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Chapter. 01 Introducti on
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this objective to [p©Olj taotl veecaehaonreatbiuor

reduce emi-s%i olbwsr bye®®8 Parl i ament Resolution,
Communicati on, COM /2011 / €lmiXx)s.i oA temamgiyt is
required. The i mplementation and i mpact of su

notnigcit hat a relevant share of the isamnsgld gl o
ramat epi ad sWa i realldlst ahrmadt er i al apt 0dawiheads
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t he annuwensumgioner gy

Transportation
23%

Concrete, Steel
& Aluminum
22.7%

Industry
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(incl. building finishes,
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paper, other)
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to |imit and reverse such phenomenon, strat e
cycl es ar e mandatory. Longer i fe, i ntense
remanuf acodusymbpebnsdpen/ cbopevcl ing are some of
must be i mplemented to reduce the environmen

concept of a circular economy is progressivel

PRODUCT

{ MANUFACTURE

Vi

USE PHASE

PRIMARY
ALUMINIUM
PRODUCTION

BAUXITE
MINING

ALUMINA
PRODUCTION

EXTRUSION
PRODUCTION

Figure 1. 4. Refined AP UMIi nium produ

Cur r emtnlvye,rteicoyrcd&limeog@tp p it iee ¢ h iogeutenil sce it of fer
technical and environment al advantages with
all ows are concerned, @90 ehameyb teanreariegdye gsyacvliinnggs
evenorceonv eali fmdm energy usage point of view
|l ightweight al-tegshihmg, edhemaeamic,f aecol ogi cal ,
many i n d ucsoturnitcad in dzeetw ¢ tt hlei midtoenk pr i opprrooducti ons

especioalsl ylge ionvg hdee mam&kKlsomht er i al s.

700 - 100%
s Primary

= 600 = Secondary
o .
-
-_l‘, Saving 90%
=
o= 500
o
@ 9
ﬁ 400 80% 2
3 g
5 s
.g 300 70% 0
=
uEJ 200
60%
100
0 | [  — = . 50%
Steel Aluminum  Magnesium  Titanium
alloys alloys alloys

Fi glr Bmb o deineedc g ynp a f bperoinmaanrslye ¢ o npdraordyuacftl i bher ent

metals alloys, s&§@§diOhgs scale on the right
N N



Conventional methods for recycling aluminum ¢
procé¢dsdvdhs ch are known for their high energy
oxide formation during aluminum st 4abg medcycini
(SSR) technigues have been developed, abhi ming
wast e. SSR involves subjecting all oy scraps
t e mp e [ 4 tFipureel.6 represents the Metal scrap sources for the SSR process along with the

Sankey diagram for aluminum flows during the process.

= Foil Scrap

= Turnings

= Dross

= Extrusion Scrap

= Rolling Scrap

= Wire and Cable

= Foundry scrap

= Building

= Transportation

= Costumers durables
= Cans and rigid packing

= Cable & Wire
« Engineering
other
()
Electrolysis / Melting Casting Rolling / Forming / Casting Fabrication End-uses

Global demand for aluminum
products = 45 million tonnes

Electrolysis ~Recasting Hot rolling

7 oy A
‘.

Buidings
al4g

non-structural 5.2

End-of-life

scrap 8.3 Infrastructure 0.9

Drinks cans 3.3

Packaging 2.7

products Consumer
durables 3.2

Other 4.3

6.5

b i A9 Global Aluminum flows
( ) Fabrication scrap 4 1 in million tonnes (2007)
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Thsapproach offers a significant advantage, wi

to conventional met hodss crwahpisc ht oo fgread uecnet an ¢ w
Moreover, SSR can wutilize up to 95% of the st
20% metal | oss experienced during remelttéd4hg d

Various technigeeatéealkbcwaldiemg,soilmdl udi ng Ec
( ECAPL)Dhear Assisted Proceg[slifnogt aenxdt rEwstirouns,i oan
met dd ]Jcons ¢ 1j8dfad[iPlimdg s i[n2t0e]r i ng

Among these methods, FSE emerges as ompset adfe t
recycling of <chips. FSE shares similarities
soften materials but al soanmemeatexthravei @O sp
direct conversion method for recqgeaalingy wiares
from met al powddrlsA,]Whhi esFSBrcanl betapplied
the majority of research focuses on al uminun

demand and feasibility.

(a) (a)
ENERGY REQUIRED FOR PRIMARY ENERGY REQUIRED FOR ALUMINUM RECYCLING
ALUMINUM PRODUCTION

B ALUMINUM RECYCLING
m BAUXITE MINING

ENERGY SAVED
® ALUMINA REFINING
ANODE PRODUCTION

| ALUMINUM SMELTING

= INGOT CASTING

Fi glbitGGompabis seae)on v e mmteicoympd lo ag&iS)o Isitdaeeycl i ng

Pprocess.

| hhneeg haptheea icro nv e mtnida n a Maetcihvned loegiyed sec raeepe a l
desct ibloedarshFeS BMa neyx p e r i cnaemmpt ahi bgines € & r o uuesdi bnogt h
processes in order to invespagamete¢éehe amdl uk
being processed on the producipl gmeh ibvted t eMu me

i nsi gthlper ocemesbBsamidpsedi ct defect formation.

Il n order to investigate the i nfdOwenn deh eo fe xrteriun
wir e, t hifsocusueddy ocanl sexami ning the influence

addi ti onABOEr eSinC ocarncde me nt on the microstructur



the extruded wires.

1.2l i d State Joining by Friction Stir

FSW i s-sd asel jbining technigue invented at Th
i n which the basgdq 2nbdutreirniga |IF Sdw, e st hneo tp I naetlets t o

a backing anvil and securely clamped to pre
shaped cylindrical t ool rotates and sl owly p
plate uhtdet af shbe tool touches the plate su
interface between two pl ates. |l n FSW,t oboilgh p

pi n. Due to frsltdulodiethboegiive ehed hwotrtk@i et as @in

def ormation of the workpiece material, when t
its hot working temperature (i.e. 70% to 90%
enough to be stirrsehd ud ddaradaddnp Itnstooeeeds aanldo ntgh et h e
This softened materi al I's stirred by & he to

represents the schematic diagram of the FSW |

Axial force
Weld bead
Rotation
direction _* Welding joint
Ady,
ang;, ;
Ing Side
Ret ¢
Teatj,
) -
2 e : :
Shoulder r( Versing ft
8 OrCC
Probe

FiguadM™Melbasic proc[ex2s] used for FSW

FSW possesses sever al advantages compared tc
advantage 1is that the FSW process occurs at
wor kpi ece material, whi ch el i mi naatneds ptohreo sp rtc
Anot her advantage is that residual stresses &

than those of fudieonmpewaltds,e dweeettocompawed t

Ot her than aluminum alloys, the techniqgue has

or all oys of magnesi um, titani um, steel , and



wel ding methods, it is widely wused in the ma
automotive industries, mar i ti me 9rnedpursetsreinetss, t

industrial application of FSW.

Figurm9el bdustrial [@aZP]lication of FS)

FSW has gained significant attention for its
composites, of fering numerous advantages O0V¢

matrix composite ( MMCs) have atltrapgpleidc atoincesn

industri al sectors such as spacecraft struct
di sMest.al Matrix Composite Mar ket was valued :
anticipated to register 20ZAGRNndf 2682r The!
experiencing robust gr owt h, dri vemerbyor imaar e
applications, particularly in t.heCoanemoonsipya cles
reinforced particles in FSW to make cbOposit

represents the percentage of most commonly u:

Nanomaterial Reinforcement
. TiO: TiB, WC Al,O3
Ti (5%) (29%)(2%) (12%)
(7%) (RS BJC

Silica (SiO.)
(5%)

Graphene
- (10%)
(39I%) Fes0,

(2%)

Fi gulrCe Ildenti fication [2f4]rei nf or cemen



Il n the nextndewpapi éif on strategy I s proposed,
particles SiC is placed inside -B3salod miemibmdalle

sheets.

1.3 Solid state Processing by Friction

FSPchar achtyertihnzeedabi | ity to i mprove | ocalized
modi fication of their microstructure. FSP is
advantages and opportunities. The pemcethanai
through the bulk of the specimen and is rel.

Rat her than attempt to modify the entire do

materi al , and through mechainncaéaswiomdg,t hd esitg
ductility of the processed area.

Adoption of new manufacturing techniqgues <can
processing costs and materi al wastage. It is
di scovered, devel oped, and unsdterrusdtowrda |t hfrecautgu
notably grain size for polycrystalline mater
aspects of the plbesdiacvaflouppanldy cnmeycshtaanlilcianle met a
chemical and bi oehesmiraalunrde smorese itrontment . A
nex-t l evel of met al processing technol ogi es
mi crostructure modification and grain size
processes itmprtovai mmetcdhhani cal properties t hr
refinement, such as processes of severe pl a
el ectrodeposition, FSP is a relatively new

oppor tuniFtiligugper elsent s t he tshtds®@matriocedisagr am

Retreating_ =~
s side S>>
FSP (o |

direction ,‘ — = Advancing
Shoulder — side

<i—+—"Tool Pin

) . Clos(e-& gap

N o

60 mp,

ey

Figurl cbhematic diagram o[f25Fr i ction sti



The ability to process a | ocalized area means:s
without destroying previous fabrication, whil
furtheropessing. It of fersangachambet enf swuine g

attractive to a range of manufacturing envir

FSP is stildl a new technology, and although
decade, it has seen | imited uptake by indust
is also an issue, as subthei pgenaeissi ngr icahtaing
properties. Computer modelling, when used in
to develop new processing technologies in a
understanding i s nwhgaite wiol Id ealell ®w tame tienadhust r
more apparent. This justifies the need for a

agai nst expernidmesnutbasle qrueesnutlltys used for further

HPDC aluminum alloys often incorporate signi

soldering problems and address microstruct u

including porosity and inclusimest aReigmpattabid
mechani cal properties, thereby restricting
components 1 n anF Sauthoanso be meer gsedboadsy .a sophi st
technique, t hat can affycthd heomaureramtl eanfifce
def or n@6ijlom t he next chapter, a Ihialsegmtaarer ire
out and then the experimental campaign on |

mi crostructure of -aM@Fatal mage of HPDC Al

1.4 Research Overview and Objectives

This research aimaideddevgliopeai ogmp CA&) mod

AAG6OB® wires wi t h a di ameter of 1. 2 mm fr om

mo d e | was validated and employed t omeaptail mi z
campaign was <conducted, varying tool forces
mechani cal properties. Key characteristics,

transportation and industriadllude ghwengdtadal
field variable distributions and their corr
Additionally, the electrical energy demand we
t he Speci fic Ener gy c@dncsud naptteido na n(dS ECCQ mpvaa se d
production methods Ferpo3IRdIdc ompddciet d i wierread ,ur

chips were reinforced with particles Iike AI



and microstructur al properties.

Il n the costexte ¢obi®moihigdof composite joints,

This involves embedding a slurry of SiT8@ part
aluminum all oy sheets. Tthieomoatl tilse tjooimmmniimntz
di spersion uniformity. The proposed met hod i

config

u
s

techniques and joints without reinforcement
urati on, rersti cpaleds pemed heamd ctrroay r uc
0

behavi r of FSWed joints.

| n ssalaitde processing, FSP is applied te sel ec

A4M@Fe all oy plates. The study focuses on the

refinement, specifically addmesdilkrgeg &as tainmg
containing particles. A comparative analysis
conducted between the untreated HPDC all oy al

1.5 Dissertat umoea

This paragraph provides an overview of the ¢
provide the |inks between the different sect
i's conmfoisxe denana mared seach of them is further d

subparagraphs numbered accordingl yarbé@rhiee ftloyp i

described in the following |ines.
Chapteamédaly Alntroductionbo, deal s with the g
i ssues and capabilitiesst atie hr eac ypcalritnigc up raorc ef:

exXxtrusi-otngt esojlaidni ng proceasdbgboblhirdcpronessi
friction stir pr dhbReessseianrgc.h 1Gv earlvsioe we oamtda i Qibsj e ¢
structur@repigaert 4. lhe Ghceahpitomeart i ¢ di agram of

Chapter 1

Introduction
§ ¥ ¥
Solid state joining process by Solid state processing by friction Solid state recycling process by
friction stir welding stir processing. friction stir extrusion

| Research Overview and Objective ‘

I

| Dissertation Structure ‘

Fi guRke Schematic diagram of <chapte



Chap2ramélSpl i-dasedt eechnol ogd erstitahesat aalt yes iod d fh e
state odf tdsa@laibdet recycling process by frict]

conventional and direct recycling techniques
and friction stir extrusion. The -stextgrod npamgt
process by friction stir welding process 1inc

process and their composite joshaste phecéast
friction stir processi hgnwhathwbnkdmnd a3 Rnadf
HPDC all oy3r.efFriggauaret sl ..tlhe Ghtéhp2tmemart i ¢ di agram o

Solid state processing techniques: Powder Plastic Friction Stir Continuous
state of the art Metallurgy Deformation Extrusion Extrusion
Solid state joming process b_‘/ Literature Friction Stir Welding FSW of

* friction stir we]ding review Processing Parameters Composite Joint
Solid state processing by friction Introduction Mechanical Thermal FSP of HPDC
stir processing. to the Process Work Work

—>| Summary ‘

FigubB®2 schematic diagram of <chapte

Chapter 2. State of the art |—>

Chapt,ert i |l-8tdatheSsoRedycl i ng Process by Frictic

Friction Stir Extrusion process, a novel SSR
to investigate the FSE process are outlined
numeri cal mod el devel oped t o diemunieacthea ntiftes por
process, particularly material flow, are anal
from the FSE of aluminum all oys . -rPea rnafgorracpehd
aluminum all oy chips onnthkarieatiroanedi wi mecr
mechani cal properties. I n Paragraph 3.5, the
mi crostructure and mechanical properties of &

Paragraph 3.6 podnesskesthdecdetwiehoous frictioc

l14provides a schematic overview of the chapt
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Figbd® schematic diagram of <chapter

Chapt,ertid |l ed i Soandd o8teadtsefnogcouisneisngpr i mari |l y
Paragraphs 4.1 provide an introduction to th
experi ment al s & ttuhpr. o URY4BT adigsreanpth st hde. mechani cal
analyses of the joints. The microstructural a
zones and Scanning Electron Microscope (SEM)
mechamiopalrtp es, including t enlse7ager easn dt hhea rtdennep
di stribution during various pasl8esnotsthegate&
consumption for di fferent depdsi pronmi des han
summary of the FSW process. A schematic over

[ s e

Figubh® schematic diagram of <chapte




The second pamamelfy tih®olcihdapdteate Processing
which mainly focusespantRared2gr&athpirms etslse il mt 1
of the FSP prode8&so2ntlan nBParntdaer aepxhper i ment al n
Par agir.&phcontains the Macrostruct urparlo aensds eMd ¢
j oints. [4n. 24P aproargorsaipthy measur ements were di scl
has been discds Hed Piar.aPpamaedt aphs vVARAEMoarsa lzyies
The hardness test h as 4 [B2Tlehne doivsecruasl sl e ds cihne m@md ri
shown in6WBHigure 1.1

HPDC sample
A
Porosity
| Material Testing
Figbb® hematic diagram of <chapter
Chapbmeramely AConclusionodo, provides a summary

solid state techni,gondsF8WnpabonesgefSEhi §BPi g
the state of the art enabled by the researdc
Paradgr.2phally provides a gener al outl ook of

possible future developments of this work.



Chapter 2. Solid State Processing

I n thi® chaptewobisitthe eaptr ocmssing technologi e

Sotlsitdat e recycling process by friction stir
Solid state welding by friction stir weldir
Solid state processing by friction stir proc

2.30l i1 d State Recycling Process

The sohtée recycling process transfofimsi sneé¢al
or final products through mechanical means
phase. By eliminating the mel tanhgbonat ade] oSSR
produces recycled material s[ &vihhiesnhamgreaa arte

from conventional recycling methods, where m
sever al advant apesedovercyrcelmenig i mgt hods, I n
consumpti on, mi ni mal met aolf lhasgsnf udndyamsesg!| iagic
The typical steps in SSR involve pulverizing
ulti mately sintering or consolidating the bat
SSR methods can be broadly categorized 1into

def or fbatsieadn t echni ques, 2 8ptl & lus tasl autnl dh2udn =~ F i
magnesi um3,0 Jicroppple]rni[c3kegland [ B8B8hAwmeumeen succe
recycled through different SSR processes.
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Fig. 2.1. Flowrobhaestsiofj aBtpdieprecygctl i gl met t
deformation and powd2e8&] metall urgy approach

2 . 1Powder Met al l ur gy

The powder metallurgy (PM) technique is a ra
ne-aet shape products from powders. The commol
powder into a desired shape andtemper ahar eht

enables bonding of particles to jionipanbigel &e
gapgs mi andht lpearitritcdtrearbtosidvel op |-e@d0%Wgdéensinat ¢
approximating the properties of the main mat

compl etefodfmesposering step, however, can tal

Spark Plasma Sintering (SPS)thssi niiedrelnyg upsreodc

recycl ing nilehtiasl I pircocsecsrsapcsat egory possesses ms
sintering techniques, such as pressureless s
i sostatic [p3d]sThiesge (@HIVR)Nt ages i ncl ude: ease
|l ow sintering temperature, high reproduci bil]
[ 3.5]

2.285park Plasma Sintering Process

The spark plasma sintering (SPS), as a rapi



consolidation p86 pmenealhiigch peoonvedregys pul sed Di r e
to the powednearbtlgairgti indli ees dual particles to uni

spark plasma generated by the discharge of tF

the surface of the particles, and the SPS p!
podver baefitreg enédrhgiiszadksul ting in higher heatin
has been represented in Fig. 2.2

However, due to the | ack of strain and strai

density provided by this process <cajfseognoer y ¢
aut hors proposed t o appgdeyn tae f[iBn?d] losptaespelc ¥y € $ $ N §
process madsesiost ead fgientderi ng (FAST) @aklbogss
chips, and a forward eboda383Bfcommeonepr acdydHr il

made of compaandnfgor mimgerongonsolidate al um
[ 3@pplied an isother mal sintering process W
mechanical properties of magnesium all oys.
1A
L]
- el
o | =

[ Sample (B<C)
| . Cu
I crc
~200{ L Graphite
I Graphite foils

Fi g.Pr2occzess schée¢wm@iic diagram

2.2 Plastic Deformati on

This process category of SSR methods is base:
oxide contaminants by imposing high [tdelmper at
i worttoh note that plastic deformation should b
of the met al i n ooxedi tedempbsale sUebhacesoand

metallic bonds. Some c tElgd@aH e Cthyamined!| AmegtudH ads P



Hot Extrusion (HE), Screw Extrusion (SE), H
Compr edisdgPlo @ slksaurrgei ng ( HPF), and Friction Stir

2.2.1 Equal Channel Angular Pressing (

ECAP is used to fgahkriincat enalt udrkgdudst gwadtiim dbiogim ©
pure shear and the main advantage of this pi
uni form deformations can ber élratuig\ng!l ¢ ol a kel da
in Fig. 2.3. The working principle is: when I
i's i ntroduced. Despite a very intesseetishrealr
di mensions of t haen gseadmp lad |roemnanign fuynk2repet i ti v

Al t hough ECAP is generally applied to the se
has also shown promising r esstuattes rteoc ybcel ian gg.o oF
Mat suk[i2&pplailed ECAP process f8F&Nheakcbaoagopow

and akeire obtain almost fully dense compacti on
t hwee-smi xpawder s, i1 .e. carbon nanoparticles and
the full-@§ "MemseomMdosi tes, and significantly

nanocomposites were possibly ascri bedi ftor m he
di stribution of C p&a838}ticles into the AI mat r |

a b

die

-—

L X 2\

——

Fig 2.3. The process of ECAP (-d)i meanisa matail c EiC
setp; (b) principle of sh2afing on passage wi

2. 2.2 Hot Extrusi on

Durt hlgEpr ocgshssesnachining chips are filled int
into billets with a desired pressure at oo

rods wi t h a certain extrusi on ratio, nand e



temperature below than meltinjgddbre mpleown ur e E
2. 8ome initial attempts were made to achieve
compr es sHowe wéend jynt egrati on of chips at the ol
billets occurred during free upsetting altho
and compactness. Besides, the high courpdessi
to be not enough to|[dbiflHdemcesouam addipt ibomali n
extrusion proces9, ewhas daeptp Itilueepcrpocodsuwdhéged at ed pi
of high quality. However, considering relat
processi nghaotoswar lKkiumg n@such as hot extrusi on)

recycling chips.through cold working

Y =)

chips

extruded specimen

Fig. 2. 4. 'l lustration -obmpattergrué¢RFhnhhpt oei

2. 5¢c3ew Extrusion

Werenski[o2Tdnteroduced the screw extruder for t

with high viscosity, whhterhe atsmepnrte foefr atbH ey arpa!

aluminum and its alloy. Fig. 2. 5echownat hei®
an extruder. Granul esamnkefeadds ohhdegaspgreat w
screw and the liner. Thet ocommadtoinomfandecarcgc

the desired extruded pr owouttcdh rmdt el telvatt etdh & eimn

of the screw extrusion method was the rotat.

rotation to the materials simultaneously in
et [dB6pplied the screw extrusion process to th
and found that the rotational movement obvi ou

necessary for the compaction of granul ates.
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Heaters

Fig. 2.5. Schematiscecitlilounsatlr avtiilodn7 Jooff atnh ee xc

2.2.4 High Press Torsion

During HPT process, thethueppetr madedioavleri anke
to high hydrostatic pressure, of sever al GPa
the |l owdgrd.lhhmilpsactice, the HPT process cal
unconstrained and constrained HPT (as shown
with thickness in the range of 1 mm can be f
mat eal . On the other hand, a bulk sample wit

constrained HPT due to no outward fl ow of ma |

HPT processes have been appl| 4€d] afnodr ctohrer ecsqr
products own high density and fine microstru
chips, it has been demonstrated t-$tadt ¢ hree HPdl
of chips.

a Load b Load c Load

Fig. 2. 6. Schematic illwupti(adi amcohstwai hgege
constral A&y HPT



2.2.5 Cyclic Extrusion Compression

The CEC method imparts very | arge strain in

undergoes extrusion and compression,Foand htehe

sofsitaateeceycl i ng, a-tbmpadthieoncodfd mpeteal chips,
conducted by pushing the obtained billet fro
chamber, through a relatively smaller cylind]

Peng [edtBhasl .successfully applied tlHexI®WE G Ztrec hr
all oy chips. They observiendt etdlt@mtcleesepnc badt kve €
were nearly vanished after 6 passes processi |

and the second phase particles were formed i

(a)

Fig. 2.7. Schematic il lust[r2aan]i on of <cyc

2.2.6 High Pressure Forging

The starting material i s subjected to severe
to consol i[ddaa%]el hteh e xpleirpanent al setup (Fig. 2.
one cyclic | oad, cold compress is applied i1
carried out in a single cyclidOdnd itmee nwelAd Il e w

by the automatic computer control. Il n the fi.
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Fig. 2.8 Schematic diagram for [h28] press fo

2.2.7 Conform Method

Recycling through the conform method has bee
trimmings directly [i5m0t]dheherexetseaedddspsadeets
wir e, rod, bar s, solid shapes, and tubes fro

extruded pompdgacabl areo the properties of pr oc

2.2.8 Fiction Stir Based Techniques.

Recentl y -bfarsiecd inoent hsatdsr have drawn the attenti

process variants of friction stir welding (I

purpose of recycling and arecldrniracstefri ESW. b
processes, the friction between chips and t o«
of contact pressure and rotational speed of

friction stir eixamustiiom dd&rBEqQ!| afhatFiB&En aade FEET

have the same process mechanics and can shar ¢

During FSE, a rotating die is plunged into a

stirring action of the tool plastically defo
chamber. Finally, after dathesd fryodsg ama dretarn ua
Adetail ed discussion of the FSE process has |

2.2.9 Friction Stir Extrusion
Il n 1993, The Welding Institute (TWI) of Ca mt

applied to metal chips, named Friction Stir
Friction Stir Processing (FSHAH)cttiecnh nSaliog iVesl ,d



A rotating die is used to produce heat and p
itself and the chips to be recycled (into a
extruding|[BbhéFimptez.iBlshows the sketch of the

Extrusion load

' Extrusion load
V Rotafion ’ Extrusion load
V Rotation '
V Rotation

Extrusion Extruded
channel product

] [ EXHUSiOI’I\Y ] layer ]

Plasticized
chamber

Machinig
chips
|

I

Transition
layer

Fig 2.9 Sketch of the[BRijction Stir

After the TWI patent expiration One of the f
was made by Taphy.3Jalnnd tRheeyinrol gaper , the author
AA2195 machining chips to produce 2.5 mm wi
produced, al though higher extrusion rates ml
appeal. B6dhareedabut an experiment al campai

i mposing the extrusion speed through the <cor

obtained results show that the process is fe:
base materi al can be reached. Tool rotation
the process. With | ow rotation values, corre:
On the contrary, t he <combihniagthi osnt roafi nl acragne rrec

defects compromising the speci niebidsghnme cghha reidc e
wi defects due to both cold cracks and hot cr
mm in diameter. The author also highlighted
properties comparable to the onédie cefxttriuael eplam

The sdra@elalsed t ed head for the extrusion of Wi



Rotating
" Plunger

7 7]
Stationary
Cartridge

Inserted
Head

e e
| (a) (b)

Fig. 2.10 (a) Schematic representationb59f pt

Tahmas b[i5 beptc uassleed on the corrosion resistance

starting from machining chips. The authors f
i nput, . e. t ool [r5oftiagthiloing h tiendc rtehaes epsr. o cLeis se tr
stir extrusion by experimentally measuring s
mar ker . The results show how the process par

fdeado zbalhtkoghhbwght n order to fully under st ai
occurring during the process. Material fl ow

Rotating “dead-metal” zone E s

~
Sprint
to extrude

Extrusion zone ‘ B @<.
§ S
Undeformed zone-= S "/" ““ i
Fig. 2.11 (a) Matﬁrrérmriﬁal FI ow and deformati on
undef ormed zone, emdtrallg iSoolne one, and dead

Baffari et al[58] have also investigated the influence of process parameters and the initial temper

of the base materi al on the process variabl e
results show that at optimum process parameters, the produced wires haveafjpodraligood

mechanical characteristids.i g . sh@ws thd schematic diagram of extrusion and the process

parameters.
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44.5 kN (b) 300 rpm, [(®8] 200 rpm, and (d) 10«

Whal erf 5@t oalluced al umi-h2a.m4dTMdgowdem. AThe fri ci
met hod was able to consolidate the power and
able to produce 5 mm di ameter rods t hearti ahlad
that were conventionally extruded.

Il n order to measure the energy demand[ 8L4}Fing
and I nghba@8paebaactérized the energy demands at

t hat energy demands vary with varyidregrepasa&me

with the increase Iin extrusion rate. 't al so
FSE all ows a reduction in energy demand up
(remelting based) and the ECAP routes, respe:

120

%,

%“

%,

{o

“207

Remelting route ECAP route FSE route (ID3)  FSE route (ID1)
Case studies

= Drying Compaction
Melting/Alloying/Casting B Magnesium addition
Permanent losses W Hot extrusion

B Wire drawing BFSE

Fig. 2.13 Primary energy defBdbdD|[&B)di ffere

Ansar [ 66dndlcted process optimization studi es



FSE using magnesium all oy chips. The anal ysi

die is the most dominant factor in deciding

significant rol e. The best wirenatainomeofprpd

paramEeitgrs2.14 shows the percentage of contri

Error 1% Extrusion Hole Size 2.7%

Plunge Rate 25.6%

Fig. 2.14 Percentage of theOj]ontributio

dy nami cs trreuwdr ttyusrit esix d tr iz @k d g r
Compar

Behnaghotahwdlser ved
wires produced from Magnesium <chips.
rotational speed pl aye

miwdé m @lsa rdencersesas@®fd talie h
I Fege@2sdd msdomwwst dalel ina

experimental analysis,
wire properties. The
temperatures with the

the wire.

Fi23d. Mbcr os tatuhcee ndfeab r iwd aitedsidf f ea rechit(td )on s :
F 1-25r0p 1h pF)2-D 5r0p 1ndF)1-3 5r5p mn(ddF)2-8 5r5p m6.1 |



Il n or dermitcor osseter utchteur e behavi or. Boefh atnhgg 6ebtt iaclt.i
have develdoipneedn sai otnharleef i ni t e el ement process
DEFORM 11.0 to predict the ther mal field, me
the FSE process. The author megoad eag rteheame rntth «
experimentally mealsso emeongtilioiean eagit heatdelgr aaaesi
fromdrteert he edge of the wire. Fig. 2.16 sho
at ctehngt emri,almdd eedge of the wire.

a. b. c.

Fig. 2.16 Optiica) andresgmapbasigdddmi carnads tcroumptau |
hi stograms of experimentally measured and pr
with tool rotation 250 rpm foff the eex CAude anu\
2 at mid region along radius of the extruded
wi r[e)2]

Tahmasbi6 Betvealdet er mi ned the Corrosion resist
fabricated by friction stir extrusion proces s
The author reported that the corrosi 66Et ats
adeqguate corrosion resistance and the growth
subsequently reduced corrosion resistance. I
higher rotational speedsheopsessesssds gempbesat @
size similarly increased following the rise

consequently decreased. Fig. 2.17 Variation
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I n order to evalwuate the effect of adding th
stir extrusi on[ Gd¢ovceelsosp eBda fafmre x peetr iathent al carmr
aluminum all oy chips, to produce MMC within
the chips. Thecaunthot| regotthedambant of SiC
an increment in mealkariacalngpit diee rattnbem s mia bt o 1B i
of a big intergranular congl omer atlkamadliic hetafs

[ 63] so manAlf/aRit@Wreadmposite wire at a differer

stir back extrusion process. The author obse
the volume fraction of Si C. Less vonuwmei dh ac
al so causes the increase of the mechcaau sceas p
more heat generati on.

Apart from the wire extrusion, some research:q
Extrusion (ShAPE), where the die configurat:.
as in conventional [ 68bwvesiwonm .k edWh alnenPoett hal e
alumi num 6063 i ndassstirstadd sprroamge sbsyi ischeaanmrd extr
t hat direct extrusion of hol | ow, noncircul a
industrial albwemiarclhm esveerdapusaanrg t he ShAPE tech

on ShAPE technology, the author scaweldl eudp a

magnesi um6.® JuRbeisrugf t s show that in this case, t
>10 times | ower than is required for similar
extrusion. An additional advant age emfertahte dS ha
the billet/die interface is the only proces:

temperature. In short, heat i s generated onl:



On an industri al l evel, the scraps of al umi ni
ot hneart er i Wh &1 ¢n6é Behtveaslti gated t he Effect of hi
recycling of unhomogenized aluminum 6063 scr e
Results show that thei Ekxkteesioned pbhsesesmemiaabbd
t o menedt ,in some cases exceed industry standar

These results suggest that ShAPE has a poten
for adding primary aluminum to dilute Fe duri
ShAPE process configured for oéxtdiddiemgnt opmd
been shown in Fig. 2.19.

Kalsar et al[69] studied the mechanical and microstructural properties of 5 mm wires produced
by Sheatassisted processing and Extrusion process (ShAPE). From the experimental results, the
author shows that lower heat treatment and temperature were required befora agifg to

achieve maximum strength compared with those for conventional extrusion. The authors also
highlighted how the peculiar microstructure developed in the wires enhances and speeds up the

postprocessing heat treatments on the products.

Extruded Tubing Billet Container

Grooves Generation

Fig. 2.18 Schematic of the ShAPE[ §8pcess ¢



Fig. 2.19 Extrusions made from AA6063 i ndus
configurations producing (a) circalllartr gz
pr of[i6l6ed s

Darsel[7@hveal studi el thetrdimerct parameters

densification and micrbbeft rAZ9 LE aFl ake.| uThenda
has been shown in Fig. 2.20.nulmbe ra wtfhorcrrodgd or
face reduced the force required for extrusi ol

in small changes in both power and die tempe:l

ShAPE Apparatus ;s

- e N
e N
7? Rotary and

Linear Force
Extrusion
Die
Mandrel
High Shear
Region
Consolidated
Flake
Container
Backing Plate

Fig. 2.20 Diagram of the ShAPE_ process and
work. From top to bottom;sctripd | ¢ ¥ptanfusiraars d |

Bor ger[t7 Lehtv eslt hgatft-edadcudceod recycling process (
similar to FSE to analyhe tmheresfeottofetamg
recycled semifinishedlhgdradPdeu ccths rseH caawn oinrs hHipg .h
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Fig. 2.23 Vertical poi nt position tracking i
mm/ min die advance d49p eletds,;7 150 @Ot RS5c3HBi7ebW} sat

Bafari 761 delveTloped a dedicated model for FSIE
occurring material flow, the distribuamnon of
strain rate, as wel |l as the occurrence of S
par ameters, i . e. t ool rotation and extrusio

experi mental results with the simulation sho



Fig. 2.24 Comparison between (a) -#Hotdl @mpnexp
parameter (In(z)) 1T R 47900 r pm, F =

Karv@f@gvel oped a finite el ement met hod ( FEM)

comprehensive studies were carried out on th

FSE prBeeebki ZBllevel oped a numeri cal mo d el for
aluminum alloy to study the bonding conditd.i
generated at different process parameters. A

Anal yndi st h& Piwni k and Plata criterion was u
aut hor concluded that it is possibbhdteh ttoheachi

temperature and stress conditions eFxipger i2e n2che

showisf ferent bonding conditions.

Fig.Di2f 2&r ent bonali €8gmpbadb)t yOoomepnldeétde Iy not b
Li nciotn d[i 7.9 Jon

Akbari[ 8dithvael donemmdianefrn gQBE t o prhaueck dodm atsh
Coupl ed-lEadgreana@inan techniqgue (CEL) and verif
FSBE parameters such as tool rotational and



di stributions, mi crostructur e, and patterns

reported that the highest temperature and st

material flow pattern duringothehpngeesmsmegansn;
the process parameters shown in Fig. 2.26. |t

|l ow tool plunge speed result in a coarser mi

Fig. TRe 2®oving path during {B6]FSBE of b

2.2.11 Continuous Friction stir Extrus

Friction stir extrusion is an innovative dire
chips but there is a |Iimitation to the discol
t he <c hlahmeb efri.r st attempt totptepeseéerascont ipnoc
reported by[ M Wter B3kei st madhi ne was usedofor t|
overcome these | imitations of discontinuity
friction stir extrusion machi[mBelss Thaveebegn d

continuous friction stir extrusion machine he

and analyzed the design challenges for contir

experimental and wigmultdatisopracalsysi $heTlpr odu

scrap wil|l be used as filler wire for the a

obtaining 100% materi al used within the same
Chips Hopper\ Chips Chamber and Rotating Die

Hydraulic
|___ Actuator

and

Spring

Feeding
motor

N Moving Ram

Fig. 2.27 CAD of the pf8&8iAdsed CFSE Ma



For the continuous extrusion process, the op
Buffal @8Bhwd .desi gned and devel oped a new mact
process. A Lagrangian implicit thermomechani
the proper ranges of the most relevamanhdpr oce

numeri cal mo d e | of the CFSE Machine.

Fig. 2.28 (a) CFSE physical machine[@8R) The

Il n another pub[l8Raue onr dbautffch tete adnumer i cal m ¢
stir extrusion based on the experi meunpt adf r es
mac htitommel s and the experimental findings of c:

of the materi al using point tracking shown i |

3D view

Top view

Lateral view

o e

Fig. 2.29 Point tracking posi-t) oostiofthheee
channel &t nd&ksf=f ®0ONntr pmM8.3F = 22 kN

Recently Gifmédpteoducead.i nnovative continuous

solid stir e Xh aieseino nu swehde raes wa rreaw materi al i



conventional FSE process. The author reporte
desired diameter can be obtained and the qu.

conceptual model of the soli3d0stir extrusion

Spindle Forge
.
Torque force
Retractable
(b) Extrusion die rotating tool |

Feed Feedstock Fe_edstock
force input input

Spiral
material
flow

Tool offset

Throat of die Extrusion direction

Extrudate

Fig. 2.30 Schematic off8&olid Stir E

2.Bolid state welding by friction

2.1Friction stir welding: Background 1In
Friction sti rstwaeledijnog niisnga tsecclhind que i1 nvented
oft heK in 1991 in which the base materi al do
favofabl &l uminum all oys since it can be carr

mat ef 2.a]J]TShe underlying princi plceo nosfunaSW ei nrvootl
t ool characterized by a distinct pin profile
joining edge of two plates and miowviest iadn ab e@trv
the rotating tool and the workpiece gener at
softening of the workpiece while the tool 6s

[ 8[5§6]Fi gure 2.31 represents the schematic di



ADVANCING SIDE

SHOULDER LEADING EDGE

Fig. 2.31 FSW schHe8rmgtic representa:

2.23 0 terature review

Con

t o

ma t

adyv

(t

t e

s h

Mi

h a

mi

me

mi

e X

co

t o

w h

re
t h

(0]

e

sidering its various advantages, many st ud
understand the process itself, especially
erial s, rotation speed,alnsova nndg tshpeeierd, a rtroaon

ancing or retreating|[88)Heen bDhee gmat et ye
mperature distribution, material flow or
f 89¢éand studies on the macroscopic perfor

et s.

hra phABBf 6pamscear ef ul study on the friction
e analyzed the geometri cal and the proces:
r osjtarnudc ttuhree cl assic defects which  ,clhha ari
hani sms responsible for the formation of
rostructur al refinement and the final me c
mi[n%ld] The aut hor s have shown t hat t he I
respwintdreenceent r al part of the welded joinf
I rotation speed [T pm] anomi e nad peregd t dhfe a
e: in general, with increase of this rati
n this ratio increases the maximum temper
ationship grows ftTatetheéeéehdeti emeaseoot acthebtt
t ool increases so consequently also inecr

ated at the highest temperatur e.



Mahone) 9@thval successshfelftilsp| wenli cheaagn al | oy AA 70

study of the microstructure aimed at highli gl

According to the microstructure of the grair

defined area shuffled-meechaeat cabhyamaéadecaldl gd

affected zone HAK ga2al8&l2e.d Isnhotwme icmentr al reg
recrystallization has occurred. The nugget i s
wi athi ameter between three and ten microns, ar

% of that of the base mateartif &dcotjtedler wees t he 1
which was affected by heat i nput due to the
deformation due to direct contnaeccth aniitchaltlhye apfi
zone is | ocated the |IWpAMZhe whe ath filsovafdere crat e

process. It is therefore subject to only a t|

Downward force - F:

. . Rotation speed - w

Traverse speed - V

Shoulder
~
Tool Pin_

Friction Stir Welded Region

Fig. 2.32 Schematic drawing of98he fricti

Reynol § 8§ htatvealst udi ed the process paying part
t he mat arnidhle tleower atures readhbdthiefl wroinmdg ttiloen
which welding takes place in the solid state
aluminum all oys that were subject to mechanic
al so flows verticstlHher.e lins faacvter tiinc @lhinsa tparoicee
of the sheet thickness, the material is force

from the | ower zone, the materi al fl ows upwal

I n the same y[lebphndHecitnezd aetstaudy on the micr
properties ot hHeOW nttesc hmaidgeu ewiotfh al umi num al |l oy



through optical mi croscope transmmifdxicairedby om
was carried out. Through the microstructur al
rotation oft htehecrpoisns csaewsteéeson of theoweledinmaoagj
the welding |line. An Advancing side and a Ret
the feed rate is respectively concordant and
the pin. The mechahnarcdanl e sssé $aensds ftirelene gtt lhe miocr o h

of welded joints were carried out.

Hassan][ 6phvaet udi ed the effects$ hwel dtihneg nparionc ew
addition to the geometric form of the tool,
area nugget. The tests using an aluminum all
that the par ahmeotsetr si mbfihl vee nhic&We pr ocess can be

categories: Tool geometry and Wel ding par ame"
the materitahe ftioemwpeand ure distribution, t hu
evolution of the welded joints. For the succ
rpm) and t hmm/ifpied Thet éi (8t I s responsible fo
particul ar by increasing the tool rotati on

procesax,0onwietguent i ncrease of heat and mixing

Bal asubr ®@ndamsisambl i shed the relationship that
properties and pheSWspr @aagasnet Amsexperi ment a
di fferent types of aluminum alloys (AA 1050,
using different combinations of process par
analyzed by chaeacksiondgetimg cdlei ttyo aggret t o t he
the base metal properties and ftihres tp,r onchei scsh piasr
set of process parameters to obtain joints w
the empirical rel ationshi pst bFaSh"W bper oucseesds ttoo ppi

sound joints.

Regarding measured mechanical properties witdtl

been perfor med. For al unmi9nBugnp oa It leay st,h aS a ttoh ea nl

606 aluminum all oys had reduced strength an
reduction in strength and ductility of the F
observed for 6056babbmi &% jrhohw el voeyrs, [ HHOfOdfastna et
that formability in FSW 5083 aluminum all oys

while the fl ow BQX]ess was | owered



As fophasal st e e[l IsOEX]R emit headt tehle. wel d zone show

with Il ess ductility, alikelObndidediedrmalctmiolf d
design on the weldability and mechanical pro
tapered tool pins did not ensure effective m
at the base of t hepelrMAdZ.t oHoolwse vwei rd le fuidiegre latdlass w e
were obtained. Ot her studies have also confi
heat and i mprove the flow of the softer mater

fl ows mainly on the retteataindg maiteée, al ng U fol
66wor mhol ed on t[he 4 aTdhviasn ce fnfge csti dlee c o me s mo r
temperatures due to the sluggish flow of mat
bet ween the conical surface of t htehigrifn uaenndc eist
the FSW[AQ&liexgseasing the angle | eads to a
along the vertical directi[drm, JAwmhiacnid ¢ leeilesgs 4i0n

t hought to be optimum for 7xxx aluminum all o)

Ni chol as drndadaWeormased on somet IddSW lpg ocasisan

particul ar the further i nnovation that coul
aerospace industry and so widespread benefit
exampl e, aerospace, shiphdudtdiings hRhave mobee v ec

2.3Friction Stir Welding Processing Par

The two most critical friction stir welding
the tool rate of advancement along the joini
t ool axis of rotation3 i &r gpdnaethea | nl oyr maanl g lye da wbae
wel ding direction to encourage the retention

force. Friction stir welding rotational rates
vary wroedly@8 RPMLI@GOdmMA2mi n and excessive or
these parameters wil/ result in defects.

Wel ds made at different processing condition
ranking which increases with increasing too
wel ding speed. Care should be thkes tbemente
provided by the friction stir welding tool)
the wel d. Whil e the two are directly proport

i nput the materi al



2.3.4 FSW of Composite Joint

Recently, several studies investigated the fe¢
found tghuaatl intiyghwel ds can be successfully proc
di spersion of reinforced pphL08EF ] ep.10ohl da tfkihpadh
et [dlll.lnlvestihgatedd ect of Si C on the microstru
5052 aluminum al I[olyls2.] , Brwlelsdtihgeaetteefdt & C t of N

reinforcement on the i mprovement of mechani c
all oy 7075 shown i n[ IiHpvireev e2s.t3i3g atVeidd atkhies ientf |
design on the mechanical and microstfaaedipre
Hawvsee udi ed a numeri cal mo d e | compari ssamdbet we

rotary friction welding.

Appearance of closed
SiC packed slot

Fig.3&R) Posi ti onnanodfp atrmhtieindsld ¢olt e mSIME packed sl o
by a pinless tool to avoid the[ 35bp6] I out

Dewanga[nl lemvabtihgatedd ect of v eritntcearld naaynedr esh o r
materi al flow by jJjoining df 558gwicclaari enét @alut a
experimental and numerical campaign of dissir
rotation had a | arger d¢ opaeftenaodnyrtheew .jsotiundti eesf
been conducted to evalwuate the influence of
mechani cal and microst rfulcltOu]r,e [als2@e|t, D [ L1a2R1i|wea l
| nvesttihgeat efdf ect of reinforced particle si zc¢
properties by usisnigz ebortehi nnfaonroc eadn dp ammitcircol e s .

Previous studies have been conducted based
( MMC) wusing various deposition ln2g3dtfbodes , mstulc b
[ 124] ,an[dl A5 ]r  clt2 6dlahset iwvagy i n which reinforced



a cruci al role in ensuring that the resultin

spread throughout. This deposition process

properties of the material, ehpeadiealplryopehrdn e
across the mpit27vAahi svsnhguatuneform dispersioc
during the proftcess owut done diesf eat chall enging
asymmetric flow of material, which can be mi
t he roft athent ool during the process. The tech
restrictions, such as the reinforced particl
number of passes increases, rescédi pgr t inc loens

submerged.

2.80l i d state processing by Fricti

2. 14.ntroduction to the Process

Il n FSP, a «ylnisrudmaibd &l trood , generally consi st
and plunged into the surface of a met al wor k
surface of the metal wor kpipeeccei alrloym dod soiwg megd ¢
a stirring action, producing a combination o
to flow around the pin from f{He&8fdbwarddisred si
plastic deformation occurs generally resul ti
remove excess heat from the system. Figure 2.

Shoulder ——— Exit Hole

BM HAZ SZ TMAZ
Figure 2. 34: Schemati[cd 2®f] Friction St

The tool is comprised of a shoulder and pin

(pinless). Both tools modify the surface mic
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duced without the pin. Il n the case of thin
proach can be applied to thicker plates whe
rticularly wuseful i n t hneatdeeaviell sp mewhe roef choy
rmed through mechani cal interlocking of ad
rfaces to form a mechanical joint while sir
cussed in the)l nthri asd lhatsi dre e(nc h afpltrBeEddd Fird ct
ew area of research. Two terms often used
se are dependent on the rotational direc
ancing side experieanatesnbobhhtheosametdireo
e

experiences tool rotation in the opposi:t

=] o < (] =] (%)

therefore expearichhane cal f edfiemrdg st hédemad i ng
rkpiecechgnitswmos met he plastic deformation o
|l eased volumetrically, and sliding contac
ictijoba0]lhbecathe atidng, ge-AéPfPhabfytbp mel 980ng
ftens the materi al around the pin and shou
ve the materi al to the rear. The position
otvhee wor kpi ece surface, thus with no | oss o
esesctshhameé as in its initial c ondtsteican.onTah e
ocessed zone often referred to in |iteratu
|l 1l ed the stir zone (SZ) orefnourgngaetti,o nh aasn dt htel
finement-medhanitdhalrimp affectteldeorxemen¢ TRIAZY) hi
d shoul der deforms and heats the mateerti al |
f excareed ( HAZ) experiences a purely ther mal
nditions can result in modification of the
se or parent met al (BeMd tPIMgz deealt eanndds ibse y ® g
af fected. These zones ar e il lustrated I n
crostructure wil/ be dependent on both the
3 shows further exaomelteasneandoil lad d ttrhagtneess t.
rect transition between the stir zone and
ound the pin is compl ex, owing to pin desi

nerating gradients in strain, temperatur e,

2.2Mechani cal Wo r k

Th
de

ere is a significant mechanical l oad appli

formation and materi al stirring resulting



the tool design contr olt hseuhbes evgod eumte podr tmeama | s v

tool . Figure 2.5: Example surface appearance
t he bands: which i s approxi mately equal to
speedihe materi al swept behind the tool s de
band is estimated as the | ongitudibaljsdowhan
in Figure 2.35. The figure also shows the of!
where the tool shoul der passes. Il n an invest
Wel di ng (FSSW) 3®bdsemrgreadt mull.t i pl e modes of fl a
shows an example of materi al flow andhéat ashi

expected during FSP.

24 mm Shoulder Probe

1.0 mm
Figure 2.35: Cross section micrograph highl/
FSSW132JThe next section will go into detail ¢
of FSP.

HAZ TMAZ Flow arm TMAZ HAZ

Parent ==\ o 0 i =7 Parent
il CEM) A(l\'un(‘in;i ” 7 Retreating side wetal (V)

Weld nugget
(refined grain zone)

Figure 2. 36:seExXxamml & Sdr mo33k] transitions



Thusheevol uti on of grain size dur itnhge pprroocceessssi ensc

occur at the microstructure scale are differ

2.3 her mal Wor k

I n FSP the heat i's generated by a combinat|
deformation of the metal. Which of these tw
depends on the contact condition dg,etswleiedi rnde
alternating between both of t hese. These <co

parameters, materi al properties, and the tool

As the temper amaialea mifc alhley tvoerrkmreod met al r i ses
reduced, and | ess heat is i mpartredgutltattiben mdt
generation tends to stabilcepeaditeimpes ator ¢ f1ec
Under these,thierctimskanstese condition (al so cza
[ 134Fode,] itnlyi s complicated set of boundary ¢
a contact hpbodutesntemperatures matching ex|

explained and di scusmedebreroghen. i Hovsewemnambke
t her mal considerations within FSP, and these
Thermal —~
Radiation

Conduction to Tool

Internal
Conduction

——~— ~——

Conduction to Backing Plate

Figure 2.37: Thermal <conditions o0
As shown in Figure 2.37, the work carried out
the system in three ways. Qohnrdouucgthi otnh eo cbcouurnsd an
the workpiece and backing plate, and into t

conduction into the tool. Convection occurs |



to a much smaller degree ther mal radiation i
mode,|l imgt conduction and to a | esser extent ¢

the ther mal condfit3®;h of the workpiece

2.4 mprovement of Cast Components

Die castings are made by the rapid injectio
pressure. The procedure is relatively efficie
defects can occur, such as percdsi tay eandtcomldd
the casting process. Mol ten met al i's poured
plunger. While the molten metal resides in th
of the sl eeve .caAs ctolod matdersiodli diid ypushed i nt
can be scraped of f, broken wup, and pushed i1

i mpurities embedded within the cast materi al
the presence of por osi t yc ocnacne nstterchetisess. f Ry p igaual
requires testing to determMih6hmdtihfe prR8EsSEPT C
i s-smel eted arPbptaostelsysgBHR. however, coul d prc
sol ut i-oas ttiong ewi t h tlhoec aapdrdaepdd r bt eyn eefni hta nocfe me n t .
most widely wused alloys in the aircraft and
compl ete removal afl uprownaes RS I m ¢ et shA2s6 f i cC
flake removal, Nakata et al . determined tha
uni formly disperse second@aXx¥8partheutase ahuc
A206, mo s t often wused i pangleatrurhba unseisn g sK a pcoyolr
i mproved flaittfieeguaecrkil i if @t i on,, ainmc rdeufct&@d ]il By Sa n

i nvestigat iadumiantoo ya (cAa3sot0 ) applied to heavy
pistons, cghdndempbéossbass, Mahmoud observed F&
coarse eutectic and dendritic structures, hi

[ 149slhowhi ghr 8.



Figure 2.38: -mexarmplpes dafctcsadthapgr caoeaid di roge nweif ti |
[ 141]

As wel | as cast al agni gniufm, c &mto iertc rad as e oium dd

wrought aluml4eljum &LFDbKer work on castaal umi:

decrease in porosity and microst rfulcdtu]d®eng edti |
al . found i mproved resistahté43]o mariosmenaan
cast -anliwnkidnri wamz e all oys are widely wused in t|
these |l arge products mmsulrtesuiln inagar e pgroai mi
Ohi shi et al. determined that FSP can be appl
of these[ 544 0beeumeas hors found higher amtdrengt
further I mprovement with multiphldr prosyse sa.d vAlnt
all oys, cast iron can similarly benefit from

a range of benefits includi[nlgd hINgthiemg htahlh e ne s|
commonly used cast irons, |l magawa et al . con
Generally unused due to its poor mechanical

and the i mprovementl di ne naarl fea cwe [died 6 fanpepsssu GG U Y
FSP can tihseprwivee performance of <cast tnheet al C
repl acement of wr oughbhe angperroldouastmp oo mp b ae wi $ h

selective property enhancement ipmoseasci fFISP. |

2.58urface Composites

Met-mdt ri x composites ( MMCs) can exhi,aind hi gl
i mproved resi staanndc ef attoi gweea r ,c-ocapesefpod ctead fclheint
However, these bulk structures can suffer fr
can be expensive. Appl ying faavwoppmise ttei esur ¢ ra

surface, such as increased hardness and we a



matedualti siat pduaed amateri al cost compared to
a cefsftecti ve means of producing surface compc

surface composite via FSP with ceramit4plarti

Since the success of this first trial, many
i mhe | i[tledrBgtpu rctahlel yaddi ti ve is in the form of
applied to the surface of the metal substrat

formed above[ 2hQ®] base met al

Figure 2.39: Example interface between surf a
mat e[rlidadl]

For proper mixing and homogeneous distributi
di stribution of the additive i s -miixgemd fsoahac
coating containi hg50hpe ocodakist iavenmat drei @lr oces
particul at e, di stributedl®drlai tegl @aosmasspraye
upon the subk%2fand dsurtateinjection of powde
FSP tbh®3Figure 2. 10 s hsoewst iaom eoxfamphlee @duootsess € e
composite f oSamet hley F&8Restigations include
rotational speed, gr dalbet Japnadr anmueltteirpsl ef oF S B aprat si
were able to drastically Cr@rswarsfead d dciascgmess il t

Sun ¢tl5lénvestsiugdtaed composites formed with a

casting. I n their investigation, the authors
the near compl ete elimination of porosity, i
manufacturing of diesel engines and other cri

al[.15Dre]lvelapratadlri x composite with a copper s

increakelddtaond wear resistance I mproved.



2.6Friction stir processing of HPDC

Friction Stir Processing (FSP) has emerged

which can affect the materi al mi crostructure
[ 26 ] The FSP procedure involves a rotating toc
the workpiece material, | eadiln5g8 F®P imag ilceadre
as an effective process in altering the micr
[ 15a9n]d al l oys conffhe6@0jCagambopgéex|jpetomald t he i nf
FSP on the mechanical and microstructur al ch

via HPDC. S[aln6he]vlea repoated microstructur al n
all oys by FSPlh®pmamnmtepoeatt eadl t he microstructu
all oy by FSP. I n anot hfer6adbjs bl reabroed Samamrt
toughness and tear resistance of HPDC al umi |

reduction of porosity and the refinement o f

i mproved (elr6f5dlrhmea nfcleow of materi al andS4it he al
based cast alloys during FSP are significant
t ool rotational splek@l6landt hemwmerse tvkeé ocet i e
properties of these alloys are influenced by

ovelfll®& Akt af 2 6 &ptesali.gat edvpa BESPebdbhecheomi cros
and mechanicalsparsap ebritniaersy odafll 6ebxjyp.] oWeaendg tehte alm
mul tipass FSP on both the microstructur al an
The increment of mechanical and microstructu
has demonstrated theired fpacracyi toff WwWISIPlI e-nalesroad
shaped Si parti cl ecsasatn dA 373167 @adnldaoiyt @3 oidu cean d
casi/ SAl 6 Mg 7all]l oy prodgdwacdd AIBARIainacke al |l oy produc
motltcdast [AIBPE u i 1&adn]tailci pated the i mpact of mic
propertiedbedrndfifoHBEDCUABS50 magnediluim]ad 4 toiyg a tGe
t he «c dorerhoasviioomdPDC AZ91 Al l oy and the impact of
Additionall vy, FSP phrmsei ppenselleargpromoodmncacg
with consistent shap@2The abwmmi atmveasnf hgesenc
in microstructure resulteé¢d7i6fF uenhhaemnroreod es t rtehneg

of porosity reduced potenti al sites for <cra
fail uT2FSP exhibits the capabilityb&pb ampo otk
tribol ogical properties|[ 5na&rhd acsorfrroiscitononr,e slius

Al umi nunj 18IAIPOYLs4MgEFe is a newly devetopbd al



i ntermetall i @reexotmgpmosuindes! yt hbaeti n g turuegdl Bald bat t «
automotive industries because of | ow density

and high corfd82pn resistance

25. Summary

The physical convenienceaofu&ISPi mgl eme ratt & triac
guick in industrial settings, and the previo
applicable FSP can be to moderonmprhamnu fraecltautriior

bet ween the processing parameters and final
mi ning the correct parameter s ttiomeursseutnamrkg. a p

A deeper understanding may shed more | ight onr
However, this understanding can be difficul!t
Computation all ows for great det piolssabtdepowe

various parameters and their respective eff
phenomena, for exampl e, plastic dissipation

specific i mpact.



Chapter: 03 Solid State recycling

31Friction Stir EXtrusion
Il n this chapter Fri chalmenenStdev eHxotpreuds.i @hnh et epcrf

rot atowd @ gr odhvecaee and plastic deformation thro
and the chips to be recycled (into aarhdl |l ow

extruding the material. The schematic diagr al

Rotation

< Rotation Rotation
load c

Extruded wire

FSE Tool

~

Material

Al chips .
Plasticized

Extrusion chamber

~

Fi g.A 3s.clhematic il lustration o fvireprddectior=r i ct i or

Thehicp otse heei e,cel.ots@rt he heat source, rotates

plasticizes due to the combined effect of hi.

interface, a transition | ayer i's encountere
homogensi aecoamti nuum material. The exltawyen on
anidsnf | ubegntcew anb iam ¢ dfomrod t aatnfdonce on the tool . T

reinforced particbtOebBawsacheears &ddedanidn Adr der

i mprovement in properties.



3.1.1 Process parameters

The main paramet er s atfhfee cgtei onngeT tir& ect aFl IS & rpense.c e S <

t remat i o tbreebiwver®@anra meerttdhre ext rusi on channel di ame
influential , t ogcharemne lavnidbe geiihdeu | edxetrrl ujsaicome t r y .
someases, the shoul der s malpil kbee emmavnyu fianc t aurr ceedr wti
radial flow toward the extrusion channel and
usually countersunk in order to easy materi al
As far as the technol ogical parameters are ¢

are the npoasrtamestledresamthosen. Thef oSN prso mkeed 1

the extrusion speed varieknadlipsi wgyt ot héeex

only when the raw materi al reaches proper | e\

Experi ment al conditions for FSE.
Table 3. 1. Experimental condition:

Sample |Tool Rotat Force

S30l® 300 15

S3am® 300 18

S 3 a0 300 21

S4 01k 400 15

S4 0@ 400 18

S4 @0 400 21

S560L® 500 15

S50 500 18

S5 o 500 21

3.1.2 Material s

AA60B& al uvanilnawyn washsewaedi mg material for the
were obtained starting from a 60x40 mm bar t
depth of cut of 0.5 mm, aantdooa troootla tfienegd srpaeteed
The average size of the chipshenodhicmidd tdhmr i n
and 2thmimckness. Thob3l.&Bypliecad. T haeemd cal composi
properties of the used material are reported.
of the mat eardear s iaksertehckcamthhre hE€d4asnaenked condit
It should be observed that the milling opera

materi al which is supposed to get the O stat



Table 3.2. Chemical composition % w/w of

Chemical composition % w/w

Al Cr Cu Fe Mg Mn S Ti Zn
95.2098.3 ¢0.25 ¢0.1 ¢05 0.601.2 0.461.0 0.761.3 ¢0.1 ¢0.2

Tabl e 3. 3. Mechani cal p raonpde rTt6 esst aotfe .AAG6 (

Heat Treatment UTS[MPa] Elongation Hy

O 130 2% 35
T4 200 14% 65
T6 290 10% 95

Ashi ghlii fyheéneg d o dnocstta isincdhee hn alld piwe sproduci ng MM
the recycling process. Il n order to investiga:
been carried out extruding a mixture of al umi
powder andOgVamimas( ASli C powder percentages
evaluated at a preliminary stage, with a noti
content . For this owderarcbpcantr2a.t5% nSiwasp S

experi ments.

Var i o20ssp oAvid er percentages (1%, 2 %, and 3 %) W

noticeabl e decrease i n20ecxotnrtuesnito.n Foart etfwist hr e sn
powder <concentration was selected for all e X
three times to ensure the reliability and col
Altlhper o c &« asve d ewairselc eii prleadtnedd | d edrwietdh no | ubr i c

order to produce dhregelsad tandfcladdpawigisle. e x
bepresdanthfao | | ocvhiampgl e s csrtithe ngspects of the FS

investigating.



3.1.3 Expmpertiumpent al
Thexper iseamapeels i gmoachuf actured to carry out th

that will be presertigdrien 3t fbbe sthexwts pdaraq@rdaph:
dedicated tooling set was manufactured in 41.
the backward extrusion di e, has an exterior
channel2 trmmti n sdilameter and 1 mm in height, a
mm in diameter bef oraemm dg et t1liOnAg croanrcrecaw enrc oangdaai v
increase the contact area between the tool a
material fl owebhboenred tthhee t&kofIf @es eah tbahneshou
wermpe el i miensatreidl,y namely a fl at one and two cor
(Fig. 3.6). The die chamber has an internal ¢

12.25. A thermocoupl e aearst feernibheed deexdt rauts i tohne chhc

numeri cal mo d e | val i dati on.

(b) | =

Fig8r@®@FSE fixture used for(hShet ekpef itmMeenk al s
experi ment akExtcraumspiadng nc acmber containing chips



FigurSeogdl éer tool geometries at di ff

The friction stir extrusion process was <carrtr
LEGI O FSW 3ST -eoxpiesr aftdrnagge iamonZt r ol mode (Figur

reported in Table 3.1 was <carrieedconwsti dwi &l
studies. The considered values of tolbbadsedtat
orf or mer [ §86n0di epsr el i mi nary tests on the used &
the experiment al pl an was also preliminarily

(0A, 5A, maliOm) pw ofdiessBladssx t r 1 siis®i ndblrguee s e

mo n i tdourre dnegx ptelr ebmiehnen $ e gcroantsayds o & rhwee | e eebhHz

sampldediAated system to monitor the energy ¢
electric power inlet of the machine. Table 3.
test conditions, the rate of matienpal eatauw
obtained from the ESAB LEGI O controller's re
extrusion at a sampling rate of 10 Hz. EXtruc
the bottom of the dieecmamkeen alnameli ydewhdar tch
were extrudead; aivrertalgies waaygt h of extruded wir
Speci mens were taken from each of the compl
mechanical and microstructural features of t|



Fi g3 rBSABBEGIFGWSWassed for the experiment e

Tensile testing was conducted in accordance
each case study, three tests were taken into
of the wioim@ssnwepdel i shed, and etched for 10 se
HO, 15% MWHEH@® HCL, and 15% HF). Vickers micro

cressstional diameters of the sampl es.

Finally, in order to measure the ductility o
for different values of theabdn8img (Bdguse ¢
at est was semedypoglsiwndppiyobt ained wire ar oul

industrial applications.

For mi crostructur al anal ysi s, SEM (ZEI SS SUF
examine the presence and dispersiomrmEBISDSIi C p
detector for grain refinement analysis. Dur i
to 20 kV, the sample tilt angl estid®&0A,heardtt
cr essesc b nHingnla g n ir feige @ n sm weenrden ,01. r3e s pTehcet i Avzetleyc. Cr y
1.1 software from Oxford I nstrument s was U s
measur ement was conducted wusing an automated

assessedasluyr fagxieng oughnessweéereseat edndby 3 Dspng-



Finally, a commercially available Fluke 435

voltage, current, and power history, was use:

.

20
25

30 30 30 30 30

30

FigurBend.ishg Areel 06 test fixture.

Figdr@aensipleegmemetry for wire test.i

3.2 Numé&Emnnadd |
3.2.1 Gé&ageathiaogs

The numeri cal mod el was devel oped wus3ibng t he
Lagrangipaaacdlesi §omeltfadr mpmgc eSlseesi mpl ement ed
formul ation is based on the variational appr
desired solution), a motnhga ta | d a taidsnfiys sti hhd ec ovrep ao

i ncompressibility and the boumumctyi croaldi tt o oa



stationary value.

“=UO- e)}ho %@3&2 Y Q)

Where E is the wor,kodf @n-et iTohne, iwnhciocnip rgeicvyseisb i | i
admi svseilbofceietliykess od ywmtdr oapuecnianfgo z ench@fo mpr e ©ihiebi | i t
var iaaft Fenn c tHeonntabhec twealloci ty field i s determine
of the variation as foll ows,

1 el 0, g0 R0 yg@RY (2)

Whetfie-oos hveo | unsettraadnege nzlompksamaul d be a very |
constant for i ncompfrlegpesneradti @ FeSEo o sabl stelde h
by hdeecayi mgafimagoirwaemralntdhpel ade¢ i ¢r watrTkeomper at ur e
vari@an ome expressed as:

QYhi 17 Q20 (3)
Wh e IQ@6io 6 hhee at t r an s foeerh hreagt eenactreddtitthre i nt er nal €
rat e. wWos k¢pe eclee t he heat generation rate ca
i = Qoowmon 4

Wh e k eti Ifer a cotimeocnh aemeidggnsi ot medheato (lassaned. T
remaining part of the deformationcdmesguposh st or
avariafdi sh odtean sgiotelgiopoundari es, phases, et c. Th

written as

UQY% 1 YR @ 1Y) Qooskod "YRE 1 "YQF O (5)
WheNeéshheefit axrtohbed un d ar Braaode

e ="Q°Y (6)

The temperature field has to satisfy the pres

for arbitrary perturbation. The FEM formul at |
[6] {"¥+[0s] T ={0 § (7)
The theory necessary to integrate the previ

textbooks. The new temper abtpproxegnatiors found by t |



% % Yop I T Y M ®)

The convergence of the time marchindg skhems
usual ly comsshioduelrde db et hlagar ger than 0.5 to ensu

value of 0.75 is wusually selected.

3.2.2sMdodel
| or dedm v e stthpega thnex $ aconfiheeSEr o aedsisbgbekd 3D FEM m

for FSE, based on a Lagrangian implicit sol v
mechanically couplkegp)] awtthb magedi al behavi ou
cali brated and wvalidat erdedusdurgi ntgengpedadiuc &t e

campaign.

It should be observed that even i f the chips
model |l ed as a single workpiece. Mor eover, t
materials was employed to accowmt fThhre tAIRS 0B,
bill et was modeled as one porous object with
determined by dividing the density of the ba
Yet , the executed mwmenriac &ld dihmul, atpiroms demt
density of the chips billet quickly grew to
density equwail spdlaast) ,c apmpirgiach with Von Mises
flouwer is then applied.
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The material database JMatPro demo and inter|
N 8

. Q- Q0K (9)

where k = 6.616, nb= D50868Then =h®&r @591 sasnde

up the simulation by wusing constant t her mal

equivalent to 180%AK/)(sAkKspamcdi xed yN/ Mommel | i n

the tool and the workpiece used shear fricti

( mmKs) .

For the only purpose of the ther mal study, t

represented as rigid bodies and meshed with
respectivel y. Around 18, 000 t et roahkepdreacle, e lwe nb
finer mesh near to the extrusion channel hav
Figure 3.10 shows the model at the beginning
time needed for each sismecloatiroen;)] edhevit dholasmo\

data taken from the experiments as described

Workpiece ——»

~ Extrusion
chamber

Fig. 3.10 Sketch of the numerical mo d e |

The model was tuned using experimental temper

at the bottom of the die chamber on the symm

3.2.3 Tool design through the numeri ca

First, the numeri cal model was validated agai
Figure 3.11 shows the temperature trend duri
embedded at the bottom centeul afedhky ekheusi

mo d el
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Thermocouple Temperature ()
k 259 I
' 229

189

1?UI

140

110

798
MI 0 2 4 6 8 10 12 14 16 18 20
200 b) time [s]
Fig. 3.11 Temperature at bottom center of
The numerical model was then used to deter mir
experiment al campaign. I n particul ar, t hree

shoulder), 5A, and 10A. Fiegureectd .vie2 sshhaws tdh
Cresesction.
0A 5A 10A
—_—  ———

20 80 140 200 260 320 380 440 500
a) | — == B Temperature [AC]

e
--—h-i

100 200 300 400 500 600 700 800
Bl  Strain - Effective [%]

Fig. 3.12 Temperature and sktécbnve str

|l ncreasing temperature and increasing strain
The inclined surface of the sshoulhederonre hualntds
angles imply a | arger surface and, hence, | art
surface promotes a materi al fl ow component t

materi al mi xing dnaonaadlliyd hdhoredimgr eadeid def o
heat, further ceornatrurbeutiersc rteoa steh eantde nmpat er i al
described apply to all case studies and, for

equal to 10A was considered for the subseque.l
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3.2.4 Process parameters effect on mat

Figures 3.13, 3.14, and 3.15 show the calcul
rat e, respecstecvteiloyn . i-2ha pap-BEc8a@EB@O correspondi
the highest, intermecisptteti ard yl,owe £t phestentt|

20 80 140 200 260 320 380 440 500 .
| S| BN Temperature [AC]

}

500 rpm i 21 kN 400 rpmi 18 kN 300 rpm7 15KkN

Fig. 3.13 Temperatsreetdiont fiob2ulSia obEl 0edrBEIa0DO 00 s !

00 25 50 75 100 125 150 175 200
B Strain - Effective [%)]

-

/

'

500 rpmi 21 kN 400 rpm’i 18 kN 300 rpmi 15 kN

Fig. 3.14 Effective -sSacrtaiionn dfi osrH2 rlS AR i0a®-18S3 0300 (a
15.

0.0 0.065 0.125 0.188 0.250 0.313 0.375 0.438 0.5
B Strainrate - Effective [s7]

_—4"-

|

B

500 rpm i 21 kN 400 rpmi 18 kN 300 rpmi 15 kN

Fig. 3.15 Effective Stercaiimnr atoe2 1dSias® @rl0 &bSuStbBi0dn
15.

It is noted that the higher heat flow resul't
the iIincreased tool velocity and the enhance
temperatur e, deter mi ne hi ghheoru gvha lau edse toafi | setdr as

occurring bonding condition through the Pi wn

study, it can be stated that these three con
the contr-aby tihffeon®3 @bt ai ned with tool rotat.i
equal to 15 kN, the maxi mum temperature hardl

al most i mpossible for sound bond2iIng -88o00 Ootchceu r
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| arger arewmi ght elred otrenat i on bef ore the extru

bonding occurs before the onset of the actue

S3610k6, for which sufficient strain is genera
chmanel , |l eaving |l ess time for the solid bondi
the Piwnik and Plata criterion, proper condi

reached in the matefild&8WJFfiomrald oyyund hseolmad ebro rad i

the @#lbomse dered case studies. Il n particul ar,

initially | aying on a diameter in the extrus
3.16) . blet nohtew! d hat while | arge deformation
during the simulation, the fApoint trackingo
to study the movement of a si ngnloet plarntkiecdl e oo f
el ement. Udhosbaettewsanalyze the materi al flo
obtainable with a more appropri a[tleg ssknmepgihn g aa
the same time the advantages of a | agrangi an

e <

o o

X ‘/_ﬂ....

- 7',,.&/ 28 B
500 rpm 1 21 kN 400 rpm 1 18 kN 300 rpmi 15 kN

Fig. 3.16 Material?lf|-B&06B30Gampl e S !

The results highlight how the typical helico

and ftoro@es t oo | ow. linn stufFdsec i eomnn dimaitenmrs ,al mi
bonding and the poor mechanical properties pr
for which Udrse | afr gtehe t hament materials in the
were obtained, proper helical movement of mat

heli x is s#d8l,|l emaract®40Qed by | owelr5.t oToHi 3 0
i s because of the oppositel etf easodngfottadalonr
in | ower whheilliex ipnictrcchasi ng force results in

increased pitch.
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3.3 Pmeckasics

An experimental campaign was carr akdbdlpad8 2 n o
in order to investigating ©f éeeetfrfgdeaathaoaing t he r
t huenconspracve®sl able. The characteristics of
Table 3.1 Twekoma&gacidéesnenhballahiade ear ouwkeid h

t he t ool iPnagr asgertg plh (3s.e2e. 1

Vari abl e t ool r otaantdi o@mx t reuxstirouns i mat ifoorwer e u

parameters used for the elxapdleimeha@d dciafmpan g

studies were investigated. Each test was repe
cut for tensile tests and macrographic anal y:
3. Makroscopical Observation

First, a visual inspection was <carried out
macroscopical observations of the extruded
parameters, as detailed in Table 3.1. The rot

and stirring within the extr usifont hoeh aenxbterru.s iC
al ongaxihe® rzesults in the plasticized materi a
inserted tool . Notabl vy, specimens produced
twisting and col dgeea@ariangonl msuffowcirentatheat

was identified as a contributing factor to in
at high force and rotational speeds (500 and
al otnlgpei r entire | ength. Particularly, wires
guality, attributed to enhanced heat generat:i
that during the preliminaryrexpéiriomaht speadf

f ormation of hot cracks and increased surfac
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attributed to the combination of high rotatdi
|l ow extrusion rate and excessive heat gener at

roughness.

400 rpm -15 kKN
e

e .
500 rpm -15 W‘“ﬂmﬁmﬂ Lot

.6mm

Figure 3.18. Extruded Al 6082 wires surf

50

40

0.6 mm 18 21

Fig. 3.19-skEtcched ofogsghe considered ca



3.3.2 Tensile Testing

Tensile tests have been carried out on t he

average values for the case studies under co

experimental setup utilized f@Obb) the experi mel
< 250
o
=
- 20 O 21kN
= S k- 18kN
§150 -7
B '
()
» 100
g 15kN
[
£ 50
£
=)

300 rpm 400rpm 500 rpm

a) b)

Fig. Jerdil(la)testExpersiume st alndf i(bt)ur e ut

|t i s observed that an increasing trend was
rotation. Il n particular, when the tool force
For tool force values equal teci $8akbeawds2btk

with the best performing wires reaching abo
corresponds to the one of the parent mat er i

foll owing.

3.3.3 Hardness Testing

On the wires' cross section, microhardness t
each section were considered (Figure 3.21 b).
the shoul der and the mat evrairala btloe bwea sp rcoocnessi sdeec
fl ow input in to demonstrate the results. Co
put forward by Song and Kovacevic for the he
friction [slt8i6r] wel di ng.

¢ O 0 (10)

Where r i s the distance between the esti mat e

toeils the Coulomb friction coefficient, assur



Figure 3.21 (a) shows the trend of HV, <cal cu
cresstion, as a function of t he heat fl ow. I
in the as received condint itohnes ,T 4i .set.a,t eT 6a,r ei nr e

90
> 80
=
» 10
2
< 60
o
£ 50
4
2 40
= 30 AA6082- O
20
1000 1500 2000 2500 3000 3500 4000
Heat flow [W/mm)]
Fig. 3.21 HV microhardness as a function o
A few interesting observations can be made i
flow; the values obtained are between the HV
l ong as the |l atter is conbBome&ireg, ocdcurcrainn@ew
resulting in |l ocal micromechanical properties
materi al in the O state. Thipl83wdobngwbsking
FSE of AA2050, found that, regardless of the
showed mechani cal properties close to the one

T6 corresponds teo Ta&lr tciofrirceisglo nadgsi tgo whaitlur al a
the material's ther mal cycle throughout the

which enhances the wire's mechanical resista
t henscadered AA6082 alloy, the T4 state all ows
This can be an advantage when the final appl:i
or weHdalsendy addi ti ve manuf act uarlitnhgo upgrho ctehses el so.w
observed for the | ower heat input, for the U

determined. This is mainly due to two factor



surface of wires for which the combination o
excess of heat. Hot cracks do nwodctaifdre,ctwhihlee
have detrimental effects Dmi ¢ hiesttemsidas@y ops
the wire produced with R=500 rpm and F=15 kN

observed due to the combination of high tool

rat e.

Al so, even fareehomi rersgc kihreg outer surface can
all wires and r[old3s7 |pr dldlBSBejce rhy dRR®Et o t he s mal
here considered, this aspect could not be hi
observed that a nearly monotonic trend of HV
process pasbtetedsinothis study, no detri men
occur s.

3.3.4 Bending Test

For all the wires producee ewittihonf owacse neogu aple r
and inconsistent geometry was found along th
from the tensile tests and bthe eobhemghadtighnse
numeri cal resul ts, this depends on two diff
reached due to | oM5toa@ahdr othat hon, cfrac k$d@0Q a
S560106 . Finally, heeardi ngr rtieesd solthtaveThe obtaine
Tabl e 3. 4.

Table 3.4 Bending test results for t|

Tool Radius [mm]

[kN] [rpm] 15 125 10 7.5 5
300 x } - B} B}

15 400 v % - - -
500 v v x - }
300 v v v v v
18 400 Ve v v v v
500 v v v v v
300 v v v v v
21 400 v v v v v
500 v v v v v
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i's seen that when the extrusion force i s €
n be obtained, regardless of the tool rotat
15 kN, theiwinndidcaantilyi tryediddded:s TOncaser:
or bonding between the chips resulted in fr
creases with increasing tool rotatioor,het he
ctility oflb5caswhiscthudiyaiS5s00when bent with a

e

400 rpm -15 kN

R=15ﬁlm/

400 rpm -18 kN

R=5mm

6 mm

Fig. 3.22 Minimum bending rlabd iaunsd 8Se4adcOh e d

3.5 I nfluence of process parameters

this section, the electrical energy deman:c
in wires out of chime datanwéeyeedotl fhed po w
aesleectri cal net work analyzer to the 1input e
wer was measured for the ,tema i preo du otdiuacrn i @fn
ng wire wafsunccotnisandaelr edni t . Af ter coll ectir
nsumption was cattcmbeagedphrbwm dtheepbwBumer.
Figure 3.23 the analyze2dl pkoNwepr otcreesnsd pfaor
nfiguepbroedi with all the different produc
ase concerns the application of 3 compacti
ansit,itbe pbakerotation was activated, and
om 5 kN to the desired | oad (15, 18, 21 kN)
mitation, it was not possi bl e ttioon nfsdaracne | tyc
sired vertical |l oad, hence it must be grad:t
end is also reported, and it iI's possible t
ansition step dcduaetnsitthye cianucsreada e ibrotdhhitph e

wel | as biyn ¢ ftoefa stehcer evree ntti acla | | oad.
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6 Specific energy calcul ations

alcul ate this process
alcul ated. TheeS&gni MJdiLkBoPhdi satb@miezihreg gy
nd of a manwmdmcharusgd procassess the eff

s energy effective

nced refrisgandt evan di faneortehnetr .p rlonc etshsee sFSE ¢ a

unit energy for prodaticthg ps.kg of wire ol

the SEC calculation, only the -prodwcacttii we
es should be i1 ncluded only when robust
patoiceammn rtelse functi onal unit can be identi

envirandnendr etaemmdproducti on scenario (100(
uctive phase @&ppd atrhse aa vieariarg ec hpooi weceer. |lenv e |
e, ,ahd GSEE€ extrusion rpararmetnerdguun dtfieo rec



reported. The selection dfo Ilabtailey zper odc ewsass pdarri
configuration characterized by the besf mech
obset hwieng mpact of the process parameters on |
i mab3l.e5 it is possible to see that with incre
SEC decreases. Actually, the efficiency of t
hi gher the extrusion rateeqgqutéeprtbgetoecut bei BEC
operations because the shorter processing ti:

brought on by heavier | oads.

Table 3.5 Powertandex3FBQ sfioorn diaftfeer(eEMlt pr ocess

Casestudy  F[Kn] Rirpm]  Power [W]  E [mmis| SEC
D IMJ/Kg|

ID1 18 400 6846.8 8.6 270.7

ID2 21 400 7054.5 20 116.8

ID3 18 500 6534.8 14.1 1533

ID4 21 500 7115.1 28.6 81.4

Some of the authors of the present paper have
as used for producing rod (&9l hdei ahneertee ri daelnutr
MJ/ Kg SEC value for | D4 still provides sub
conventional route quantified in that researc
as further wire drawionmg BreebpbBeadraé oee) hmt gleixt
obtaining the thiThewkeg hemei agssitdarteday be

as foll ows:
T The use of a conical shoul der surface r e:
wor kpi ecebemwdfiichi alr ef or proper solid bondi

T As the range of process parameters wused i
was found with increasing heat fl ow, whi c

rotati on.

T HV values dmredswecefn tthhee parent materi al i n t
state are found, suggesting that the proc

materi al with natur al aging |li ke the T4 t



T UTS values are | ower or equal to the one
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3. 4
f abr

As hi
the r
been
powde
prope
powde
noti c
powde

t hhr ee

| ues cannot be overcome because of eith
ffecede wires, to the nAweakero outer l ay
oduced wires due to the small diameter.
cell ent bending properties are obtained
ich makes the process feasible to produ:
e numeri cal mo d e | results all owed wus to
th varying i nput process parameters by
d material flow improve with increasing
e specific energy consumption decreases

nsidering the most efficient process <co

th respect to conventional production r ¢

Addi ti on of reinforced Si C wi't

i cation) .

ghlighted i n tsteatienttreocdhurcali cogni, e smoasltl osw |
ecycl i ng opriocveessst.i glant eortcheer FSE capabil it
cabrew xtedudiun g aA A OXBtRulriep odnd h&i I i con Carb

The average SiC particle size was 30m.
rties of the ARHBHISR2 TabhMEpd reepocutil valy. i
r percentages (10 %, 12. 5%, and 15 %) we
eable decrease in extrusion rate with ir
rrconcentratli drhewaex peaglienctnead .f cEracal t est

times to ensure resubbsl|liTheaadpeopnmen

t heSIAC composi teFwgle24 swisihloevnt hen process par

exper

i mental camphb3.gon. are shown in
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Figure. 3.24 (a) FSE setup for Ekéeérespoemi mem!
Extrusion Clhphawher . (e) SiC

Table 3.6. Experimental conditi on:
Sample label Tool Rot Forc
[ RPM] [ k N]
S 0-6 400 15
A 0DS8 400 18
A0D1 400 21
S50 ab 500 15
S50 a1 8 500 18
S0 @1 500 21
S60 a5 600 15
S60 €l 8 600 18
S60 @ 1 600 21
3. Makroscopical Observation
First, a visual i nspection was3.@drlruisetdr ad ets
macroscopical observations of the extruded A
parameters, as detailed in Table 3.6. The rot

and stirring within thenekyrushenmottambat . of
al ongaxihe rzesults in the plasticized materi a



insertMHadt aoloyy,, speci mens produced at | ower r

twisting and cold tearing. I nsufficient heat
was i dentified as a contributingy,f aaxitroers tpor oidn
at high force and rotational speeds (500 and
along their entire | ength. Particularly, Wi r
guality, attrhbat edener a@tnihamcad hi gher rotat
process parameters has a strong effect on A
di spersion of SiC is | ow and the produced h
resul tingraitn oamg glfomeei nf orced particles, bri
extruded wire, as it wildl be better explaine
extrusion rate also increases preventing ovel
't i s important to note that during the preld.
speed |l ed to the formation of hot cracks and
cracks can be attri but eodn atlo stpheee dc oambdi nl actw ocanp pc
results in a | ow extrusion rate and excessi Ve
to surface roughness.

Mor eover, the presence of Si C, which are abr
rotational speeds, the increased contact bet

geneeresatasmore heat, further compromising the
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Wire surface defects

(9]
S
S
Tool Rotation [RPM]

400

Force [kN]
15 18 21

Figure 3.25. Extruded Al 6082 /Si C wires

The sraeadss onal and |l ongitudinal surfaces of t
mi croscope in order to identify possibbe def e
shows the results obt-Aa8nedt hoandhwi ctheset st e
flow and dispersion bhcaSss€s aipprealr ofifloe msamp
to the same process conditions without t he

apparent in the wires.



Fi gube LB3omgi tudinal and crossectional view of
wi F86010B case study.

3.4. 2. Tensil e Test

Tensile tests were conducted on the WwWiares ac
il lustrates the results compared to the ones
37D showcases the experimental fixture utildi
samples without Si C part-defenedi hfendemént he
strength (UTS) as a functibwnp, ofheoOTSfbnceeatc
increasing tooleefdar dd darsd nrodteat itdirats pni ni mum
study1540i0.e. the one corresponding to the mi
i n gthudwhi tbrt he maxi mum UTS recorded was app
case studies within the surface defect windo
(S40®). However, at tool force valueseofwaks8 k
observed. The maxi mum val uer eofn fadvrrearehdg e Wwieme s |
obtained with an dxtrr whiiem favreceagef UTBE kMnge
MP a . By incorporating 12.5% reinforcement Si
against variations of both tool force and ro
has beenwinbreéaeedddi ti on of Si C particles.
t hrough s elcerraeamoghaemtdairesn.on of | oad transfer f

rigid reinforcement particles duringfeensil e



facilitated by the wuniform dispersion of Si
establi shment of robust i1interfacial bondi ng,
comparing the UTS properties -lag8 iotptamade P rtolcs
Al 6082/ Si C and AI 6082 wire is 214 MPa and 109¢
| ti'mportant taott OMeBnh @ oWT 8 hait sr ¢ io muenorretiéndfnor c ed
This itshedueengwtf heat for bonding which causes

wire surface.

(a)

250

200
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(=]
=]

6 UTS [MPa]
[y
17
(=]

S

[}

400-15 500-15 600-15 400-18 500-18 600-18 400-21 500-21 600-21
Processparameters

m without powder ® with SiC powder

Figui7eaB.Pensile test Results (b) Experi men

3.4.3. Bending Test

Bending tests were conducted wutil 8a.i nEx ttrhued ed
wires were wrapped around the fixture, char a
bendability of the wire. It i's worth notici
application of recyclved ywiusesd, awhif¢ch | @ean whe e
wel doiansged additive manufacturing. Observation
could be achi eovne df owicteh oafn 1e8x tarnudsi21 kN, regar
Conversely, with an extrusion force of 15 kN,

For samfglbe $H@@equate bonding between chips
(Fi g8bB. 2Al though increasing the tool -150t at.
experienced hot cracking, l'imiting its ductd.i



10 mm. As for Al 6082/ Si C composite wires, i

bendability was mini mal. This was attributed
particles, exacerbated by t heRPM.g | Gomesreaqtui eonnt |c¢
bendability of the Al 6082/ Si C composite wirtr
under these conditions. However, with increa

reinforced wire incrl8astetdesbgndingabehgvi &t ¢
resembled that of the unreinforced wire. Th
di spersion of reinforced particles and the
resulting i mcamaemtt abhe peonoparties. Table 3.7

processing window at various radi.@

(2)

10 mm

15 mm

20 mm

25 mm

30 mm

FiguBe Bemdability of wirsamglaé-18€0@i ng t ool

Tabl efr h®. b.e nodfa beixltirtuyuyded samples at wvarious ber

Bending Radi. ( mm)
15 12.5 10 7.5 5
Proces Al Al 6 Al Al Al Al Al Al Al Al
Parame60¢{ / Si 60 082606082606 08260¢608?2

se@ N N N

z
Z
Z
Z
Z
Z
Z

S5@a N N N N

~ ~ ~

Z
Z
Z
Z
Z
Z




S4e@d N N N N N N N \ N \

Sea® N N N N N N N N N N

SsseB N N N N N N N N N N

S48 N N N N N N N O O O

Se6a®d N N N N N N O O 8 o

S5a06 N o 6 6 o) O 3 8 5 8

s4aa 6 O 5 ) ) ) ) d 3 )

3.4. 4. Hardness Test

The microhardness assessment involvedrwblBsee ¢
section of each extruded wire, extending frol

val ues
compar.i
6082/ Si
provi de
reveals
f

rce.

créeas

»w O

e
o]
n
ase st
ampl e.
e

duct i

]

di scuss
i ncreas
the har
mi cr oha
i ncreas
unr ei nf
35 HV).
di sl oca

hardnes

were plott@ed,] napadd Paecuf mds € rrti §i. g B8 .2&i
son between specimens from the experi
C wires and the wunreinforced Al 6082
d9b .n TFhieg .andal2ysi s of the microhardness
an essrwash inchamdnng heat 1 nput, i
For the unl?®tihnef oawerda gsea nmil cer oh4a0r0d n e s s
€6 HV f or -2tlhe MoammplveerS60Q was noted t

udies, the hardness value slightly 1in
This increase can be atitnebgteaednsoat
on in grain size from the center to

ed in the f-ebtatwl hghetdnt hatt materi al s
ed har dnesrsaiann db osutnrdeanrgitehs druees ttra cg i ng
dness of samples containing 12.5% Sic
rdness is observed for allgt hehdarcdsees
ed from 90 to 106. 8aH¥.lby %t hecaedienhi o
orced Al 6082 wire and -QO0bas ehi mgahtee r iwa |

This enhancement can be attributed t
tion movememts| oclaei elby diemsi ¢gsi mg pri m

s el evation.
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Figure 3.8. (a) Average hardness value for each case stuBketah of the indentation loci.

3.4.5 SEM Analysi s
Fi g30 BlLustrates the SEMeatigomnsof-i®.amptheltdw 0@

input, i.e. | ow tool force and rotatB@n, the
The particle distribution within the matrix
considered: at the | owest r otuwntiifoomramh, swhleieadh |
the brittleness of the wi peewvindussleyd Gdde ¢l e rtveen
il lustrates the acglgelso nmeetr ahtii gohhe ro fmaSg nd fpiacrattii or
EDS mappid@ X .FiDhe 3SEM i-snagtei o aoheAlcr®d8&2/ Si
in Filgor 3t BB FEEBCE study. The speci men exhibi
di stribgoodnbomadidng between aluminum matri X :
which causes i mprovement of properties and r
3.1Bf) confirms the uniform dispeect bowiodd,Si C

which results in an improvement in mechanical
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Fi g8330 (a) SEM i maget iodntdhfe Alr o8G8ASSi ©) wiSE,
i mage at hi gher -InagBDSESi enatpipom,g a&rhd sfeet conr e
representing the aggl omeration of SiC particl


























































































































































































































































































