed review is presented in this
paper. Results indicated friction stir welding / processing with aluminium and alloys may successfully utilised,
because of the significantly improved strength in the material and at the same time the ductility also retained,
along with the substantiallyimproved hardness. FSP was found to be beneficial also in improving wear

resistance.
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1.0 Introduction

Friction stir welding is a solid state joining
process that provides many advantages compared
with conventional fusion welding methods such as
lower residual stresses, especially high joint strength
and low distortion because of lower welding
temperature and also elimination of porosities and
solidification cracking because of no melting
occurrence.

This welding method was invented in TWI
in Cambridge, England in 1991 firstly for joining
aluminium alloys. It also has made low cost welded
joints because of much lower power consuming, no
needs of joint edge preparations before welding
application and also no gas shielding required
compared with conventional welding methods.

Friction stir processing (FSP) was developed
for micro structural modification of metallic
materials. Welding/processing parameters, tool
geometry, and joint design exert significant effect on
the material flow pattern and temperature
distribution, thereby influencing the micro structural
evolution of material. In FSP, a rotating tool is
inserted into a material and high plastic deformation
is produced.

FSP is used to enhance ductility, induces
super plasticity and improve corrosion resistance
properties. FSP has been successfully applied to
various cast aluminium and magnesium and copper
alloys to eliminate casting defects and thereby
improve their mechanical properties.

An FSW/FSP tool consists of a shoulder and
a pin. The tool is plunged till the shoulder touches the
work piece. The friction between the shoulder and
work piece results in the biggest component of
heating.

The main function of the tool is to ‘stir’ and
‘move’ the material. Tool rotational speed depends
upon the hardness of the material. Processing speed is
nothing but traverse speed.

An increase in traverse speed and decrease
in rotation of the FSP tool may cause reduction in the
grain size of the stir zone for the specimen friction
stir processed without any metal particles.

The main objective of this paper is to discuss
the study of friction stir welding / processing of
aluminum and its alloys.

The investigations made by various
scientists and authors regarding the effect of FSP
parameters such as tool rotational speed, processing
speed, groove width and depth on microstructure and
micro hardness have been taken into consideration of
this review study.
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2.0 Literature Review

An exhaustive review of published data on
the effect of process parameters on friction stir
welding / processing works on aluminium and its

alloys has been discussed. The review has been

presented in a tabular form. Nearly 53 papers related
to study of friction stir welding / processingof
aluminium and aluminium alloys have been
considered. The review table given below explains
the details of parameters considered by earlier

authors.

Serial Anther | Materials Used Tool Utilised Processing Parameters Reteach Conducted
No and
Year

1. 7030 ahmninim | Tool with Cylindocal pin | The material bebavimr for | A paramemic smdy  abmn  the

alloy radius is equal to 5 mm. | temperatures befween 30 | mflnence of welding and rotational

shoulder radius is equal to | and 500 -C. Welding and | speeds is camied out. Computational

15 mm and pim beizht is | rotational speeds are set | Fluid Dymamics package is used to

aqual io § mm respectively to 1.7 mms™' | establish the material flow and the

and 260 rpm. temperature field duning the process

A The pm is tilied by 2- | and to estimate the residual state

Bastiera from the vertical axis and | mduced by the process. The steady-

et al, a cone angle of 7- under | stabe assumplion and the original
[2D{8] the shoulder is adopied. elastorviscoplastic constnrtive law.

2 Al-Fn-Mg-Cu Coocentric  threaded pin | FS5P using a rotation rate | A finer prain size. 0.3 vs 0.5 mm_ was
alloy with fuotes 3mm i | of 1000 rpm and a rawerse | obtained by processing at the highest
commercial 3 | diameter and 3 mm in | speed of 500 mm  min” | cooling rate. Materals showed super
mm Al 7075-T6 | lempth. along the rolling direction. | plastc behavicor with a meminmm
{nomyinal elonppation o frachure of about 5107
composition  in Grain  boundary sliding was the

A wipct  5.68Fn- operative deformation mechamism
Drocoo- 2 51ME-

Caballer 1.50Cu-0.18C-

oetal, | bal AN rolled

[2013] plates

3. &l 5083 non- H-13 steel S5D-15mm PD- | S60-200 rpm, traverse Modeling,. Microstructure, on cooling
he=at treatable A, PL-Lrmirm, speed 16-57mmymin rate on the nano grains forming.
alloy (4.2mg, | peretration  depth  was prain refining mechanizm
0U60mm, 0255, selected =t 1lmm, rapid
0.15Fe, 0.0%n, | cooling applied [mixture
0U09cr, 0P6cL, of methanol & dry ioe)

A DUOZTI bal AL)
Yazdipo Mix of =zic &
uras  ee | ™= 50 mmox
al.. 100 mim

[2009]

4. AL-305i base | A tool made of H13 steel | 1000 rpm, 16mm/min, | This paper demonstrates the effect of
alloy, hawing flat shoulder | singleftwo  pass, 100% | two pass owverlap friction  stir
PeErTTIE e ik diameter of 25 mm and | overlap, cooling for Znd | processing o microstructural
mowuhd cast | pim of 6 mm dizmeter. pass refinement of A-305 alloy, which
pl=te= [Al, 3063, delineates significant reduction in
0 2mg, 0.1F=) size and aspect ratic of slicon

partsdes from swerape 200 to 2 pm

and 4.93 1o 1.75 pm respectively. The
AG. Rao stir zone of two pass overlap FSP
et al.. exhibits relatively homogensous S
[Z20:0e9] partiche distribution.

5. 1050 AL [0.4Fe, AlI51 1050 soeed, cylindrical 1050 AL (D4Fe, 0125 Micrastructural observations were
0125, 003cw, | shoulder, mno  pin, 50 | QU0Scu, 002mEg 0.02mn, | carried owt by employing optical
0U0Zmg,. 1Zmm bal &} . monolithic cold | microscopy of the modified surfaces.
0U0Zmn, bal Al) rolled plates Sic-10um, 5iC | Mechanical properties like hardness
N manalithic mized with methanol | and plate  bending were  also
cold rodled applied to surface of the | evaluated. The results showed that
plates Sic- plates, increasing rotating and traverse rate
10pm, SiC S0mrml00mms=Smm, o caused = more wniform distribotion
mined with birder of 5iC partides.
methainol
appdied to

Adem surface of the
Kurt =t plates, 50 mm x
al.. 100 mm = 5
[ZD11] mim, ro binder
& ALZOZ4 hot | The pin generally has | tool rotating rate of BOO | Microstructural evolution and
: B rolled T4 plates | oyfindrical plain, frustum | rpm, and trawvel speed of | tribologiclbehavior of friction stir
Zahmatk | 78mm x 6.4mm | tapered, threaded and flat | 25 mm/min with a tood tilt | procesed (FSP}  A12024-T4  were
esh et | x 305mm | surfaces. In this study, | angle 3° investigated. Microstructural
al.. [D.0585, threaded pin profile was characteristics of the amples were
[2010) D1EFe, 4.64cu, | used. The pin was 2.5 mm investipated by optice] microscopy
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0.69mn, in diameter and 2.5 mm in (OM]) and  scanmning  electron
157mg. 0.0Zcr, | length. microscopy |SEML
0.1 Ezn, 0.04T7)

7 AAADIZ AN cast | PD-Gmm, Pl-Zmm, 5D- | 1400rpm, pressure | FSP and  artificial peak aging on
’ alloy 17mm 43 4dmpa, 2 deg angle erosion  resistance test, mécro
homogenized at hardness
4130C for 3h,
Churg furnace cooled
Wei and machined
Yang et | at
al.. BSmma3limmad
[2D012) mm
Pure zluminum | M2 steel, 5D-12mm. PD- | a tool rotation speed of | Friction stir processing refined the
& 993%  12mm | Imm, PL-2imm, | 6d0rpm and traverse | grain size to 3pm in a single pass
plate cylindrical tool speed of 150mm/min with | from the starting coarse grain size of
a downward force of S kN, | Bdum. Electron backscattered
diffraction (EBSD) results showed
oCourrence of dymamic
recrystallization and also revealed
Devinde existence of different orientations
r Yadav within the stir zone and across the
and transition zone. Transmission
RanjitBa electron microscopy (TEM) revealed
uri, fine prains with well defined
[2012] boundaries.
AAGDE1-TE 3.3 Tool Steel S0-12.7mm, | Z HP mill, 1000 rpm, 0.42- | This research demonstrates the use
B. mm thick F5P, | 19.1mm, PD-3.1Emm, PL- | 1.60wmm/s of submerged friction stir processing
Douglas | SFSP[submerge 2.78mm [SF5P) as an alternative and improved
[+ d F3P)  with method for creating uitrafine-grained
Hofman | water bulk materials through severs plastic
n and deformation. SFSP is compared with
Kenneth friction stir processing (F5P) done in
5. adr, through the use of
Vecchio, thermocouples and  transmission
[2005]) electron microscopy.
10 Cast AL-5i base | Toodl for FSP has 2 | 1400rpm, 45mm/min This study demonstrated that friction
’ alloy, ACEA shoulder of 16 mm stir processing (F3P) could result in 2
[11.65i, 1.12Ni, | diameter and the tool pin significant improvement in tensile
115cu, 106mg. | has 3 6 mm diameter and properties of ACBA, particularly in
0.2EFe] solution | a 1.2 mm pitch height. ductility. Both tool rotation rate and
heat treated at traversing speed could affect the
FY. T=ai | BE3k for dhrs strength of FS5Ped specimens, which
ard was related to the characteristics of
AU coarsening. dizsolution and
K=o, reprecipitation of the strengthening
[2012Z] particles.
Cast A356 Al | & straight cylindrical | A tool rotstional speed of | The friction stir processed zone was
11 castings friction stir tool |pin length | 2000 rpm, a transitional | charscterized by  metaBography,
3 mm, pin diameter Gmm, | speed of 20 mm/minute, | electron micro probe  analysis,
shoulder diameter 15mm) | and plunging speed 30 | hardness, dry sliding wear and
made of high carbon steel | mmy/minute were | potentio dynamic polarization
G. was used in the present | employed. testing. Hardness mapping showed
Madhus study. that stir zones experienced increase
udhan of 20% compared to the as-cast
Reddy metal. Further wniform  micro-
and K. hardness was observed in the friction
Srinivas stir processed zone, which was not
a  Rano, the case with as-cast A356 aluminum
[2010] alloy.
Commercially The croular and square | The F5P tool was rofated | The microstructuzes, wear property
12. available papo- | tools were used o this | m 900 and 1200mpm m the | and mdicro-hardmess of AF9] Mg
GhaderF | gzad (30 mm) | work. Tools were made of | clock-wise direction. The | alloyalumina pamticle  reinforced
arsjiand | AI203 particles | hardened HI3 tool steel | frawerse  speed  was | mano-composite produced by friction
Parvizhsz | with Tools consisted of a pin | changed Som 40 to 30 | stitr  processing  (F5F)  were
adi, the purity of | with 5mm in diameter, | mm/min The tilted angle | mvestizated
[2011) 09.0% were | 3mm m heizht, and a | was3-
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wsed in wolume | shoulder with 15mm m
fraction of 8% | diameter
to produce
nAnQ-COmpIite
layer on the
surface of
AF9l. AFD]
compasition (o
wt.%e) was Al
1. Zn 048
Mn, 0211 35
0.085;
Cu, 00097,
Mi, 0.001: Fe
0.0029 and Mg,
bal.
13 2219-Tk The tood was made of tool | The tool rotating speed | The microstructure was characterized
. aluminum alloy | steel, and consisted of | (w) was 1000 rpm, and | using optial microscopy, scanning
plates only a shoulder with 2 | the traverse speed [v) was | electron mECrosCopy, arud
diameter of 22 mm. Z00-400 mm/min. The | transmission electron microscopy.
displacement controd was | Two types of heat treatments, aging
H1. Liu used and the plunge | treatment and solutionizing followed
and XL. depth was kept constant | by water gquenching and aging
Feng, at 0.3 mm. The tilted | treatment, were applied to the
[201Z angle was 2.5° processed samples.
The material of | The radii of the pin and the | To accelerate the | Material flow in fricdon str welding
14 the plate is Al | shoulderare 3 and 7.5 mm, | comvergence. the | (FSW) under different process
6061-T6 and is | Tespectively. romtional  and  the | perameters is simmlated by using the
modeled az a framslafional speeds are | fimife element techmeque based on the
Tate- both increased 1000 times | poplinear cootimmm — mechamics.
HLW. independant in the analysiz Results indicate that the distribmtion
Zhang elastic—plastc of the equivalent plstc stain
et al, | matemal comelates well with the distrbution of
[2007] the microstruonirs zones in the weld
15 BL2024 hot | High strength cobalt alloy 300 rpm, 25.4mmymin The present study demonstrates that
: rolled T4 plates superplasticity at higher strain rates
solution heat can be achieved in 2 commercizl
treated, 224 Al alloy wia friction stir
guench, natural processing. Ductlity values for the
aging. FSP alloy are substantizlly higher
transverse than that of the parent alloy [non-
direction  and superplastic) at comparable
polished, temperature and strain rate ranges.
Thmma . dmima
305mm (0075,
L Charit | D17Fe, 4.6cu,
and R5. | 0U64mn, 1.5mg,
Mishra, 0.0dcr, 0.15zn,
[2003] 0U03TI)
AAGOSL-TS | High  carbon  steals Axial loads Tkn, 1200 | In this imestization, an attempe has
16. {1.1mg,0.12mn, | Different shapes . sraight | rpm, 1.25 mm/sec been made to understand the effect of
035Fe, 0385 | cylindrical, faper welding speed and tool pin profile on
022, bal Al | cylindrical, threaded F5F zope formadon im AATI]E
K Heat ireatable | cylindrical, SQUATE, aluminium alloy.
wrought, imangular, different 50 of
Blangov | pormal to | each pin profile, SD-
an  and | mlling 157, 18mmd
v direction, 21pmm PD-fmm, PL-
Balasubr | 300mmr: 55mm, Did ratio 1.5, 3.0
amanian (] S0pmeiom &35
. [2008]
K AAGDEL-TE High carbon steeds. | Axial boads Glon, Fen, 8kn, | Tool pin  profile, amial force,
1. Elangow [1img0.1Zmn, | Different shapes refer fig, | 1200 rpm, and 1.25 | mechanical properties
an and | 0.35Fe, 0.58%, | straight cylindrical, taper | mm/sec.
W. 022cu, bal Al) | cyfindrical, threaded
Balasubr | Heat ftreatable | oyfindrical, square,
amanian | wrought, triangular.  50-1Bmm,Pd-
. [Z00E] normal to | Bmm, PL-3.5mm, Dyd ratio
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rolling directicn

30

RAZMIS-TET a non-corsumable nor- | B00, 12001600 rpm, Micro structure, corrosion  behawvior,
18. K [6.1cu, 0.25mn,, | threaded tool made up of | speed 0.37mms, | multipass
Surekha 0.04Zn, 0.05Ti, | high-speed tood  steel | 0.76mmys, three passes
ard A | D13Fe, 0.16Zr, | whose shoulder diameter
Els- 0.0sy ] | is 12 mm and pin diameter
Bodes, 250mmx150m ardd length are 5 and 2B
[2011] mxSmm mm respectivehy.
The  maierial | a ooo-consumable | Up to three passes were | Anodic polarization and
18. wsed in this | thrssded tool made wp of | given at three rotation | electrochemical impedance
work 15 | hiph-speed tool steel spesds of 200 (slow — 5), | ®sts i 3.5% MNall showed an
AAIIB-TET 1200 {medium— M), 1600 | mproved comosion resistance of the
alloy with the (fast — F) rpmand two | processad alloy, which increased with
nominal welding speads (0.37 | the mumber of passes. Salt spray and
Composition in (slow — 5) and 0.75 (fast— | Inmerson  fests  alse  showed
wi % of Cu—4.1, F) mm's). The depth of the | improved resistance to comosion. The
Mn-—25, ZIr- processed Tegion was 2 | moreased resisnce to comosion is
016000, mm ina 5 mm thick plate. | atmbuted to the dissolution of CuAl
K Ti-{.05 and rest particles, which was established by
Surekha A7 The ¥HD and DEC shadies.
et al, | AAIZIS-TEY
[20E] 3
&]-5086-0 alloy | Hot die steel tool 50 | 1025 rpm, fiked, traverse | Imp method material is cooling after
0. K. 150x110mm2 & | 24mm, POD-6 mm, PL- | speed 30mm/min, | each pass. CMP F5P performed for 12
Ramesh mm plate Imm, ogindrical pin, | 30mmfmin, 110mm/min | passes without allowing any coaling,
et al, processing  parallel  to | 150mm/min, mild steel | mech properties, one rotational
[2012] rolling direction backing plate 17 passes speed, different combination feeds.
A 319 sand cast | High carban ste=l | BOD, Yield strength, tensile strength,
L. 2005 0% 10mm cylindrical threaded, right | 1000,1200,1400.1600 ductility, microhardness
[, handed 1 mm pitch, 50~ | ppm, 402, 73mm/min.
L 5.25.2.51cu, 18mm, PD-Bmm, Pl- | single pass. For one feed-
Kzrthike | D35Fe, 0.26mn, | 5.7mm, four speeds
yan et | D15mg OUD4KE,
al.. 0.29Zn, 0.09Ti,
[2010 0U03Pb, 0U015n)
L BAGDEF-TH [cu- | SO-1Bmm, PD-6mm, PL- | Maximum power — 30 hp, | In this investigation the surfaces of
2. Kzrthike | 0U01, mgd5mg, | 5.7mm,pitch 1 mm | maximum axial force — 25 | AAG063-TE aluminum  alloy were
yan and | 0435, 002Fe, | threaded kM and 2 maximum | friction sir processed and the effects
WA D0Emn, 005N, spindle speed — 3000 rpm. | of process variables such as awial
Senthil 00052, 0UDATS, force, tool feed and rotational speed
Kumar, 0.0A5m) weere studied.
[2011] 100:50x10mm
2285 wcast al | HES 5D0-16mm, PD-5mm, | 1400 rpm, 1B00rpm, | Micro, Mechanical  properties,
. alloy deu, | PL-47mm, cyfindrical 1012 15mm/min, single | tensile,  hardness, k  type
15mg 0.6, pass thermioocouple
06F=, 0.6mn,
L 2Mi, 0.12Zn,
Karthike | D.2Ti, 0.05Pb,
yan et | 0550, bal Al
al., 200 mmm x 50
[20:09) mim & 10 mim
&] 5083 non- | MP132  high strength | 600 rpm, 25.4mmfmin, | Super plasticity. mechanical
. heat treatzble | cobalt  alloy  PDEPL- | single pass for optimum | properties
alloy (4. 7mg, | G.4mm,S5D-25mm, level, then B passes
LB. 051mn, 0.51Fe, | threaded right  hand
bobianne | OU10cr, 0.11cw, | screw, counter clockwise
5 eral, | bal AL} Bmm ,
[2007] countinous cast
The F5W | The wutlized tools were | The material was | In the paper the microstnechial
5. berween 32 |mede of K13  cteel | furnished in  the T8 | phenomema in terms of average prain
mmthick quenched at 1020 °C, | condition, ramely after a | size occumring in fiction stir weldng
AAI]30-TR characterized by a 52 HEc | solubilization at 530 °C | (FSW) processes are forused A
LvanfFra | blanks  were | hardness FSW process | for 4 b, a cooling in water | meural network was linked to a finite
tini et | considered used three typesButt joint, | and an artificial aging at | element model (FEM] of the process
al.. for the three | Lapjoint, T-jome, 175 °C for & b, the blanks | to predict the awerape grain size
[2004] joimt Tool shoulder [mm] : 12, | were cold stretched values. The utilized pet was trained
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oonfigurations 0,20 starting from expermental daa and
proposad Pin come angle: 0, 15 mmerical remulis of butt jomfs and
15 then tested om farther butt, lap and T-
Pin major dameter [mm]: joints. The obtained results show the
4586 capability of the Al techmque m
Pin height [mm]: 2.7, 49, conjunction with the FE tool i
55 predict fhe final microstruchire in the
FSW joints.
This rocess is | The movement of the pin | Dumng  the  welding | This work presents the simategy
16. primerily usad | is split imte advancing | process, the pin is rofating | adopted for the mmerical siomlation
oo alomivom | speed (assgned to the | at a very kigh speed (eg | of the FSW process. A coupled
alloys, and most | weork-piece in the opposite | 30-1500 rpm, depending | therme-mechapical solution of both
often on larpe | direction) and rotation | om  the  work-piece | the momentim and epergy balance
pieces  which | {aszizned to the pin). maferial), a fully | equafions is presemted A wery gensral
M. annot be ssly Laprangian approach | kinematic famework bas been used
Chiume | heat fraated to (which  follows  the | %o deal with the specific description of
ni et | recover temper material particles of the | motion inthe FSW problem.
al.. characteristcs. contimmam in their mation)
[2013] is nna ffordable
&l 5083 cast | MP 159 alloy 30-16mm, | 200 rpm, 0.42 mmfs1 | High strain rate . super plasticity
7. alloy with mn | conical threaded pin | ipm] , plunge depth
cortents a5 | bottorn  Tmm, minor | 5.4mm, t#t angle 2.50.
CC[continous diameter 48 mm, PL-
strip  casting] | Smm, right hand screw .
[472mg,
LA, 0.49mnm, 0.1%r,
Garci'a- | 016Fe,  DUDAESH)
Beermal different  mn
et al, | comtents 0.40,
[2004] 074, 1.00
18 Al 5083 cast | MP 159 alloy 5D-16mm, | 200 rpm, 042 mmfsl | Hot deformation behavior, strain
’ alloy with mn | conical threaded pin | ipm] rate, elorgation
oontents a5 | bottom  Tmem,  meEnor
CC[continous diameter 48 mm, PL-
strip casting] | Smm, right hand screw,
[4.72mg, plunge depth 5.4mm, tlkt
MLA. 0.49mn, 0.1%9cr, | angle 2.50.
Garciz- 0.16Fe, 0UDASH)
Be=rnal different mn
et al, | comtents 0.40,
[2012] 0.74, 1.00
9 & 319, 2356 | H-13 steed SD-13mm, pin | 1000 rpm, 1.7mm/'s fived, | Mechanical properties
T ML 2003 0x16mm cylindrical, hemispherical, | 50 passes
Samtella | [A3SE-ALTS, PD-5.2mm, PL-3.4 mm
et al, | 03mg A319-A,
[2D05] 65, 3.5Cu)
G061 Al alloy | 5D-25mm, concave | 600 rpm, 100mm/min, | F5P and mechanical properties
30. 25mm thick and | shoulder Emm cylindrical | processing depth 3mm for
KPR, 7075 50 mm | pin, 2B degree, tool | Z5mm thick 6061, 350
Miles et | thick translation 33mm  per | rppm and  127mm/min
al.. PSS processing depth Bmm fior
[20035] SDmm thick 7075 AL
1 IMagdy BAABDEZ-TES1 Mo-W tool steel 5D- | ESD rpm, traverss speed | Microstructure, miechanical
| M. ER | [1.25, 15mm, concentric square | 20, 140,224 mm/min. no | properties, mult pass
Rayeza 0LSme079mn | pin, edge length Gmm, | of passes-overlapping
and bal &L} | Smem long
Ehab 4. | 128mmxl00m
El- mixBmm
Danaf.,
[2012]
1 The specimen | The material of tool used | The F5P parameters were | Besults showed that the specimens
: uwsed in  this | inthis work was H13 steel | 750 and 1900 rpm m tool | with mico and mamo-sized particles
work was a 5 | with shoulder diameter of | rotational speed, 15 | present fine prains and hipher level of
Mz hici mm  AlS0%3 | 16 mm The toel pin used | mmymin in traverse speed | bardmess. Temsile properties of
Zohoor | shest with 130 | in PSP is 2 standard M6 1 | and tilted angle of 3% In | specimens friction sfir processad with
et al, | mmlength 60 | {pitch height of 1 mm | order to fix the specimens, | and withowt Cu particles were also
[2012] mnwidih. diameter of § mm and | they were clamped omte | evaluated Accerding to the results.
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Then, the Cu coumierclockwize) with pin | the thick 5637 siesl by the | the composite with pano-zized
particles  were | heightof 3.2 mm. balts. particles exhibited enhanced temsile
embedded and sirength and ductlity mather than
compressed into AA5083 Almimom  alloy. K-y
the groowe diffaction (XPL) smadies were
camied out on the specimens FSPed
with Cu particles m order to idenfify
the phases present im the stir zome
{3Z) of the spacimens.
A 375 mm | F5P tool is made of a step- | Two different  tool | In the =tir zome of the sample
EE> thick sheet of | spiral tool steel The | rotiomal rates — 325 and | processsd at 400 rpm rotational rate,
twin-Toll-cast shoulder diameter and pin | 400 rpm - were utlized | the microhardmess increase is mainky
(TEC) Al-Mz— | height are 120 and 220 | and the resulting samples | doe to zrain refinement, rather than
5 alloy with a | mm, respectively. The pin | are labeled F325 and | precpifate strenpthening, becamse the
nominal diameter at the tGp and the | F4M). The tool mawerse | Al3Sc predpitates, with spherical
composition of | shoulder end (root) are | speed was 3.4 mm &7 (B | lobed cubcids and  plateles-like
Al-4 1Me- 375 and 600 mm | imch min™) and the tit | merphology,
0475 Tespectively. angle of the tool, 25", was | zow and coarsen fo 2 10-20 mm
LT e o constant  during FSP | mdins. The Scsopersanmation acoss
0041Ti- PrOCEsEing. the sor-processed zome has a
0.15Fe004351, concenimation  pradiemt, which is
wti (A4S higher on the refresting side and
Mp- 285 lower on the advancimg side of the
0007 Zr-02Ti- friction-stir tool
Whon Q. | Q07Fe-0.045,
Vo et | at?) produced
al., at CEIRO,
[2012] Ansiralia,
14 The workpiece | Two tools, made of high | Bottional and feed speeds | F5W expenments were performed
: material  was | carbon steel, were used to | ranged, respectively, from | wsing two different pin profles. Both
4mm thick | produce the joints.The | 300 to 1620mpm and 100 | pins are umthreaded tat bave or do
alumininm alley | tools differ fom ther pin | o #00mm/mm oot have flat faces. The prmary poal
T02-T& rolled | profile: the first toeol has a 5 fr mmalyse the flow when
plates. smaight cylindrcal pin imthreaded pims are wsed to weld thin
{5C) whereas the secomd plates. Cross-sections and
ool has a tapered lonpinidinal sections of welds were
cylindrical pin  (TC3F) observed with and witheut the use of
with three flats The two material marker (MM) to imwestizate
tools have unthreaded pin the material fow. Material Sow with
Their  shoulder  was imthreaded pin was foond 1o bave the
concave and they were @ame feanmes as material Sow using
tlted by 2.3- to provide clazzical threaded pins: matenal is
compressive force o the depozited in the advancing side (A5)
Dlisier stirred weld zons. i the upper part of the weld and in
Lorrain the reireating side (R5) in the lower
et al, part of the weld, a rofating layer
[2010 appears around the tool.
The base | The shoulder diameter and | The selected  FSW | Micostochore, microhardpess amd
35 aterial used in | the pin length of the toal | parameters were 1200 | comosion susceptibility of fiction sir
this spdy was a | were 10 mm and 2.8 mm, | rpm, 300 mm'min and $.1 | welded joint in an AlMpSiCu alloy
3 mm-thick | respectively. mmfor romfion speed, | were imvestizated It was found that
GOD5SATS welding spesd and plunge | the joint exhibits different comosion
alumininm alloy depth, respectively. snscepiibility among the
plate, with the misTesmacral Zopes.
neminal
chemical
composition. of
Peng Al-046 Mz
Dang et | (5350170
al. 0 2Mu-0.24F=
[2014) wt. e
The startimg | A steel tool with a concave | The forged plates were | The forged sample exhibited lower
36 materials used | shoulder 20 mm  in | subjected to 4pass FSP | srempth and ductility due to the
in this smdy | diameter and a threaded | with 100% overlapping in | presence of coarse AISTT clusters
were Al comical pin & mm in root | air at 4 Todaden rate of | with a size range of 30-100 m amd
(09.9% puonty, | dameter, 55 mm in g@p | 1000 rpm and a Tawerse | coarse maimx grains. Four-pass FSP
a 13 ym), Ti | diamester and 4 mm in | speed of 35 mm min™ | @ air resulted in the refinement and
Zhang et | powder (999 | lenpth was used for F5SP | (defined as FSP-air). Some | redistribution of the ABRTi clhusters,
al.. purity, 45 um) | bothin air and water. FiPair @amples were | and the zeneration of micron mamrix
[2012] and Cu powders subjecied to additional 2- | zraims, thereby increasimg the strengih
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{99% partty, 75 pass F5P, with 100% | amd ductlity of the commpeosites.
po) overlap in flowing water at | Furthermore, coarse ARCn particles
a rofztion rate of 1000 rpm | dissalved and re-precpitated due fo a
and a traverse spesd of | relatively long duration of thermal
300 mm min™ (defined a5 | exposure.
FiP-water).
Commencial A tacking ool with a pin | A constant fool rodadng | A novel surface modifying fechmigue,
3. available  SiC | height of 10 mm was |rmte of 300 pm was | ficton sir processimg (FSP), has
powder (90.5% | used adopted and taverse mte | been developed for fbrcation of
puity and 0.7 and depih of shoulder was | surface composite. AVSIC  surface
mm  aveage varied. The tool spindle | composites with different volums
pariicle  size) anple  (anple  between | facfions of  parficles  were
and S083A1 spindle  and wodkpiece | successfully fabricated.
RS. alloy  [AlMg pormal) of 2.58 was wsed,
Mizhra M} rolled plate
et al, [ were used in
[2003) s study.
TOT5-TES1 FSF Tool Single pass 0.3 mm length. | Tensile strength, strain rate
38 [5.62n, 2.5mg, ‘Wedd processing
RS, 16w, 0.23¢r) parameters are
Mizhra BESmm proprietary, but it can be
& al, noted that the traverse
[20003 speed was 15 cmy' min.
10 Cast AL alloy | | Concave shoulder and | 2236 rpm, D42, 0U98, 2.33 | Process paramesers on grain growth|
’ B85, 0.063Fe, | conical pin with stepped | & 367 mm/s, tool | sbnormal graim growth)
D01 6Cy, spiral feature, SD-1Zmm, | rotation coumter  cock
5. Janaa | 0571mg, PL-Zmm, PD-4mm wize, ref fig-no of passes,
et al, | D.17ETi) 16 passes and
[2010] overlapping
Friction Sdr Pin @ § mm pmo | These iests were | The am of the present sudy is fo
40. Processing was | lemgth: 2 mm, left handed | performed for base metal, | develop defiect free surface composite
wed for the | thread single pass aod double | of Al 3083 alloy einforced with TiC
development of pass  FSP with TiC | particles and ipvestigate the parficle
surface particles. The size of the | distnbution in the matrm:, mechanical
composite  of sarples nsed was 30mm | properties and wear behavior of the
abamininm 5083 220 mm and the sand | composibes. Microstnecharal
alloy reinforced particle size was Blym. | chservations were camed omb by
with TiC The shory conceniraton | wsing optical and scanming electron
particles. of 23% apd 50% was | micoscopy {SEM). The
prepared and erosion Tates | micostuctural smdies revealed that
were performed at 500 and | disinbuton of particles were more
Q) rpm mifrm in samples subjected o
double pass than the single pass FEB.
5 The microhardness profiles along top
lerome surface and across the cross section of
et al, the processed  samples  were
[2012] evaluated
Commercially A tool made of H-13 steel | A =ingle pass fction sor | Mioosmocbore, hardness amd  dry
41 AIS083  rolled | with a shoulder of 20 mm | process with rotation | slidine wear behavior of the hybrid
plates of 3 mm | diameter and a pin of 6 | speed of 1230 rpm and | composite have been myestipated and
thickpess with a | mm diagonal length and | travel speed of 50 mmv'min | compared with those of base mefal
nomyinal 2 8 mm height was subjected in rToom | and AVSIC and AVMoSD commposibes.
composition of femperature to all samples | Mumestrochoral analyses of the hybnd
43M=— with a tilt angle of 3- was | composzite showed a  uniform
065 M- used o perform the PSP distnbution of reinforcing particles
0.155-al Al mside the processed zone and a good
{in wipct) were honding betwesn surface processed
wsed as the base layer and baze material.
matenal. A
mixhre of SiC
s and M52
. powiders
Soleyma at  weight
ni et | mabo of 2 w1
al [2012 | were nsed as the
1 Teinforcement.
41 Sima A 356 Al alloy | H-13, 50-20mm, PD-6mm, | 300-1250 rpm, | 'Wear behavior SEM, dizc material
" Akemad with backing | PL-3.7mm, threaded pin, | S30mm/min, tilt angle 3o AIE] D3 miterizd
Alidokht | plate (&), 7185, | pitch distance 1mm, ref fig
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et al, | Ddmg0.Fe)
[2012)
43 T. TO75-TE51 Al | H13 tool steel, Concave | 514rpm. S1mmymin Tersile properties
| Dieguez alloy dmm | shoulder 12.5mm, square
et al, | thickness side: pin of 2.5mm
[2012)
44 TE5 A413 cast Al | HA13 SD-26mm, PD- | 300, 1120 and 1400 rpm, | Triboloigical, microstructure,
" | Mahmio alloy ingot | 10mm,Pi-89mm, R4 curved | 20,40,63mm/min, 3 deg mechanical , tensile specimen-fig in
uwdn and | machined into | shape longitudinal and tramerss
55 Moh | 400mmx100m
amed, mix10rmmi
[2012) thickness
Butt joimts were | Am - FSW  tool was | The  owerall system | This paper presemts a vamant of
45. produced  in | developed in order to meet | comprises the  FSW | Friction Stir Weldins (FSW) aiming
cold mlled | the following desizn | machine, the elecmic | @ minmize or elimmate the
plates of | oiteria:- condwct  the | cument  supply  which | rootdefects that =dll coostiute a
AAR0EI- oarrent withowt interfering | comsists of a 12 WV battery | majr cConsimin to a  wider
Thalloy with 4 | with the machine electrical | with 720 A opomipal | dissemimation of FSW inte industrial
mm thickness. drowit-  confine  the | cument intensity anda data | applications The concept is based on
eleciric curent to the layer | acquisidon system ﬂlE wse of an extenal elecrical
below the probe, avoiding energy source, delivering a high
the current to fow through I:I:IIEI:IS].II'_F current passing  through a
metm]mmbudymd thin layer of matenial betwesn the
shoulder;- Confimamas back plate and the lower fip of the
Teima adjustment of the probe wol probe. Heatzenerated by Joule
G. length and faciliy of effect :iEI:I.[IID'I."E material
Santasz replacement -  puarantes viscoplasticity in  this  region,
et al, the meckanical robustmess mininmizng the root defecs
[2014) of the tool body.
Folled plates of | Threaded cylindrical pin | An indizenously desizmed | am attempt has been made to establish
46. five different | profiled mom-comsumable | and developed machine | relationship betwesn the base material
prades of | tool made of high carbon | (15 HP; 3000 mpm; 25 kW) | properties  and F5W  process
alamininm steel was used to fabncate | was used to fabricate the | parameters. FSW joints hawe been
alloys, pamely, | the joints.  Shoulder | joimis made usng five different sades of
AAL050, diamster 18mm. pin aluminfum alloys (AA1050, AAG061,
AAGOEL, diamster Smm, pin length AAM24, AATOID and AATITH)
AAIO4, 5.7mm_ thread pitch lmm, wsing  different combinations of
AATO3S and process paramefers. Macrostrechial
AATOTS  wem apalysis has been dope to chedk the
used as the base weld quality (defective or defect
maternials m this free). Empincal relationships bave
imwestization. besn established betwesn baze metal
properties and tool rortonal speed
and welding speed, respeciively. The
V. developed empirical relationships can
Balazuber be effectively used to predict the
amanian F5W process pammeters fo fabmcate
. [2008] defect free welds.
6061 Al was | tools prepared from a HI3 | The tavel speed vared | Mpdified lap F5W  apnificantly
4T. weldesd  to |tool steel  The tool | from 38 mmimin (1.5 ipm) | improved the weld guality in Al4o-
commercially shoulder was 10 mm in | o0 203 mm/oun (8 ipm). | Culap F5W.
puoe  Cu by | diameter and concave The | The romtion speed was
| F5W. pin was 4 mm in diameter | 1400 rpm
YahidFir -III.Ii TJJIEﬂdEd., mli ﬂl! ]JIII
ouzdor lenpth was 1.6 mm. The
arud ool was rotated
Sindo counterclockwize  when
Kou, viewsd from above and
[2011) tilted 3 dez forward.
18 6061-Th Al | The hard steel tool bas the | The Al plate sample | Significant nevron peak broademing
: plate The | diameter of fhe pin and the | confirmowsky traverses ata | was observed in sifu underneath the
nomiinal tood shoulder of 635 and | constant maweling speed of | wol of ficdon stir processing  (FSE)
chemical 254 mm, respectively. 042 mm's as the tool 15 | m G061-TH ahmizom alloy.
Composition Totatng {156
was 100z, Tevpintions/min). The
W. Woo | 0551, 03Cu, measurement  positions
Bt and Were ats, &
al [2012 | palancedlwits). and 10 mm (und=meath

1

tocl), and 15, 20, 30, 70
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and 100 mm {outside)
from the ol cenfer.
ARGDEL-TE H-13 Toaol Steel 5D- | 1250 rpm, 4.7mm/s, 124 | Tool pin, shoulder, natural aging.
4. solution  heat | 19.0%mm, PD-6.35mm, PL- | mpa compressed pr micre
treated and | 623mm. case Z. Without
aped for & hrs | toal pin
at 1850c,
J0Ex306xE.5m
Wanchu | m, (10 mg
ok 'Woo | 0,6si, 0.3cu, bal
et al, | al] ref fig for
[2007] material size
0 Hiuli A&2X19-TE  al- | Pinless tool SD-2Zmm 10ao rpm, 200400 | Grain  refinement, precipitstion
" | Feng. ou aloy plates mmymin plunge depth | reactions
Huijse fived with tank 0.5mm, angle 2 50
Liv and | filled with tank
Sudarsa filled with
nam water at 298k,
Suresh 2 Srmem thick
Biabws,
[2011]
The material | It should be noted that the | For the scroll tool and the | The — experimental — observations
3L is | tool has mo probe. but a | plain ol  the tool | showed that the scrall tool had
alumiminm alloy | scroll groove of (9mm | rofatiopal speeds of 2000 | comparable or superior performance
§061-T4 plate | depth on s shoulder | and 3000 mpm, the tool | %0 a comvemtional probe tool It was
with the | surface, which is referred | holding times of 1-7 s and | confirmed that sound welding could
thickmess of | to as the scooll tool For | the shoulder plunge depths | be achieved without a probe hale, in
Jmm  whose | comparison with the scoell | of 05, 0.7 and 0%mm | which the scroll zreove played
chemical tood, twoe tools with | wereussd Inall cases, the | siznificamt roles m the suming of the
Composition different zeometries were | phinze mate was 10 | material and the shoulder plunge
(wi%) is Mg | employed. Ome i3 a | mm'min For the probe | depth was the imporant processing
04, 5i: I, Cu: | coovenfional probe fool | tool, the tool rotational | vanable
<001, Fe: <02, | with a standard metric M3 | speeds of 2000 and
Mn: 003, Cr | lefi-hand threaded probe | 3000mpm and the tool
=005, Zm: 03, | whose lemgth is 3.7mm, | bolding fimes of 0.2, 1, 2
Ti: =0.05, Al | hereafier demoted as the | and 3 5 were employed,
bal. probe tood. All tools havea | where the plonge rate and
concave shoulder of 10mm | the shoulder phange depth
¥. Tezzki diameter with the apgle of | were 20mm'min  and
e al, concavity of 115« and are | 0.2mm, respectively.
[2010] made of hiph-speed steal
The  main Peview Paper The objective of this article is io
2. focus of FSP provide a review of fricton sr
Yong X | was on processing (FSPY technology and its
Gan et | ahpimum basad application for  micTostmctuse
al. alloys and modification of pardcle reinforced
[2010) COmpEiies. CoINposite materials.
A 336 T6 | F5P Tool Tool rotation rate (rpm) | Frction stir processing  (FEPjwas
3. treatment, 300, 500, 700, 900 rpm applied to cast 356 Al to modify the
solution treated as-cast micrastriscture. F5P
540l for 4 hr, homogenizes and refines the st
250l water microstructure, completely
guenched and eliminates porosity, and creates a
Z¥. Ma | aged 15%0C for microstructure with fine 5 partides
et al, | 4h [Al, TE, (0.25-0.42 _m] distributed in 3 fine
[204p6] 03mg.) prain aluminum matrix [3—4_m].
3.0 Summary
The effect of friction stir processed The strength of the friction stir processed

aluminium along with parameters such as tool
rotational speed, processing speed, groove width and
depth on microstructure and micro hardness
investigated and explained by many researchers have
been discussed.

material improved significantly and at the same time
the ductility was also retained, the hardness also
improved substantially. FSP was found to be
beneficial in improving wear resistance.
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The high wear behavior in the stir zone is

attributed to a lower coefficient of friction and the
improved micro-hardness in this region.
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