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Abstract

Friction stir spot welding (FSSW) is a solid-state joining process that uses a hon-consumable rotational
pin or pin-less tool. It is an emerging technology in the automotive and aerospace industry which is
receiving significant attention from researchers because of its potential to reduce cost and to improve
throughput.

In this study, FSSW using two convex pin-less tools with different radiuses was used to weld multiple
ultrathin sheets (0.3 mm thickness) of aluminium AA 5754 grade alloy. The process parameters, namely,
rotational speed, axial load and penetration depth were varied and the influence of these on key
mechanisms like strain hardening, thermal softening, material’s microstructure and strength of the weld
joints was studied. As a priori to the main experiments, a series of dummy trials were made to know the
range of the axially applied load. Accordingly, an axial load of 2 kN was used for batch I (tool T1) and
4 kN for batch Il (tool T2). The penetration depth was set as 0.25 mm for both batches. The most
influential parameter, rotational speed, was varied from 1500 to 3500 RPM for the processing of batch
I and from 1000 to 4500 RPM for batch I1.

It was interesting to observe that an increase of the tool radius from 15 to 22.5 mm reduced the dwell
time by approximately three times, bringing the weld time to under 1 s. The rotational speed was found
to have a significant influence on the mechanical properties, the topography of the weld, dwell time and
stress distribution governing the joining mechanism. At lower RPM, surface microhardness was higher
compared with that of the base material. By contrast, using higher RPM made the surface softer. An
increase in the RPM lead to an increase in the strain rate which resulted in an increased temperature. It
was concluded that low RPM during FSSW make strain hardening to be dominate mechanism whereas
higher RPM caused thermal softening. In both cases, dislocation tangle inside the grains caused the
formation of several subgrain structures.

Post-weld Scanning Acoustic Microscopy (SAM) was used for non-destructive testing of the weld
faying interfaces (WFI) across the thickness to determine if there were other defects which had not been
observed. It was found that delamination in the last interface is dependent on RPM. A Small Punch Test
(SPT) was used to assess the weld-joint strength. It revealed a layer 1.7 pm to 4.2 um thick within
rupture in specimen after SPT that had been welded with 1000 RPM from batch Il. From SEM
micrographs, it seemed that this layer was responsible for delamination during SPT tests. To better
understand these atomistic mechanisms governing the delamination, an analysis was performed using
transmission electron microscopy (TEM), nanoindentation, and nanoelectromechanical analysis was
performed on an Atomic Force Microscope (AFM).

A detailed analysis using these techniques revealed that the fracture of the samples during the SPT at
WEFI was caused by dynamic precipitation. Also, an entrapped oxide layer mixed in the nano pits on the
surface was seen at the middle of the weld faying interface. Together, these led to the initiation or the
nucleation of cracks with the crack path growing to the outer line of the weld faying interface leaving a
ductile rupture on its path. Weld faying interface seen from the TEM was between approximately 1.6
to 2.05 um thick, which correlated well with the SEM results. The methods used in this work provide a
pathway to obtain defect-free weld joints in ultrathin multiple sheets with FSSW by using convex pin-
less tools.



Pe3ume

VY HoBwuje BpeMe cBe je Beha morpeba 3a ynmorpeOoM JIakuX Jierypa y ayTOMOOHIICKO] U aBHO
MHAYCTPHUjH, 300r cBe BehHMX 3aXTeBa 3a CMAmBECHEM YKYITHE Mace BO3MJIA M HUXOBE LIEHE.
CxomHO TOMe, cBe je uemntha ynmorpeda alyMHHH]jYMCKHX JIETypa Kao 3aMeHa 3a JieType Koje
nMajy Behy crienmpuyHy Macy Kao mTo ¢y 0akap, YeJuK U CJI. YoTpeda alyMUHH]yMa YMECTO
0akpa je cBe yemrha Kako 3a MPOBOJHUKE TAKO U 3a (oJMje U JIMMOBe y OaTepujama U JpyTuM
KOMITOHEHTaMa BO3WJIa, U TO HE camo 300r ymTeae Ha TexkuHU, Beh u 300r Tora ImiTo
QTyMHMHUJYM Ha TPXKHUILUTY MMa 3HATHO HIKY M cTaOwiHM]y 1eHy. Takole, jenan ox 3axTeBa
CBaKoOT MPOM3BOJIHOT TIpoIieca je U Ja 00e30eu MPOou3BO/] ca 33a/10BOJbaBajyhuM MeXaHHUKUM
ocoOMHamMa y3 MHUHUMAJHH YTpPOIIAK €HEepruje, a caMuM THM W y3 MUHHMAJIHE TPOIIKOBE.
TpeHyTHO HajaKTyeITHUje TEXHUKE 3a MPEKIIONHO CIajahe JTMMOBA OJ1 AIYYMUHHU]YMa U FbeTOBHX
JeTypa Cy eJeKTPO-OTIOPHO TAuyKacTO 3aBapHBambe, CICIMjaIHA IMOCTYNaK 3aBapHBama y
samtutd raca (Cold Metal Transfer Spot Welding), taukacto 3aBapuBame Jacepom,
yITpa3By4YHO TauyKacToO 3aBapuBambe, 3akuBambe (Self-Piercing Riveting), u pasmuunte ussenbe
TAYKACTOT 3aBapHBama TpemeM ca MemameM — T3TM (Friction Stir Spot Welding — FSSW). 3a
cazia je eNIeKTPOOTIOPHO TAYKACTO 3aBapHBame Hajuenthe KOpuIIheH MocTymnak o HaBeICHHX,
3axBaJbyjyhu BEJIMKO] MPOJYKTUBHOCTH U MOTYhHOCTH IIpUCTYTIA paHOM IpeaMeTy. Mehytum,
300T BUCOKE TeMIIEpaType y TOKY Ipolieca 3aBapHBamba Y 3aBapCHUM y30pIIIMa YeCTO J0JIa3H
710 1ojaBe Jieekarta Kao IITO Cy TOPO3HOCT, CMAkbEHE MEXaHUYKHX 0COOMHA y 3aBAPEHOM CII0jY
Yy OJHOCY Ha OCHOBHHM MaTepHjall, 3a0CTaji HamloHW, Moryhe mncmapaBame TI0jeIHMHUX
nerupajyhux exemMenara, mpciMHe, HAIOHCKA KOpo3uja U cIudHO. Takohe, moTpolma eHepruje
j€ BeIuKa IITO HeTIOBOJLHO yTHYE Ha 1IeHY (PHMHATHOT IPOU3BO/IA.

TaukacTo 3aBapHBame TPEHEM Ca MEUIAKEM j€ PEelIaTUBHO HOBH IOCTYNAaK 3aCHOBAaH Ha
MIPUHITUITY 3aBapuBamba TpeweM ca MemmameM (3TM). To je mocTynak 3a 3aBapuBame y YBPCTOM
CTamy, KOju je MpBU MyT pasBujeH 1991 roawHe Ha WHCTUTYTY 3a 3aBapuBame y Benunkoj
bpuranuju (The Welding Institute, UK). ¥V Toky 3TM mporeca He go0jia3ud 0 TOIJbEHa
MaTepHjalia MTO BeoMa MOjeJHOCTaBIbyje mocTymnak. [locTymak uMa HU3 MPETHOCTH Kao IITO
cy: Mana aedopmaligja 3aBapeHor CIoja, MEXaHHIKe OCOOMHE 3aBapEHOT CI0ja Cy CIIMYHE WIIN
00Jb€ y OJIHOCY Ha OCHOBHU MaTepHjall, yjelHaYeHa MUKPOCTPYKTYypa, TEXHOJIOTHja HEMA JIOIT
YTHUI1a] HA )KUBOTHY CPEJMHY IIITO je TOCEOHO 3HaUajHO KOJ 3aBapuBama JIerypa alyMUHH]yMa.

OcCHOBHM IIPUHIIUII j€ Kpajibe jeHocTaBaH. PoTupajyhu anar ca moceOHO TrU3ajHUPAHUM TPHOM
Y paMEHOM YJIa3H y TOPHY MOBPIIUHY MPHIIPEMIBEHOT 00paTKa, 3aTHM CE CITYIITa Ha JI0JIe, CBE
JIOK ¥ paMe He JOJUpHE Topiy NMoBpinHy obpatka. [Iporec Tpaje 10k He nohe 10 AMHAMUYKe
peKpHUCTaNn3airje, Koja HACTaje Kao IMOCIIeIUIla BUCOKOTI CTEleHa naedopMalidje OKO TpHA,
ycClie]] BETUKOT TPEHha U BUCOKE TEMIIEpaType y3pOKOBaHE TUM HCTHM TPEHEM. 3aTUM Ce€ anaT
MOBJIAYM U3 3aBapEHOT CII0ja, Ha YMjeM MECTy OCTaje pyla Koja CMamyje MEXaHHUKe OCOOUHE
3aBapeHor croja. Jla Ou ce mpeBa3uIao oBaj MpodeM MPEAJIOKEHO j€ HEKOJIMKO Pa3IMunuTH
Mo (UKaIja OBOT MOCTYIIKA.

TaukacTto 3aBapuBame ¢ MelameM ca momynom usinasue pyne (Refill Friction Stir Spot Welding-
RFSSW) je moctynmak T3TM koju omoryhaBa 3aBapuBame ca ajaToM 0e3 TpHa ajH 3axTeBa



cnoxeny ompemy. [Ipumena anmata 6e3 TpHa je Takohe pemieme Koje 00e30ehyje moOujame
y30paka 0e3 pyre y3poKoBaHO TIOBlIaueHkeM TpHa ajnara. [loctoje pa3nnunre u3Benode anarta 6e3
TpHa, Tj. pa3IU4NUTEe T€OMETPH]j€ OBPIIMHE Yelia ajlata Mory OuTH u3BeseHe. OBaj MocTynak ce
y IuTepaTypH Takohe mojaBibyje  1MoJ HA3MBOM XUOPHUIHO MU(Y3UOHO 3aBAPUBAKHE TPEHEM -
X3T (Hybrid Friction Diffusion Bonding — HFDB). Kao riaBHu MeXaHW3MHU OATOBOPHH 3a
cnajame npwinkoM XJI3T mpemnoxenu cy audysuja U AMHAMUYKA pekpucTatuzanuja. OBaj
MOCTYTaK ce 0J1 KoHBeHIHoHaTHOT T3TM pasnukyje 1mo ToMe mTo ajaT yjaa3u camo y IPBH JTUM
no nepuHucaHe nyOwHe. 3axBajbyjyhMl YHECEHO] €HEpruju y TOKYy IIpoIeca Ioja3u [0
JMHAMUYKe PEeKpUCTaTU3alfje MCIOJ MOBpIIMHE ajara mpaheHe nudys3ujoM Ha CI000THUM
noBpirHama u3mely numoBa. Hemocrarak oBor mocrymka je TO IITO J€0 MaTepujajia UCIOJ
ajylaTa OMBa MCTUCHYT Ha NOBPILIMHY JIUMa, I1a je MOTpeOHa HAKHATHO MMOPABHATH Y30pKeE, IITO
HETOBOJFHO yTHYE 300T J0IaTHOT BpEMEHa MOTPEOHOT 3a (PUHATH30BaKkE IPOU3BO/IA, 1A CAMUM
TUM ¥ Ha MOPAcT IeHe mocTymnka. Takohe, cmarpa ce 1a je OBUM MOCTynKOM HeMoryhe wmin
TEIIKO 3aBapyBaTH TaHKE JUMOBE WiH ¢oiuje. [Ipema AOCTYIHO] IUTEpaTypH, 3aBapUBAHE
yITpa-TaHKUX JuMoBa ucnon 0,8 mm nebspuHe ce yrinaBHoM He u3Boau T3TM.

Jomr jean BeoMa 3HavajaH HEJOCTATAK MPUIMKOM MIPEKIIONHOT 3aBapUBaba M0jeAMHUX JIeTypa
j€ TPHCYCTBO MOBPUIMHCKOI OKCHA, Kao IITO j€ peluMO KOJ JIerypa alyMHUHHUjyMa, Koje
Mocelyjy BeoMa TaHaK 3allITUTHU ¢J10j amyMuHujyM-okcuaa (Al2O3). OBaj cioj, 300T BHCOKE
temnepatype Tomsbema (~2072 °C) ce He pasnmake y TOKY IIOCTYIKa 3aBapuBama, a
HCTOBPEMEHO MPE/CTaB/ba CHAXHY Oapujepy 1udy3uju Ha Mel)yKOHTAaKTHO] IOBPILIUHH U3Mehy
JMMOBa KOju ce 3aBapyjy. OBo je mpBu myT npuMeheHo y TOKY MOCTyNKa JIu(y3HOHOT
3aBapuBama, Mehytum u npuinukoM T3TM ca amatom Ge3 TpHa oBaj mpoOsem je Takohe
MIPUCYTaH, aJli y 3HA4YajHO Mamk0j MEpH. YKOJIHMKO C€ TIOBPIIMHA Y30pKa MPUTHCHE ojipeleHoM
CHWJIOM JIOJIa3| | JI0 CaBHjama Mel)yKOHTAKTHE IMOBPIIMHE yciea yera ce kpra ¢aza AloO3z momu
U pasJliBaja ce y Mame cerMeHTe, n3Mmely kojux gonasu a0 qudysuje. Lto cy cerMeHTy CUTHUjU
1 00Jbe YMEIIaH! TO je KBAIUTETHHUjH 3aBapeHH CIOj. AKO Ce J10Jia U poTallHja ajaTa IMoCTyIaK
YCUTHaBama je jon u3paxxenuju. Mehyrum, okcun he octatu 3apo0JbeH y 3aBapEHOM CIIOjY Y
BU/Iy YECTHUIIA WJIM CerMeHaTa M MOXe MPEJICTaBJbaTH MHUIM]aJTHO MECTO 3a IOjaBy IPCIUHA
yKOJIUKO Joh)e 10 mpexoMmepHor onrepehema 3aBapeHor croja.

Ja 6u ce mpouec T3TM ycnemHo mpUMEHHO 32 3aBaprBamhe KOMIIOHEHTH OaTepuja, KOHEKTOpa
M J1a O ce KOPUCTHO 3a 3aBapHUBAakEC KOMIIOHCHTH Y €JICKTPOHHUIIM, HEOXOIHO j€ Pa3BHTH
MOCTYIAaK TOTrOJIaH 3a 3aBapUBambe YJITPATAHKHX JUMOBA U (osmja. 300r BUCOKOT CTEreHa
nedopmaiiyje u 3arpeBama TpembeM npuwirkoM T3TM ynrpa TaHKUX uMoBa u (houja, 10J1a3u
0 Kujama (1enama) Goiuja WM yJITpaTaHKUX JUMOBA HM3Mel)y CIOJbHE KOHTYpE anara H
He3aBapeHor nena JnMa. HeomxomaHo je KOHCTpyucaTH ajaT Koju he y3 ajexkBaTaH OJHOC
napamerpapa 006e30e1uTH 3aBapeHH croj 6e3 aedekaTa y 3aBapeHoj 30HH Kao U 0e3 omrehema
JMMa Ha mpelasy u3mel)y 3aBapeHe v He 3aBapeHe 30HE.

Wneja y okBUpY OBe TIOKTOpCKE AMcCepTalyje je Omia na ce pa3Buje anart koju he o0e36enutu
MOCTENeH YHOC JiedopMaltje U 3arpeBama TPEHhEeM y YeTHPH MPEKIIONJbEHa JIUMa OJ1 JIEType
AlMg3 (AA 5754 — H111) ne6mpune 0,3 mm, kako Ou ce HaBeAEeHU MPOOJIEMHU MPEBA3UIILIH.
XUMOTETHYKH TIOCMaTpaHo, OBakBa KOHCTPYKIMja anata Ou Takohe oMoryhmia mocreneHo u
pPaBHOMEPHO CaBHjarmb¢ MEyKOHTAaKTHHX IOBpUIMHA, IMTO OW Morjo ma o0e3denu 0oy



nudy3ujy Ha MehykoHTakTHO] moBpiuHU. Takohe, na 6u nocrynak T3TM 6uo onpaBaaH, Tj.
na Ou OWMO KOHKYpEHTAaH YIJITPa3BYYHOM 3aBapHBamy W TAuyKaCTOM EJICKTPOOTIIOPHOM
3aBapuBamy, IMOpEa aJeKBaTHE TeOMETpHje ajlaTa, HEOMXOJHO je u3abpaTh M aJieKBaTHE
napamerpe mporeca Koju Ou Morim Ja o0e30esie 1a BpeMe 3aBapuBama 0yJie MUHUMATHO Y3
aJIeKBaTHY MUKPOCTPYKTYPY, OTHOCHO MEXaHUYKE OCOOMHE 3aBapEHOT CIIO0ja.

Jla Ou ce MCTTYHHJTU CBU HaBeJIeHH 3aXTEBU KOHCTPYHUCaHa Cy JIBa ajara 0e3 TpHa ca KOHBEKCHOM
KOHTakTHOM moBpmrHOM. Kopumhenn npeynuk oba amata je 12 mm, mehytum paaujyc
KOHTaKTHE TIOBPIIIMHE CE pa3jiuKyje. AJlaT KOjU je KOPHUIINEH 3a 3aBapHBambe y30paKa y Cepuju
[ u3paben je ca panujycom KOHTaKTHE MoBpiIuHE oA 15 mm 10k je anaty cepuju Il nuzpahen ca
panujycoM KoHTakTHe noBpimHe 22,5 mm. [Ipomena BenuunHe pamujyca yTHde Ha CTETCH
negopmanyje ¥ TeMIepaTypy YHECeHy Y paJHu NpeaMeT, yTUuyhu Tako M Ha Bpeme
3aBapuBama. [IpuwiukoM wu300pa mapamerapa JyOMHA NpOAHMparma ajlaTa W aKCHjaIHO
ontepeheme cy omabpanu na Oyay KOHCTaHTE JOK je yraoHa Op3WHaA BapupaHa, Kao
HajyTUIIAJHU]H TIapaMeTap y TOKY Ipolieca.

JlyObuna npoaupama anara je Ae()uHICcaHa TaKo Ja MPeICcTaB/ba MUHUMAIIHY AYyOHUHY MPU KOjO]
je moryhe moctuhu 3aBapenu cmnoj usmely detupu imuma. Y 06e cepuje je nyOuHa mpoaupama
amara noxemieHa na oyne 0,25 mm. C npyre crpane, akcujaHo onrtepeheme je ogadbpaHo Tako
na Oyae MakcuMaiHo ontepeheme ca KojuM je Moryhe ocTBapuTH cIoj uzMely 4eTupu Juma.
Axko Ou ce cuiia I0IaTHO CMamUjIa BpeMe 3aBapuBama Ou ce nosehaio, ¢ 063upom aa je ypehaj
3a 3aBapUBaIbE Ca KOHTPOJIOM CHJIE, IIITO 3HAYH JIa BpeMe Tpajama MpoIieca 3aBUCH O TOJIEIIeHe
TyOMHE IpOIMpamka ajaTa, MEXaHHIKUX OCOOMHA OCHOBHOT MaTepHjajia, 3a1aTe yraone Op3uHe
u akcujanHor ontepehema. [pyrum peunma, Bpeme 3aBapuBama hie y Tom ciydajy OuTH Bpeme
noTpeOHO Ja anaT JOCTHUTHE 3aJIaTy NyOuMHy Tako mTo he caBiajaTH OTIOp Marepujajia ca
npeaeUHUCAHOM yTaoHOM Op3uHOM M onTepehemem.

Haxkon nedgunucama cBUX HaBeJICHUX MapaMeTapa 100ujeHe Cy JBe cepuje y30paKa:

Cepuja I: ca anarom T1 ca paanjycom KOHTaKkTHe MOBpiuHE 15 mm, croj usmely cBa yetnpu
JUMa je OCTBapeH KOJ y30paka 3aBapeHux ca yraoHum opsuHama 1500, 2000, 2500, 3000 u
3500 o/min.

Cepuja II: ca amatom T2 ca pagujycom KOHTaKTHE MOBpIIHHE 22.5 mm, 3aBapeHu c1oj udmel)y
CBa YETHUPH JIUMA j€ OCTBAPEH KO/ y30paka ca yraonum opzuaama 1000, 1500, 2000, 2500, 3000,
3500, 4000 1 4500 o/min.

Ucnoxn 1500 o/min (cepuja I) u ucniox 1000 o/min (cepuja I1) Bpeme 3aBapuBama 61 OMIIO MPEKO
5's, mto je BaH orcera Mammae. [Ipexo 3500 o/mm (cepuja I) u npexo 4500 o/min (cepuja Il )
HUje Omio Moryhe 3aBapuTé BHUIIE O TPH JIUMA.

3axBaspyjyhu mogaunma 1o0ujeHHM ca ypehaja 3a 3aBapuBame Kao IITO Cy MOMEHAT, CHUJIa U
BpeMe Tpajama MOCTYIKa W3padyHaTH Cy CMHUIAJHH ¥ HOPMAJIHU HAIlOHH Kao M KOS(UIIHjEHT
Tpema y 3aBUCHOCTH O] BpeMEHa 3aBapHuBama. Takole, 3axpasbyjyhu nmocrasspamy TepMoO mapa
Ha JIHY y30pKa oMoryheHo je Mepeme Temreparype MpH pa3iiuuTHM yraoHUM Op3uHama.
Ananu3oM TOOHMjeHUX pe3yiTaTra yCTaHOBJBEHO j€ Jla Y 3aBHCHOCTH O] yraoHe Op3WHE Kao U
reoMeTpHje anara, BPEIHOCTH TeMIepaType, CMHLAJHOT HAlOHAa M KOCPHIMjEHTa Tpermha
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3Ha4YajHO Bapupajy. [lociieanyHo, YCTAHOBJBEHO j€ J1a Y TOKY Tpolieca 3aBapHBama ca MalluM
OpojeBuMa oOpTaja CMHIIAJHM HANOH OCHMJIyje y TpaHullaMa wu3Mel)y BpEIHOCTH Koje
0/IrOBapajy MOYEeTKYy JedOopMaIlMoHOr OjadyaBamba W 3are3He 4YBpcTohe KOJ OCHOBHOT
MaTepujaa, MTo JOBOIH J0 1e(hOpMAIIMOHOT OjayaBama y 30HU 3aBapa. Y TOKY 3aBapuBama ca
BCJIMKMM YraoHMM Op3WMHAaMa HAllOH HEMOCPEAHO HAKOH I[OYeTKa Ipoleca JOCTHXKE
MaKCHUMAJIHy BPEJIHOCT KOja Mpeiia3u BPEIHOCT 3aTe3He YBpcTOhe OCHOBHOT MaTepHjasia jaa Ou
3aTUM Harjo OIfao W JI0 Kpaja mpolieca OMO HIKK OJ] BPEIHOCTH KOja OJIroBapa IMOYETKY
neGpOpMaIMOHOT OjadaBama, MTO TOBOJIHM 0 TEPMHUYKOT OMEKIIaBama 3aBapa. 13 BpeqHoCcTH
HAaIMoHa U Koe(UIlMjeHTa Tpema TOKOM IpoIleca MOXKE Ce KOHCTATOBATH Jia Y TOKY IMOCTYITKa
T3TM ponasu 0 cCUMyJITaHOT JAeOPMAIMOHOT OjavyaBarka W TEPMHUYKOT OMEKIIaBama. Y
y30pIMMa 3aBapPEHUM Ca MaJIM YraOHUM Op3MHaMa JJOMUHAHTHO je 1e(OpMAIIMOHO OjavyaBambe
Yy OJHOCY Ha TEPMHYKO OMEKIIABAIE JIOK j& Y Y30pIMMa 3aBapCHHUM Ca BEIUKHM YTaOHHM
Op3WHAMa JOMHHAHTHO TEPMHYKO OMEKIIIABAC.

W3 HamoHcKe aHanM3e Takohe ce MOry YOUUTH JiBa pa3iMdyuTa CTaAujyMa y TOKY 3aBapUBamba.
Y npBoM ctanujymy (stick-slip) HopmamHu HaoH je JOMHUHAHTAH Y OJTHOCY Ha CMHIIAjHH HATIOH.
HenocpenHo HakoH TpeHYTKa Kaga CMUIQJHH HANOH IOCTaHE JOMUHAHTAaH Yy OJIHOCY Ha
HOpPMaJIHM HAaIlOH TOYME-e Jpyru craaujym (Steady state weld). ¥ mpBom craamjymy, amat
YCIOCTaBJba KOHTAKT Ca PaJHUM MPEAMETOM U MaTepujai ce kpehe nmpema LEeHTpY 3aBapeHOr
crioja, Aa OW y IpyromM CTaaujymMy TEK JOILIO O JOKAJTHOT IMylama Marepujana (kKama ce
npeBa3ule 3aTe3Ha uBpcToha). Ycien mymama MaTepujaia aoja3u A0 ociobahama oapehene
KOJIMYMHE TOIUIOTE KOja MOMake JIOKAJHOM OMEKINABamky MaTepHjaja M JOBOAU JIO TeueHa
MaTepujana npeMa nepudepuju anara.

VY 3aBUCHOCTH O yraoHe Op3HHE, Cpe/ilba TeMIIepaTypa u3a3BaHa HU30M (akTopa, Kao IITo Cy
Tpemwe, JOKAIHO Mylalke MaTepujaia UTa. y HajBeho] Mepu 3aBUCH O] yraoHe Op3WHE ajara,
JIOK TeoMeTpHja ajnara, akcHjajHo omnrepeheme W BpeMe 3aBapHBamba MMajy JalieKo Mamu
ytuiaj. Takole je ycTaHOBIbEeHO, a 3a y30pke 3aBapeHe ca 1500 o/min y o0e cepuje, nako ce
BpeMe 3aBapuBamba pasifKyje Tj. BpeMe 3aBapHBama y cepuju I je ckopo Tpu myta Behe y ogHOCY
Ha cepujy II, mopact remneparype je He3HaTaH. [Ipema Tome, Bpeme 3aBapuBama MMa He3HATAH
YTHUIIa] Ha 3arpeBambe TpeweM y Toky nporieca T3TM. 3a ckopo cBe y30pke u3 00e cepuje, KpuBe
TeMIeparypa ce CKOpo moayaapajy, mehyrum, ca mopactom yraoHe Op3uHe, y o0e cepuje,
7I0J1a3¥ 10 3HA4YajHOT TIopacTa TeMIepaType.

Haxon 3aBapuBama, y30pIH Cy HCIIMTAHHA Ca METOAOM 0e3 paszapama 3a JAeTeKuujy nedekara y
3aBapeHOM CII0jy — CKeHHpajyhum akycTHIHUM MHKpockoroM (Scanning Acoustic Microscopy
— SAM). OBa merona omoryhaBa CKEHUpame ILEJOr y30pKa MO JyOMHM W Ha Taj HAYMH
yIBphuBame J1a Jiu MocToje 1e(eKTH Kao IITO Cy JAeTaMUHAI]a, OKCUJU U CIMYHO, OUJIO TIe y
3aBapeHOM Cr0jy. 3axBajbyjyhun SAM-y yCTaHOBJBEHO j€ Ja 110 MOjaBe JeJaMUuHaIf]je 10131
caMo Ha IoclieIlkh0j Mel)yKOHTaKTHOJ moBpIIMHY (M3Mel)y Tpeher u ueTBpTor IMMa).

AHanu3oM pesyinrara 10o6ujeHux Ha SAM-y y Buny Ll-ckeHoBa yCTaHOBJbEHH j€ J1a ca MOPacTOM
Opoja oOpTaja pacTe U MOBPIIMHCKH yeo AenamuHaiuje. Takohe, ca mopactoM Opoja odpraja
ce cMamyje MOBPIIMHA 3aBapPEHOT CII0ja Ha MOCNIeAmk0] MehykonTakTHOj moBpurau. SAM b-
CKEH aHAJIHM30M Y MOMPEUYHOM IPECceKy, MoceOHO Ko y3opka 3aBapeHoM ca 1000 o/min youeHa



j€ TaHKa TUHUja Ha MPBOj U APYroj Mel)yKOHTaKTHOj OBPIIMHM KOja O MOTJIa Ja Mpe/IcTaBba
3apo0JbEHH CJI0] OKCHIA.

Haxkon 3aBapuBama y30pIiy cy NpUITPEeMIbEHH 32 JIeTaJbHU]Y aHAIHM3Y 3aBapEHOT CI10ja y3 momoh
METOJa KapaKTepH3allhdje MHUKPOCTPYKType Kao INTO Cy: CBeTJOCHa MuKpockomuja (Light
Microscopy — LM), ckenupajyha enektpoHcka wmuKpockonuja (Scanning Electron
Microscopy — SEM), TpaHcmucuoHa enekTpoHcka Mukpockornmja  (Transmision Electron
Microscopy — TEM) ca w™oryhnomhy eHepreTcke TUCIEp3UOHE CHEKTPO(GOTOMETPHUjCKE
ananmse (Energy Dispersive X-ray Analysis — EDX) ananu3e u MUKpOCKOIHja aTOMCKHX CHJIa
ca KensunoBom conmom ca moxaymnanujom dpeksenimje (Frequency-Modulated Kelvin Probe
Force Microscopy — FM-KPFM). Takobe, 3aBapeHH CIoOjeBH Cy MOIBPIHYTH METOAaMa 3a
onpehuBame MEXaHMYKMX OCOOMHA MaTepujaja Kao INTO Cy: MCIUTHBAKE MHUKPOTBpohe
MONIPEYHOT MPEeceKa 3aBapeHOr CII0ja; UCIMUTUBAKE 3aBApPEHUX CIIOjeBa MPOOOJHUM TECTOM ca
tprom (Small punch test — SPT) ucnutuBame mehykonTakTHe MmoBpHIMHE ca ypehajem 3a
ucnutuBame Hano tpaohe (In situ-Scanning Probe Microscope - SPM).

MaxkpoucnuTHBakhEM, TOBPIIMHE 3aBAPEHOT CTI0ja 010370 MOTY C€ YOUHTH JIBE PA3IMIUTE 30HE:
(1) 30Ha Kp3ama oOpahene noBpumHE U (i1) 30Ha CTAOMJIHOT KOHTAaKTa. 30HA CTAOMIIHOT
KOHTAaKTa MpeJICTaBJba 30Hy HEMOCPETHO UCTIO aJlaTa, IOK je 30Ha Kp3ama o0paljeHe moBpinHe
30Ha Ha nepudepuju anata. Y TOj 30HHU je ajaT y KOHTAKTY Ca TOPHUM JUMOM HEIJIaHUPAHO
PagujamHe cuite HacTane Kao mocjenuiia YBpCTe Be3e m3Mely mpubopa 3a cre3ame paHor
mpeaMeTa ca jeJHe CTpaHe W ajaTta ca Jpyre CTpaHe JIOBOJE N0 CaBHjama TOPHEr JHUMa y
nopydjy uzmely npudopa u aata. CaBujeHH JIUM JOIUPYje allaT MO Mepudepuju, riae nHade
He Ou Tpebano na Oyae y KOHTAKTy ca luM. Ha Taj HaumH ycie Majaux Cuiia U BEJIMKOT Tpemba
707131 10 Kp3ama nepudepHe 30He 3aBapeHor croja. 30Ha Kp3ama oOpaleHe MOBpUIMHE je Y
O0JIMKY TIPCTEHA KOjH OKPYKYje 30HY CTAaOMITHOT KOHTaKTa MCIIOJ KOje ce Halla3u 30Ha 3aBapa.

VY o06e cepuje ce 0JHOC 30HE Kp3ama oOpal)eHe MOBPIIMHE U 30HE CTAOMIIHOT KOHTAaKTa n3Mely
ajlaTa ¥ pajgHOT MpeaMeTa Memba ca MPOMEHOM yraoHe Op3mHe anata. Ca mopacToM yraoHe
Op3uHe ajiaTta Taj OJHOC pacTe. Y TEOPHJCKUM YCIOBHUMA OBaj OJJHOC HE O Tpebao aa 3aBUCH O]
yraone Op3une Beh camo o reomerpuje aara. Melytum, ¢ 003upom J1a y TOKY 3aBaprBama Ha
HIDKAM YraoHuM Op3uHama Joja3u 10 JedOopMalMoOHOI OjayaBama MaTepujania, MOBPLIMHA
HETIOCPETHO UCTIOJ] ajlaTa he HAKOH 3aBapuBama MOJAHETH elacTHYHO Bpahame ma he 3aBapeHu
CIIOj Ha Kpajy mpolieca uMaTtu ae0JprHY Behy Hero 3amary. Y ciydajy BeJIUKe yraoHe Op3uHe
yClleZl TEPMUYKOT OMEKIIIaBamba M BEJIHKE HEHTPUQYTATHE CHIIe MaTepHjall YMECTO J1a IPEHOCH
onrepeheme mpeMa AHy y30pka, Ouhe NOTHCHYT Ha rope, mpeMa nepudepuju anata. Kog oBux
y3opaka je npumehena mama ae0/bMHA y30pKa HAKOH 3aBapHBama a IIMpa 30Ha CTaOMIIHOT
KOHTAaKTa, IIITO 3HA4YM JIa je JAONLIO O UCTHCKHBamka Behe 3anpeMiHe MaTepujaia y OJHOCY Ha
Y30pK€ 3aBapeHe ca MajuM yraoHuMm Op3uHama. Takohe, 300r mpomeHe paaujyca ajaTa OBaj
onHoc je Behu y cepuju Il y mopehemwy ca cepujom 1.

Ycnen pa3iike y MoHAIIakby MaTepurjaia IPUINKOM 3aBapHUBarbha ca MAJIUM M BEJTUKHM YTaOHUM
Op3WHAaMa JOIUIO je W JI0 pa3jiuKe Y OOJHMKY M 3allpeMHUHH 3aBapeHor croja. Kao mro je Beh
CIIOMEHYTO, C 003UpPOM J1a MPHIIMKOM 3aBapUBarba ca BEJIUKUM YraOHUM Op3uHamMa MaTepujai
HArJI0 OMEKIIaBa HETOCPEIHO MCIIOJN ajiaTa, akCHjajdHo onTepeheme Koje je MpUMEHmeHO Ha
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pajiHu TPeMET Cce He MPEHOCH Ha HIDKH JIe0 y30pKa, HEro TEXHU J1a Beh OMEKIIaHu MaTepHjas
UCTHCHE mpeMa repudepuju anata. 300r Tora je oOJIMK 30HE 3aBapa y30paka 3aBapeHHX ca
BEJIMKOM Op3uHamMa o0pTaja KoHycaH. [loBpmmHa TmOClenme 3aBapeHe Mel)yKOHTaKTHE
MOBPIIMHE j€ 3HaYajHO Mama y OJJHOCY Ha MOBPIINHY MpBe MehykonTakTHe moBpmuHe. C qpyre
CTpaHe KOJ| y30paka 3aBapeHUX Ca HHUCKUM YraoHUM Op3uHaMa ycien aehopMarroHOr
ojayaBama ontepeheme ce mpeHocu Mo AyOWHHU, TMa je pa3inka u3Mel)y MOBpIIMHE MPBE H
nocienme Mel)yKOHTaKTHE MOBpIIMHE JajleKo Mama, JOK OOJMK 30HE 3aBapa TEXH Ka
nuauHApUIHOM 001uKy. OBa TpeH je HCTH Yy 00€ cepHje.

Hakon aHanmm3e MONMpeYHOr Mpeceka HarprkKeHUX y30paka ca CBETIOCHUM MHKPOCKOIIOM,
YCTaHOBJBECHO j€ Jla C€ Ha Pa3jMKyjy MOjeMHE 30HE Kao MITO Cy: 30HA 3aBapa (IpyMeH), 30Ha
TepMo-MexaHnykor yrunaja (3TMY), 3ona yrunaja toriote (3YT) U OCHOBHHM Martepujait
(OM). Taxkohe, y obOe cepuje MOxe ce MPUMETHTHU Ja yraoHa Op3uHa uMa HajBehu yTuaj Ha
BEJIMYMHY W OOJIMK OBHMX 30HA, KA0 ¥ HA BEIIMYMHY, OOJIUK ¥ OpPHjEeHTAIIM]y 3pHA YHYTap OBHX
30Ha.

3oHa 3aBapa mpejAcTaB/ba HajBehy 30HY Koja je HacTajga Kao MOCIeIuIla YTHIaja 3arpeBama
TPEHEM U IJIaCTHUHE JieopMaliije n3a3BaHUX aKCH]aJIHUM olTepehemheM U poTalljoM aata.
3axBaspyjyhu BHCOKO] AedopMaliju ¥ MOBUIICHO] TEMIIEpaTypHU HCIYHEHH Cy YCJIOBU 3a
JUHAMUYKY peKpucTtamuzauujy u audysujy usmehy mnumoa. Ilociaenununo, ¢uHO3pHA
CTPYKTypa je MOCTUTHYTa KOJ| CBHX y3opaka. MehyTum, y 3aBHCHOCTH OJ yraoHe Op3uHE
BEJIMYMHA 3pHA U OpHjEHTAIM]a ce Pa3InKyjy. BenndynHa 3pHa y 30HU 3aBapa pacTe ca mopacToM
yraone Op3une. [Ipocedna BenmnunHa 3pHAa OCHOBHOT MaTepHjaia je 69 pum, MOK je BeIWdYrHa
3pHa Y 30HH 3aBapa y30pka 3aBapeHor ca 4500 o/min (cepuja II) y mpocexy 24 um a Koj y30pka
3aBapeHor ca 1000 o/min (cepuja II) npoceuna BenuuuHa 3pHa je 5 um. Pasnuka y BennyuHu
3pHA y 3aBHCHOCTH O] yraoHe Op3uHe ce Takole J0BOAE y Be3y Ca Pa3IMYUTUM MOHAIIAmbEM
MaTepujayia TPU pATHYUTAM OJHOCHMMA JeQOpPMAlMOHOT oOjadaBamba M TEPMHUYKOT
oMeKIaBama. [Ipu ManuM yraonum Op3uHama ycliea BHCOKe jaedopMaliyje, HUCKOT CTereHa
nedopmalyje U peraTuBHO HUCKE TEMIIepaType J0Ja3H J0 peakifje MOOWIHUX JAUCIOKAIja
ca pacTBOPEHMM aTOMMMa MarHesujyma M Tajo3uMa yHyTap 3pHa. Ha Taj HaumH nonasu 1o
dbopmupama TpaHHWIa CyO3pHa yHYTap 3pHa OCHOBHOr Marepujana. [Ipu HHTEH3UBHO]
MJIACTUYHO] AedopManuju cyO3pHA POTHUPAjy W TOCTajy TMOJHMIOHATHA 3pHA (BUCOKOYTaoHa
cy63pna). [Iprnkom 3aBapuBama ca BehuM yraonum Op3rHaMa yciie1 OBHUIIICHE TeMIIepaType
HaKoOH (hopMuUpama HOBUX 3pHA pOTaLMjoM CyO3pHa, A0Na3H U JIO AMHAMHUYKOI OMOPaBJbamba
KOje M3a3MBa JIOJaTHU PAacT HOBOHACTAIMX 3pHA. TOKOM TMHAMHUYKOT OIOpaBJbamka PacT 3pHa
ce JIOBOJH y Be3y ca MOHUPAKEM JUCIOKAINja Y TPAHUIIEe 3pHA M MUTPAIMjOM I'PaHHMIIA.

3TMY je jenuHCTBEeHa Mperia3Ha 30HA KOja Ce HallasW M3Mely 30HE 3aBapa M 30HE YTHIIAja
toriore. Kapakrepuine je BUCOKO aedopMucana cTpykTypa ca yriaBHOM H3AYKCHUM 3pHHMa
KOja TpaTe CIOJbHY KOHTYpY 30HE 3aBapa. MelyTum, oBa 30Ha HE TOMJIEKE ITUHAMHYKO]
pEKpHUCTaNM3alMju yClie[, HUCKOT creneHa nedopmanuje. Benmumna came 3TMY kao u
BeITMYMHA U OOJUK 3pHA YHYTap 30HE HE 3aBHCE Off O0JIMKa anaTa, Tj. CIMYaH TPEH/I je YOUeH y
o6e cepuje. Mehyrum mmpuna 3TMY kao u BenMYMHA W OOJHMK 3pHA 3HAYAJHO CE MEHAJy Y
3aBHCHOCTH O] yraoHe Op3uHe. Tako NMPUIMKOM 3aBapHBama ca MalUM YTraOHUM Op3WHama
(amp. 1000 o/min) 3TMYVY je ycka ca W3ayXKEHHM 3pHHMA MPOCEYHE BennduHe 21 pum J0K ca
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nmopactoM yraoHe Op3uHe pacte mupuHa 3TMY, 3pHa Memajy OONHMK OJ] M3QYKEHOT Ka
MPUOJIMKHO KPYXKHOM OOJIMKY M BeJIMYHMHA 3pHA pacte. Tako je BenuumHa 3pHa y 3TMY y
y30pKy 3aBapeHoM ca 4500 o/min 36 pm. [Ipema Tome, MUKPOCTPYKTYpa y30paka 3aBapeHuX ca
BEJIMKHM YTraoHHMM Op3MHaMa IMOKa3yje Mamy aHH30Tponujy y mnopehemy ca yszopuuma
3aBapeHUM Ca MaJliM YTaOHUM Op3MHaMa.

3VT je 30Ha koja ce Hanazu u3mehy 3TMY u OM. Cmarpa ce Ja je 0BO 30Ha y K0jOj HE JI0JIa3H
1o tiactuuHe aedopmarje, Beh caMo [ojla3u 10 MPOMEHAa MHUKPOCTPYKTYpE H3a3BaHUX
yrunajem temneparype. O6nuk 3pHa y 3YT onroeapa o0yMKy 3pHa y OCHOBHOM Matepujaiy,
MehyTrm BenmurHa 3pHa ce pa3nKyje. 3pHa koja ce Hanmaze y 3YT cy Beha y ogHOCY Ha 3pHa y
3TMY (y y3opumma 3aBapernum ca 1000 u 4500 o/min npoceuyna BenuunHa 3pHa yHyTap 3Y T je
43 um) a Mama y OJHOCY Ha 3pHa OCHOBHOT MaTepHjaa.

Jla Ou ce yCTaHOBHO YTHIIa] T€OMETPHje allaTa, akCHjaHoTr ontepehema U yraone Op3uHe Ha
KBaJIUTET 3aBAPEHOT CI0ja U3BPIICHO je HCITUTUBAKE MUKPOTBPAOhe MOMPEYHOT MpeceKa CBUX
y3opaka u3 o0e cepuje. Pe3ynratu ncnutuBama cy MOTBPAMIM TEOPHjy O J1e(OpMALMOHOM
OjavyaBamy/TEPMHUYKOM OMEKIIaBamy y ToKy moctynka T3TM. V y3opmuma 3aBapeHuUM ca
HuckuM yraonum op3unama (1500 u 2000 o/min y cepuju [ u 1000 o/min y cepuju II) momwo je
710 3Ha4ajHOr mopacrta TBpaohe y 30HU 3aBapa y mopehemy ca ocCHOBHMM MmatepujanoMm. Ca
1opacToM yraoHe Op3uHe TBpAoha y 30HM 3aBapa je omaja, Ja Ou y y30pLuMa ca HajBUILIUM
yraoHuMm Op3uHaMa y o0e cepuje ONuIo 10 OMEKIIaBama 30He 3aBapa y OJHOCY HAa OCHOBHU
MaTtepujall yciie1 IMHaMHYKOT oropaBibama. OBaj mopacT TBpaohe ca cMamemheM Opoja oopTaja
ce Takohe Moxke oBecTH y Bedy ca Xon-IledoBoM jemHadMHOM. YCiem Tora mTo Cy 3pHa Y
y30pIIFIMa 3aBapEHUM Ca MaJIOM YTaOHOM Op3MHOM 3Ha4ajHO Mama Y OJHOCY Ha 3pHa OCHOBHOT
MaTepujaia, npema Xoi-IleueBoj jeITHAUMHU ca CMakbCHEM BEIMYMHE 3pHA JI0J1a3H JI0 TIopacTa
yBpcTohe u TBpaohe.

[Tpunukom nopehema MmukporBpaohe yzopaka us cepuje I u Il yrBpheno je na reometpuja anata
U aKCHjaJIHO onTepeheme yTudy Ha MEXaHMUKe OCOOMHE 3aBapeHor CIoja, ¢ 003UpoM Ja je 3a
ucre yraone 6p3une (1500 u 2000 o/min) y cepuju | qomo 10 nedopManiioHOT OjayaBama a 'y
cepuju Il 1o Tepmuukor omekmaBama. OBO MOXKE JIOBECTH J0 3aKJbyUKa J1a Ca CHIDKABAHEM
akcujasiHor ontepehema ca 4 kKN y cepuju Il na 2 kN y cepuju | y3opak mnpornasu
TpaHc(OpMaIHjy O]l TEPMUYKOT OMEKIIaBaba 0 Ie(POPMAIIOHOT OjayaBarba.

VY cBUM y30pLMMa 3aBapeHUM Yy o0e cepuje youeHo je aa TBpAoha omajga o Bpxa y30pKa
(HemocpemHO UCTON ajaTta) Ka AHY y3opka. OBo ce Takohe moBoau y Be3y ca Xan-IledeBom
JEIHAYMHOM jep y CBUM y30pIMMa JI0Ja3u J0 pacTa 3pHa O] BpXa y3o0pka (TIie je HajCUTHHje
3pHO) npeMa JiHy rie je youeHa u 3TMY ca 3Ha4ajHUM MOPACcTOM 3pHA Y TIOCTIEHEeM TuMy. Yak
Uy y30pLKMa Y KOjUM je JOILIO 10 TEPMUYKOT OMeKIIaBama npumehena je nosehana tBproha
HETNOCPETHO UCTIOJ ajara.

SPT je u3Benen na 6u ce 605b€ pa3yMeo yTHIIA] T€OMETpHUje ajara, akcujasHor onrepehema u
yraoHe Op3WHE Ha MEXaHWYKEe OCOOMHE MaTepujaya 30HE 3aBapa Kao M Ja OM ce yCTaHOBHO
MEXaHH3aM JioMa W Pa3jior TojaBe JejamMuHaIje. Y CTaHOBJBEHO j€ Ja pe3yaTaTH J0O0H]jeHH
OBUM TECTOM TNOTBphyjy pe3yiarare noOujeHe ucnuTHBameM MukporBpiohe. Hajsehe
onrepeheme koje je Omno morpebHO Aa gole 70 TOjaBe MPCIUHE je YOUCHO Y Y30pIHrMa
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3aBpeHUM ca MajauM yraoHum Op3uHama (1500 o/min y cepuju I u 1000 o/min y cepuju II). ¥
o0a ciyuaja makcumanHo ontepeheme je Owmnmo Behe y mopehemy ca MakCHMalHHM
onrepehemeM NOTpeOHNM /1a ce W3a30Be 0jaBa MPCIHUHE Y Y30pIuMa n3paheHuM o] OCHOBHOM
MaTtepujana. Kox cBHX ocTanmmx y3opaka J0 JoMa je JOUUI0O Ha HIDKUM omnrtepehemuma y
nopehemy ca ocHOBHMM MaTepujasioM. Tako je eukacHOCT 3aBapuBama HajBeha KO y30pKa
3aBapeHor ca 1500 o/min u3 cepuje | u u3Hocu 106,1 % 10k je HajHUKA KOJI y30pKa 3aBapEeHOT
ca 4500 o/min u3 cepuje 11 u usnocu 87,4 %.

[Tokazano ce nma cy cu y3opuu u3 cepuje I m3apkanu Beha omnrepehema y nopehemy ca
y3opruma u3 cepuje II. To ce Moxe moBecTu y Be3y ca JielaMUHAIIM]OM Koja je mpuMehena y
y3opuuma u3 cepuje Il makon SPT-a. Konm cBux y3opaka u3 cepuje I youeHa je o0omHO
OpHjeHTHCaHa Kpy»KHa MPCIIMHA TOJ YIJIoM of 45° y oHOCY Ha ocy niejcTBa onrepehema, Koja
je xaparepucTHYHa NMpuinkoM ucrnutuBamba SPT-om. Hu y jemnom y3opky y cepuju I Huje
npumeheHa mojaBa aemamuHaigje. Mehytum, y y3opumma u3 cepuje Il mpumehena je
neramMuHalja koq Behune y3opaka.

VY cTaHOBIBEHO j€ J1a j€ HajyTUIAjHUJH ITapaMeTap Ha 10jaBy JeJlaMUHAIIN]e BpeMe 3aBaprBama.
C 003upoM J1a HA KOHTAaKTHUM MOBpILIMHAMa JIMMOBAa KOJU C€ 3aBapyjy IOCTOJU BHCOKO-
MOCTOjaHU OKCHUJIHU CJI0] KOjU HE JI03BOJhaBa Aa jaohe a0 nudysuje, HEOMXOAHO je Taj CIIoj
pa3duUTH y CUTHE CerMEHTE WM YECTHUIIE M YMEIIaTH JOBOJbHO Ja Ou 6miio omoryheno nudysuju
na ce octBapu m3Mely wux. [Ipema Tome na 6u ce 06e30enmiio 100po yMenaBame OKCHIHOT
cJioja TJIaBHY yJIOTY UMa BpeMe 3aBapuBamba.

VY y30pky 3aBapemon ca 1500 o/min u3 cepuje I mpoceuno Bpeme 3aBapuBama je 4.6 s, 10K je y
Y30pKy 3aBape€HOM ca HMCTOM yraoHoM Op3umHOM u3 cepuje Il To Bpeme y mpoceky 1.4 s.
C 003upom fa y MPBOM CIIy4ajy HHjE JIOILIO JI0 I0jaBe IeTaMHHAIN]e, a 1a je Y APYTrOM CIIydajy
JIOIIJIO JIO T0jaBe JeJaMHHAIIM]e Ha JIBE MOCIe/Ibe Mel)yKOHTaKTHE MOBPIIMHE, YCTAHOBJHEHO
je Ja Bpeme 3aBapHBamba 3Ha4ajHO YTHUYE HAa KBAJUTET YMEIIaBamka OKCHIHOI CJI0ja a CaMUM
TUM U Ha qudy3ujy u3mel)y TumMoBa y TOKy Ipolieca 3aBapuBamba.

Hakon SPT, kapakrepuszamuja mnpeloMJbeHe TOBpIIMHE je wu3BeAeHa wetoaoM SEM.
VYcTaHOBIBEHO je 11a ce u3Mely aBe mpenoMibeHe MOBPIIMHE HaJla3u 3ap00JbEH CII0] KOjU Bapupa
y nebseunu on 1.72 mo 4.23 um. IlpenomibeHe MOBPIIMHE KOj€ OKPYXKY]y OBaj CJIOj Cy
jaMuyJacTe, IyKTHIHOT KapakTepa.

MakpocTtpykType y3opaka HakoH SPT kao u cTamuBame y30pKa U MAaKCUMAJIHH XOJI Ipode y
Toky SPT cyrepuiny na ce y 3aBUCHOCTH OJi YraoHe Op3WHE MeHa U JYKTHIHOCT 3aBapCHOT
cnoja. Ctora, HajMame CTambiBambe y30opka HakoH SPT-a u Hajmamu xo mpobe y Toky SPT ma
caMUM THM M HajMama AYKTUIHOCT y mopelemy ca OCHOBHUM MaTepHjajioM, je yodeHa KOoJ
y30paKa 3aBapeHHX Cca HHCKUM yraoHMM Op3uHama, Kao mnocieauua aedopMalnuoHOr
OojauaBama, JOK je TpH 3aBapuBamy ca BehuM yraoHuM Op3wHaMa yciel IUHAMHYKOT
OIOpaBJbamka JOIIO JI0 [T0pacTa AyKTHIHOCTH Yy opelermby ca OCHOBHUM MaTepHjaJioM.

Jla 61 ce yTBpJHO yTHUIla] HA MEXaHUYKE OCOOMHE, XEMHjCKHU cacTaB U MOpP(OJIOTHja Clioja KOjU
je mponahleH Ha MecTy mpciauHe u3Mmel)y JTuMOBa, M3BpIICHA je JeTa/bHMja aHajh3a caMe
Mel)yKoHTaKkTHE OBpIIHHE.



Hakon ucniutuBama MeljykonTakTHe oBpinnHe ca SPM Ha 0CHOBY 100HMjeHUX Maria TBpaohe u
MOJTyJIa €TaCTUYHOCTH YTBPhEHO je 1a y 30HM Mel)yKOHTaKTHE MOBPIIMHE Kao U 'y OKOJIMHH (20
x 20 um) HUje JOLUIO JI0 IPOMEHE MEXaHMUKHUX 0coOrHa nopenehu Mel)yKOHTaKTHY MOBPIIUHY
Y 30HY 3aBapa Koja je okpyxyje. MehyTum, ¢ 003upom fa je pe3oiryiuja ypehaja 3a UCTTUTHBAE
ca oabpanoM rpo6om oko 200 nm a neGspuHa OKCHIHOT ciioja A0 50 nm moryhe je 1a OCKUIHI
ci0j HUje aeTekToBaH. Mmak, MehykoHTakTHa MOBpIIMHA 4yWja aeO/puHA Bapupa on 1.72 1o
4.23 um nipema uzMepeHuM Bpeanoctuma Ha SEM-y nakon SPT-a curypho jecre.

ITocmatpajyhu mane no6ujene Ha SPM-y Mory ce youuTH Tpu pas3jinyura Kiacrepa TBpaohe u
MOJyJla eJacTHYHOCTH. J[Ba KiacTepa OJroBapajy MEeXaHHYKHM OCOOMHaMa 30HE 3aBapa.
C 003upoM J1a je TeCTUPAH caMo jeaaH y3opak 3aBapes ca 1500 o/min u3 cepuje I, Bemuku yeo
aKyMyJIMpaHUX JHCIOKaluja je ouekuBaH. Pasnuka m3mely kimactepa mpoceune TBpaohe
2,2 GPaumonyna enactuunoctu 103,37 GPa u knactepa npoceune tBpaohe 1,87 GPa u moayna
enactuaHocty 88,25 GPa je HacTana Kao mocieauIia aKkyMyJialyje JUCIIOKaIija y TojeTHHIM
3pauMa. TBpmohe m3MmepeHe y kiactepy ca mpocedyHoMm TBpaohom 2,12 GPa onrosapajy
MECTHMa TJIe je JOMUIO 0 HaroMWjaBama TUCIIOKaIuja u (GopMupama Cy03pHa, OK APYTH
KJIacTep O/AroBapa OKoJHOM Matepujany. Tpehu knacrep ca mpoceuyHom tBpaohom 10,23 GPa u
MoysioM enactuaHoctd of 154,63 GPa oaroBapa untepmerannoj ¢azu Alg(FeMn) koja je
KapakTepucTH4Ha 3a Jierypy AA 5754.

JloGujene mare TBpohe U MOAysa €1aCTUYHOCTH CY Y KOpeNaluju ca pe3yaTaTuMa J001jeHIM
Ha TEM. Pesynratm ca TEM yka3dyjy Ha TpHCYCTBO aKyMyJIUpaHHX IUCIOKaIMja Koja
dbopMupajy cy03pHa yHyTap MOJMTOHAIHUX 3pHA 30HE 3aBapa, INTO je MOTBPHEHO WM ca
IU(QPAaKIMOHOM CIIMKOM KOja yKa3yje Ha MpHUCYCTBO MIHMCIOKalWja, Ha Taj HAYMH LITO
JMCIIOKAIIN] € JIOKATHO MEHajy KPUCTAITHY OPHjCHTAIH]Y, IIITO W3a3uBa TUPPAKIIMOHE TauKe Ja
Oyny u3ayxkene. OBU pe3ysTaTh MPEACTaBIbajy jOII jeIHY IOTBPY TEOpHje 0 AehOpMAITHOHOM
OojayaBamy Kao MU Ja je (PMHO3pHA MHUKPOCTPYKTypa HacTaja Kao MOCJEIWIa KOHTHHYaTHE
JMHAMUYKE PEKpUCTATU3aIMje Tj. [1a j€ [NIaBHU MeXaHu3aM (popMupama HOBHUX 3pHa MOCIe A
poraiuje cy03pHa Koja cy HacTalsla Kao MocjieIuIa akyMyJjalnje JUCIOKaIuja.

Ananmm3om pesynrara nqooujenux Ha TEM, Ha y30pky 3aBaperom ca 1000 o/min u3 cepwuje I
jacHO ce MOKe YO4YHMTH paziuka u3Mmely 30He 3aBapa M MehyKOHTAKTHE IOBpIIUHE.
WuTepecanTHO je mMpUMETUTH Ja Mel)yKOHTaKTHa MOBPIIMHA MPEICTaB/ba KOMIUICKCHY 30HY
KOja Ce pa3jIMKyje O/ 30HE 3aBapa aJl OCUM OKCHIHOT CJI0ja KOjU je OMO OYEeKHBaH, pa3JIKyje
Ce M MO BEJIMYMHM 3pHA, KA0 H IO BEJIMYMHU, MOP(DOJIOTHjA U KOJMYMHHU Tajora Koju ce Ty
Hanaze. [lebpnHa MehykoHTakTHE moBpmuHEe ce kpehe on 1,67 mo 2,02 um mro oarosapa
nebspuHM cioja youeHor Ha SEM-y n3mel)y npenomMsbeHuX MOBpIIMHA y30pka HakoH SPT-a.

[Ipumeheno je Takohe aa ce y Mel)yKOHTaKTHO] MOBPIIMHUA OOJIMK U BEJIMYMHA 3pHA Pa3IUKY]y
y nopehemy ca 30HOM 3aBapa. OOJIMK M BeITUMYMHA 3pHA Ha Mel)yKOHTAKTHO] MOBPILIMHH CY
NocCNenna JoAaTHE MHKpo-AedopMmanyje HacTane Kao IMOCIequlla MHTEpaKIHje XparaBuX
JMMOBA KOJH Cy y KOHTakTy. [Ipoceuna BenuunHa oBux 3pHa je 0,92 um y nopehemwy ca 30HOM
3aBapa TIe je mpoceyHa BenmuuHa 3pHa 4,90 pum. J[omaTHO cCMameme BEIWYMHE 3pHA, Y
nopehemy ca 3pHUMa y 30HU 3aBapa, je Mocieauiia MUKpo-Aedopmanmje Koja je m3a3Bajia
J0JIaTHY aKyMyJalujy auciokamuja u gopmupame Beher 6poja cutHujux 3pHa. Takohe, 3pHa



Ha Mel)yKOHTAKTHO] TOBPIINHH, UMajy U3AYKEH OOJIMK KOjU MpaTH MpaBal] BEKTOpa CMHIIAjHOT
HAllOHA, IITO je TOCJIEANIA TUIACTHYHE MUKPO-AedopMalije XparmaBuxX MOBPLIMHA Y CMEpY
poTaryje anara.

Ha melykoHTakTHO] MOBPIIMHKM yOU€HA Cy TPH Pa3IMUMTE TPyIe Tajlora YUjU Cy XEMH]CKH
cacraBu notBphern meromqom EDX. V npBy rpyny cnanajy Als(FeMn) kapaktepuctiuHu 3a
nerypy AA 5754. Mory ce Hahu kako Ha TpaHMIIaMa 3pHA TaKO U YHYTap 3pHa U MOTy OUTH
pa3IMuUUTUX BeJWYMHA W oOnmka. Y Jnpyry rpymy cnazgajy AlsMgz koju cy Ttakohe
KapaKTepUCTUYHU 3a JIerypy anymuHHjymMa ca 3% Marse3ujyma, jep je pacTBOPJbUBOCT
MarHesujymay alyMHHH]yMY Ha cOOHO] TemriepaTypu ucnoj 1% mna je ouexuBaHo 1a he ocratak
MarHesujyma OWTH M3iydeH y Bumy tanora AlsMg. mo rpanumama 3pHa. Mehytum, ako ce
yIOpeay KOJIMYMHA Tajora U3JyueHUX Ha Mel)yKOHTAKTHO] MOBPIIMHH U TAJOTa U3IyYEHHUX Y
30HU 3aBapa yoyaBa Ce Jia UX MMa MHOTO BUllle Ha Mel)yKoHTakTHOj moBpIIuHU. Takohe, Moxe
Ce YOUMTH M J1a je Hajehu Opoj TX Tayora u3iydeH Ha rpaHuiiama usmely 3pua mehykoHTaktHe
MOBPIIMHE 1 30HE 3aBapa. [Ipoceuna Benmunna oBux tanora je 0,09 pm. C 063upom 11a je HakoH
SPT ycTaHOBJEEHO J1a je IpelIOMJbeHA TIOBPIIMHA jaMHYacTa 1 Ja Ae0JbrHa clioja mpoHaheHor
u3Mely mpenoMIbeHHX MOBPIUIMHA OJroBapa AeObUHU Mel)yKOHTaKTHE MOBPUIMHE yOUeHE Ha
TEM, 3akibyuyje ce na cy AlsMg: koju ce Hamaze Ha mpenasy usMel)y mehykoHTakTHE
MOBPIIMHE M 30HE 3aBapa 3alpaBO MHHIMjAIHA MECTa Ha KOJUM j€ JIOUUIO J0 JIeJaMUHAIId]e.
Beha konnunHa Tanora Ha Me)yKOHTaKTHO) MOBPLUIMHY MOCIEAMIIA j€ TUHAMUYKOT Tal0XKeHha,
KOj€ je HacTaJo yciel BUCOKOT CTeneHa JedopMalrje Ha pelaTUBHO HUCKUM TeMIlepaTypama.

VY tpehy rpymy Tanora crnagajy takohe Tamo3um 4uju je XEMHUjCKH cacTaB KOMITATHOWIAH ca
tasiozuma AlsMgz, mehytum, oBU Tano3u Cy HM3JIydeHH YHyTap 3pHa U MOP(OJIOIMIKUA ce
pa3NuKyjy O Tajlora M3Iy4YeHUX MO TpaHuiaMa 3pHa. OBU Tano3u cy y oONuKy mranuha
OPHMjEHTHCAHMX Yy J[Ba MpaBlia HOpMaJIHA jeJaH Y OJHOCY Ha Apyru. IIpocedna qyxnHa OBHX
mrranrha je 0,076 £0,016 um mok je nmpoceuna nedspuHa 0,042 £0,009 um. C o63upom 11a ce u
OBH TaJi03u Mory Hahu camo Ha Mel)yKOHTaKTHO] MOBPIIMHY YHYTap U31y>KEHUX 3pHA, MOXKE Ce
CMaTpaTH Ja Cy OHHM HAacTali Kao IOCIeauia JWHAMHUYKOT Tajnoxemwa. Jleo Oymyher
ucTpaxkuBama Oouhe nmocseheH oapehuBamy MexaHH3Ma KOjH JOBOJIU 10 JHHAMHYKOT TaJ0XKEHa
KaKo YHyTap 3pHa TaKO M Ha TPAaHWYHUM ITOBPIINHAMA.

VY cpenuHu KoMILIEKCHE Mel)yKOHTaKTHE MOBPIIMHE, HA CaMOj TPAaHUYHO] MOBPIIMHU JHUMOBA
KOj€ 3aBapyjeMo youeH je Takohe u Beh moMeHyTH 3ap0o0JbeHN OKCHJIHHM CJI0], Ka0 U HAHO-JaMHIIe
OKpY)X€HE Yy TOTIIYHOCTH Ca OKCHIAHHMM cjojeM. J[Ba Tuma oKcHuia Cy yO4eHa M XEMH]jCKH
anammsupana: (i) Al2O3 koju y MOTITYHOCTH OKPYKYyje MUKpO-jamuiry u (ii) MgO xoju je youeH
y Pa3IMYUTUM 30HAMa Kako OKO HaHO-jaMHIla TaKO U Ha MECY CII0ja I'ie je JOUUIO J0 MOTIIyHOT
3aBapHUBambAa.

IIpucyctBo okcua 0ko MUKpo-jamulie je notepheno u ca FM — KPFM-om. Ha ocHoBy no6ujene
Mmane ¢yuknuje pama (work function) ycranoBbeno je ma je Mel)yKOHTaKTHa IOBpPINHHA
3acuheHa dyecTuiiama udja GyHKIMja pajaa oaropapa GyHKIHMH paja alyMUHH]YM-OKCHIA WUITH
MarHe3ujym okcuaa. Takole, Ha OCHOBY Mop(oJIOTHje yOUCHHX OKCHIa BepU(pHUKOBaHA je
TEOpHja O CaBUjamby OKCHIHOT CJI0ja U YCUTHABAKY y Mambe CETMEHTE IITO JI03BOJhaBa M0jaBy
nudysuje u 100HMjame KBATUTETHOT 3aBapeHor croja. MelhyTium, Ha OCHOBY CBUX HM3BEIACHHX
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aHaJIM3a je YCTAaHOBJHEHO Ja je 3a JeJaMHHAIIN]y UMaK OJTOBOPHO AMHAMHYKO TAJIOXKEHE Ha
npenasy uzMely Mel)ykoHTaKTHe MOBPILIKMHE U 30HE 3aBapa.

Hakon cBeoOyxBaTHe aHanM3e H3BEJICHE y OKBHUPY OBE JucepTauuje, yTBpheHo je na ce
noctynkom T3TM Mory ycnenrHo MpeKJIONHO 3aBapuBaTH YJITPATAHKH JIMMOBH O] JIETYype
allyMUHHUjyMa ca MarHe3ujyMOM, LITO OTBapa MOTyhHOCTHM J1a OBaj MOCTyHak Jo0Hje CBOjy
IIPUMEHY y €JIEKTPOHULIU U YOIIITEHO 32 3aBaplBalkbe€ KOMIIOHEHTH ITPOBOJHUKA y ayTO-, aBUO
uHaycTpuju u 1p. Texnonoruja T3TM ce noka3zana kao NpoyKTHBHA TEXHOJIOTH]a 3aBapUBambha,
KOJI KOje BpeMme 3aBapuBama ujae ucnon 1 s, koja omoryhaBa noOujame 3aBapeHUX CIIOjeBa
BHCOKHMX MEXaHUYKHUX 0COOMHA, OTHOCHO, YBpPCTONE KOja MOXKE MpeBa3uhu OCHOBHU MaTepHjal.
Bucoka mpoayKTHBHOCT, Malld YTpPOIIAK €HEpruje, pelaTWBHO jeTHHA OIMpeMa, OJCYCTBO
3alITUTHOT raca W JIOJaTHOI MaTepujana M uumeHuna aa je T3TM moctynmak 0e3 MKakBHX
LITETHUX TOCJEIULA M0 KUBOTHY cpenuHy, YMHH T3TM mnepcrnekTUBHOM TEXHOJIOTHjOM Yy
OynyhHOCTH.

xii



Acknowledgment

During the long and exciting process of PhD studies | had the opportunity to enrich myself personally
and professionally and to expand my scientific knowledge thanks to the people who invested their time
and trust in my ideas. | absolutely need to mention those special individuals for giving their invaluable
guidance, motivation and moral support.

At the outset, | would like to thank my PhD committee comprising of my supervisor Dr Sebastian Balos,
PhD advisor Prof Dr Leposava Sidanin, committee member Dr Dragan Rajnovi¢ at Faculty of Technical
Sciences, Novi Sad, Serbia and two co-supervisors Prof Dr Jean Pierre Bergmann at limenau University
of Technology from Germany and Dr Saurav Goel from Cranfield University/London South Bank
University from the United Kingdom, for guiding me in the writing of my thesis.

I would like to express my heartfelt thanks to my primary supervisor Dr Sebastian Balo§ who has
continuously supported me with patience and helped keep me focused throughout my PhD. I’'m
especially grateful for our deep discussions and the advice and critiques he gave me, all of which fuelled
and fostered my scientific and spiritual maturity. I would also like to express my immense appreciation
to my co-supervisors Professor Jean Pierre Bergmann and Dr Saurav Goel for facilitating me with the
required research platforms and experimental facilities without which this PhD research work would
not have been possible. They welcomed me to their laboratories, helped me with focusing my ideas and
gave me countless suggestions. My gratitude to them exceeds words.

I would like to add my sincere thanks to my PhD advisor and my inspirational role model Professor
Leposava Sidanin for motivating me through extended meetings and discussions. Most of all, she has
my appreciation for encouraging me to search beyond the borders. Her rich scientific background and
endless love for science motivated me to become what | am today. Words would be few to describe my
admiration and respect for her.

The list of people and organizations who also have contributed to my work during this PhD is far
exhaustive. Every individual in this journey has helped me to learn something new and to move my
research forward. Words would be few to express my gratitude to them. Therefore, | will try to mention
all organizations and people without whom this work would not be the same.

First of all 1 would like to show my appreciation for various funders such as Deutscher Akademischer
Austauschdienst (DAAD), European Cooperation in Science and Technology (COST) especially COST
Action CA15102 and Henry Royce Institute (HRI) in the UK for providing me the generous financial
support via grants and scholarships to allow me to access cutting-edge facilities across the EU.

I would also like to thank all colleagues in the Department of Production Engineering at Novi Sad
University, Serbia, who showed understanding and support. Thanks to Mr. Milo$ Bokorov at University
Centre for Electron Microscopy, University of Novi Sad, Serbia for conducting the work at Scanning
Electron Microscope (SEM). Also, | would extend my gratitude to all my colleagues at the Department
of Production Technologies working at Ilmenau, Germany especially to Ms. Franziska Petzoldt for her
unreserved friendship. She not only trained me to use the equipment but also helped me organize my
family’s social life during our stay in Germany. Furthermore, my sincere gratitude goes to Dr Stefan
Rasche, Mr. Michael Gritzel, and Mr. Tobias Kéhler for continuously supporting my work and as well
to all other colleagues that have contributed my work and living in Germany.

My heartfelt appreciation goes to colleagues from Cranfield University, UK (Precision Engineering
Institute in the School of Aerospace, Transport and Manufacturing) for their hospitality and help during
my stay at Cranfield, as well. I especially want to thank Dr Claudiu Giusca who contributed to my
experimental work in surface characterization of the weld surface. Also, | would like to thank to
Mr. Alan Heaume for his hospitality, trainings and technical support related to my work. | am

Xiii



also thankful to the Dean of the School of Engineering at London South Bank University, Prof
Asa Barber for extending the use of their Scanning Acoustic Microscope (SAM) as well as
providing travel support for additional training at PVA Tepla in West Hausen, Germany. At
the same time, special thanks to Dr Tatjana Djuric-Rissner and Mr. Bugra Birki from company PvA
TePla for training me to use the SAM.

My sincere appreciation goes to colleagues Dr David Stanley, Dr John Walmsley and Dr
Giorgio Divitini at Henry Royce Institute and Cambridge University from the UK for providing
me facilities and possibility to work with them which had helped me with characterisation of
my samples. Also, | would like to thank Dr Vishal Panchal and Mr. Stephen Lewandowski at
Bruker company from Coventry, UK for their unreserved help with finding the right methods
and performing extended characterisation of my samples using a wide range of nanotechnology
tools.

I would also like to mention people who have contributed to my work like Dr Pavel Hanus
from Technical University of Liberec, Czech Republic who facilitated SEM related research,
Dr Janez Zavasnik at Jozef Stefan Institute from Slovenia for conducting preliminary TEM
research essential for my work and to Mr. Ivan Zabunov, Director of Proficut company in
Serbia for providing me with the facilities for conducting experimental research on ultrasonic
welding which is essential for future work in this area. My high appreciation goes to my dear
friend Diane Vukovi¢ for proofreading my PhD thesis.

However, all my efforts would be worthless if | would not dedicate it to special individuals.
Those individuals are my daughters Magdalena and Tara, my husband Sinisa Zlatanovié, my
parents and my friends. | hope they will forgive me for all the hours | took from them to
contribute to this work and | also hope this work will be a great motivation for my daughters
during their intellectual and spiritual development. Finally, I would like to express my highest
gratitude, love and dedication to my husband for continuous understanding, support and love
he had for me during the entire process.

Xiv



H;- UNIVERSITY OF
@P CAMBRIDGE . o

ROYCE ...
INSTITUTE

G
BRUKER
(<O

PVA€ TePla

Dautscher Akadomischer Austausch Dienst
German Academic Exchange Service

h.

TECHNISCHE UNIVERSITAT

TECHNICKA

o R L) v
oo’ Jozef Stefan
** Institute
vy
Prof. Associate dr Sebastian Balo§ Prof. Dr.-Ing. habil. Jean Pierre Bergmann
Prof. Emeritus dr Leposava Sidanin Ms. Franziska Petzoldt ﬁb
and to all colleagues from Chair Dr Stefan Rasche i
of Material and Joining Technologies 1\1\21’. 1hfli;haell<g£iiitzel TECHNISCHE UNlLYnElF:ESl\IKJ
Prof. Associate dr Saurav Goel b obas Bt
&% Prof. dr Asa Barb and to all colleagues from
% ToL. dr Asa barber Department of Production Technology
Cranfield Sr. Lecturer dr Claudiu Giusca
>y SOI",:EC};O;:* Mr. Alan Heaume Dr David Stanley ., .. ELE UNIVERSITY OF
unversity - and to all colleagues from Dr John Walmsley rovce | gy CAMBRIDGE
SATM, Cranfield Dr Giorgio Divitini
BE%R Dr Vishal Panchal I[\)/Ir T;tjana g] fic-Rissncr PVA€ TePla
; r. Bugra Birki
poi Mr. Stephen Lewandowski g TECHNICKA
Stefan Dr Janez Zavadnik Dr Pavel Hanus 3'\!::3’555:“
.‘. Institute -
_ @"ﬁ,f’f% Mr. Milo§ Bokorov, M 1 Zab
S’m% University Centre for D_r. van £& m;iov, d pROoFICUT
23 v IC S . o irector at Proficut d.o.o.
o o o Electron Microscopy Novi Sad
Short Term Scientific Missions Short Term Research
C (STSM) supported from Scholarship (6 months) DAAD
Cost Action CA 15102 Serarhne e e

XV



Contents

N 01 1 (o OSSO B PR PRRPRN i
L 1L (PSR i
ACKNOWIEAGIMENT ...ttt e e et e steesteesteenteesreenre s xiii
(000 1 1 TP PSPPSR XVi

F AN o] o] (=AY AT U o] U ORSPORRPR XiX
NOMENCIALUIE ... XXi

L. INTRODUCTION ..ottt nn e 1
1.1  Background and MOtIVALION...........coviiiieiieiie e res 1
1.2 Aim and objectives Of the reSEarch.........cccoiiiiicii e 2
2. LITERATURE REVIEW ..o 4
2.1 AIUMINIUM HOYS ..o bbb 4
211 AIEMO AIIOYS ..ot 7
2.2 Review of friction stir Spot Welding (FSSW) ........ccoiiiiiiiiiieeee e 8
2.2.1  Conventional friction stir Spot Welding...........cccevveveiieiiciice e 9
2.2.2  Friction stir spot welding with a pin-less tool (PLT-FSSW) .........ccccceoviienienee. 10
2.2.2.1  Friction stir spot welding with a flat tool ............cccooviiiiii 11
2.2.2.2  Friction stir spot welding with a profiled tool ..............ccccoooveiieiiecicins 12
2.2.2.3  Intermediate layer friction stir spot welding (IL-FSSW) .........ccccevviennne. 13
2.2.2.4  Refill friction stir spot welding (RFSSW).......cccoiieiiiiiiiiiecic e 14
2.2.2.5  Friction stir spot welding with concave/convex tool.............ccccceeenirennnnn 16

2.3 Heat generation during FSSW .........cooiiiiiiiiciece st 17
2.4 Effect of welding parameters on the FSSW ProcCess .........ccccocveiiiienienieneieneneniens 21
2.4.1  Tool rotational SPEEU.........cccueiieriiiie e 21
2.4.2  Penetration (PIuNge) depth........c.cooiiiiiiiiiiiiee e 22
2.4.3  DWEII (CYCIE) TIME.....oeiiiee et 23
2.5  Material fIoOW IN FSSW ..o 24
2.6 Microstructure formation in Weld JOINES .........cccooiiiiiiiiiiec e 26
2.6.1 S ZONE (SZ) eecuviieieiie ettt 27
2.6.2  Thermo-mechanically affected zone (TMAZ) ........cccoiiiiiininieeee e 31
2.6.3  The heat-affected ZONE (HAZ) ......coooe e 32

XVi



2.7 MeChaniCal PrOPEITIES........ccveii ettt re e 34

2.7.1  Tensile shear strength of the FSSW JOINES.........ccoviiiiiiiiincieeee e, 34
2.7.2  Microhardness 0f FSSW JOINES .......c.ccceiiiiieiiiie e 38
2.7.3  Fatigue properties 0f FSSW JOINES.........ccooiiiiriiiiiiiiciesc e 41
2.8 DefeCts IN FSSW JOINTS......ciieieiieiieie sttt ste e enne e 44
2.8.1  Keyhole and hOOK AeFECLS........ccveiiiiiiieiiee e 44
2.8.2  Bonding ligaments and VOIAS...........ccocireririniinieesesie s 46
2.8.3  Partial metallurgical bond (PMB) .......ccocoiiiiiiiii e 47
2.8.4  Trapped oxide at the INTErfaCe. .........coocviiiiiiiiee e 48
3. EXPERIMENTAL METHODS ......ctiiiiiit ettt 52
3.1 Base MArTal ..c..coveeiiiie e 52
3.2 WEIAING PIOCESS. ....eeuveiieeiteeieiteesieeteseeste et e st e st e e e st e steesaearaesreeseesreesteenseanaesteaneenneenns 53
321 Welding MACKINE .....cviiiiiiiieee e 53
322 TOOIS et 54
3.2.2.1  Tool material-H13 tool steel (X40CrM0OV51)......cccccoviviviiiieiieiie e, 54

3.3 Surface topography aSSESSMENT .........ccviiiriiriiiieiieie e 57
3.4 Scanning Acoustic MiCroSCOPE (SAM) ...c.viiiiiiiieiie et 58
3.5 Metallographic examination of the Welds............ccocuiiiiiiiinie 58
3.5.1  Light microsCOPY (LIM).....ccioieiieiece et 59
3.5.2  Scanning Electron MicrosCOpY (SEM) .......oocveiiiiiieiiniesie e 60
3.5.3  Focused lon Beam (FIB) Milling........ccccoooviiiiiiiiiiiiccece e 61
3.5.4  High resolution Transmission Electron Microscopy (HR-TEM) and EDX ......63
3.5.,5  Frequency-Modulated Kelvin Probe Force Microscopy (FM - KPFM)............ 64
3.6 MeChaniCal PrOPEITIES. ......ccuiiiieiie ittt 65
TG TS0 |V Tod 0] o =T o 1o SO 65
3.6.2  In-situ Scanning Probe Microscope (in-Situ SPM) ........ccccovveiieiieciiecic e 66
3.6.3  SMall PUNCN TESE (SPT) .uiiiiiiiiiieeeee et 68
4, EXPERIMENTAL RESULTS ...oioiiiiiietseee et 73
4.1  Analysis of welding variables. ... 73
411 SHESS ANAIYSIS .vviiieiieie et et anee s 74
4.1.2  Coefficient of Friction (COF) .......cocoiiiiiiiiicie s 78
4.1.3  Dwell time and thermal analysiS..........cccoiiveriiiieriieir e 79
4.2  Surface topography assessment of the top surface of FSSW joints and tools........... 79
4.3 Scanning acoustic microscope (SAM) analysiS..........ccoovviririeiineninieniseseeee e 80
4.4 MetallographiC reSUILS ........ccveiieieiccecc e 85



441 Macrostructural CharaCterization .........ccceeeeeee oo 85

4.4.2  Microstructural CharaCteriSatioN ............ccovcverueriieniierieeie e see e 87
421 SHE ZONB ..ottt bbbttt bbb 87
4.4.2.2  TranSIION ZONE ....ccveiviiiieieciee ettt sttt e e st sae e sneaneeereas 89

4.4.3  Dimensional quantification of the weld............ccoccovveiieii i, 92

4.5  MeChaniCal PrOPEITIES......c.coui ittt 93

451  IMICTONAIANESS.....ccvieiieiecie ettt e e e aeeneesreeneeaneeas 93

45.2  Small PUNCh TeSt RESUILS......ccuiiiiiiiii e 95
45.2.1  Structure and dimensional evaluation of the SPT samples...........cccccccunee.. 97

4.6 Analysis of welding INterfaces.........cccoviiiiiiii i 100

4.6.1  In-situ Scanning Probe Microscopy (in-Situ SPM) ........ccccooiiiiiiiiiinencncne 100

4.6.1  Transmission electron microscopy (TEM) ......ccccooeiviiiiieie e 102
4.6.1.1  Dislocation Cell STUCTUIE ..........cevieiiieeieieee e 104

4.6.2  Energy Dispersive X-ray Analysis (EDX)......cccccovverivrieiiienieiieseese e 105

4.6.3  Frequency-Modulated Kelvin Probe Force Microscopy (FM - KPFM).......... 111

5. DISCUSSION.....cee et et e e et e e et e e sbe e e saeeeaseeeannees 113
5.1 Influence of process parameters 0N FSSW .......ccocoviiiiiiiiciic e 113
5.2  The surface topography assessment of contact surface of the tool and the contact

surface of the Weld JOINt .........c.ooiiiiii i 116
5.3  Assessment of joint quality obtained with an SAM ..o, 116
54 Macro- and microstructure characterization of welds in regards to weld
IMENSIONS. ... .. et e st e e e e re e s te e st e ereesaeeneeereenes 118
5.5 Mechanical properties of the welds obtained with a Vickers microhardness test and
5] 2 ISR SEUSRPPTTRSRSTPRON 122
5.6  ANAlYSIS OF the WFL.....ooviiii e 126

6. CONCLUSIONS AND FUTURE WORK .......coiiiiie et 130
6.1 General CONCIUSIONS......c.oiuiiiiiiiiisiieeeie et bbb 130
6.2 Recommendations for fUtUre WOIK ...........ccooeiiiiieii i 134

7. REFERENCES ..ottt sttt nnenes 136

APPENDICES ...ttt et e e e et a e nra e nes 149

Xviii



Abbreviations

BF

BM
CDRX
CoF
CFSW
CFSSW
CSOL
DB

DRX
DSA
DS-FSW
EBSD
ECAP
EDX

FE
FE-SEM
FFSSW
FIB
FM-KPFM
FSAMP
FSC

FSP

FSR

FSS
FSBR
FSCI
FSIF
FSSVW
FSSW
FSW
GKSS
HAADF
HAGB
HAZ

HD
HFDB
HFSC
HR-TEM
IL-FSSW
In-situ SPM
IR

KB
LAGB
LEDS

Bright field

Base material

Continuous dynamic recrystallisation
Coefficient of friction

Conventional friction stir welding
Conventional friction stir spot welding
Continuous surface oxide layer
Diffusion bonding

Dynamic recrystallisation

Dynamic strain ageing

Double-side friction stir welding
Electron backscatter diffraction
Equal-channel angular pressing
Energy-dispersive X-ray spectroscopy
Finite element

Field emission scanning electron microscope
Flat friction stir spot welding

Focused ion beam

Frequency-modulated Kelvin probe force microscopy

Friction stir assisted manufacturing processes
Friction stir channelling

Friction stir processing

Friction stir riveting

Friction stir surfacing

Friction stir blind riveting

Friction surface cladding

Friction stir incremental forming HD
Friction stir spot vibration welding

Friction stir spot welding

Friction stir welding

Helmholtz-Zentrum Geesthacht
High-angle annular dark-field imaging
High angle grain boundary

Heat affected zone

Hook defects

Hybrid friction diffusion bonding

Hybrid friction stir channelling

High resolution transmission electron microscope
Intermediate layer friction stir spot welding
In-situ scanning probe microscopy

Infrared

Kissing bond

Low angle grain boundary

Low energy dislocation structure

XiX



LM
MFSC
MSL
nSRS
RFSSW
RPM
RSW
PB
PFSSW
PLC
PLT-FSSW
PMB
RSz
SADP
SAM
SEM
SFSSW
SFSW
SIF

SP

SPM
SPT
SR-FSW
STEM
SZ
TEM
TMAZ
TSFL
TWI
usw
uw
WFSSW
WFI
XPM
uFSW

Light microscopy

Modified friction stir channelling
Mixed subsurface layer

Negative strain rate sensitivity
Refill friction stir spot welding
Revolutions per minute
Resistance spot welding

Partial bonding

Protrusion friction stir spot welding
Portevin-Le Chatelier effect
Friction stir spot welding with pin-less tool
Partial metallurgical bond
Recrystalised stir zone

Selected area diffraction pattern
Scanning acoustic microscope
Scanning electron microscope
Swing friction stir spot welding
Submerged friction stir welding
Stress intensity factor

Surface potential

Scanning probe microscopy

Small punch test

Self-reacting (bobbin) stir welding
Scanning transmission electron microscope
Stir zone

Transmission electron microscopy
Thermomechanical affected zone
Tensile shear failure load

The welding institute

Ultrasonic spot welding
Ultrasonic welding

Walking friction stir spot welding
Weld faying interface

High speed property maps

Micro friction stir welding

XX



Nomenclature

Ac Projected contact area

d Grain diameter

dA Contact surface element

d/D Ratio of the bottom diameter of the SZ and top diameter of the SZ
dFr Resistance force for element

e Charge of an electron

Es Weld efficiency

Fn Axial load

Fmax Rupture load

FmaXweld Rupture load of weld

Fmaxawm Rupture load of base material

H Axial height of the joint in the centre of the weld
Hir Indentation hardness

k1 Strength of the cell boundary

Le Effective (average) depth

m Exponent

n Rotational speed

p(r) Axial stress

Pmax Peak force

R Outer radius

r Radius

le Effective (average) radius

r’'R Ratio of the radius of the edge-chipping area and stable process-pressure area
Rm Average material flow rate

Rmewm Ultimate strength of base material
RMuweld Ultimate strength of weld

Smax Maximum punch displacement

T Torque

o Taper angle of the stir zone
AVepp Contact potential difference

U Coefficient of friction

o Yield strength

On Normal stress

0o Frictional stress

T Shear stress

Dprobe Work function of the probe
Dsample Work function of the sample

1) Angular velocity

IS Material flow strain rate

XXi



University of Novi Sad, Faculty of Technical Science

1. INTRODUCTION

1.1 Background and motivation

The growing demand in the automotive and aerospace industry for low-weight components has
made aluminium and its alloys popular in modern manufacturing. Economic reasons, market
demands and, most of all, the drive for weight reduction have pushed for copper (8.96 g/cm®)
to be substituted by aluminium (2.7 g/cm?). This push for substitution is especially seen in
battery components and strand-terminal connectors as aluminium achieves the same
conductivity as copper while weighing nearly half. Consequently, there is a pressing
international need to establish acceptable joining technologies and weld characteristics for
aluminium and its alloys [1-4].

Currently, the most frequently applied technique for spot welding of aluminium is resistance
spot welding (RSW) [5], followed by laser spot welding [6] and cold metal transfer spot
welding [7]. However, all of these techniques are based on the melting of the base material.
Due to the presence of a transient liquid phase, different kind of defects can occur, including
pores, poor weld strength, brittle solidification, distortion due to residual stress, hot cracking,
stress corrosion. Consequently, various solid-state welding techniques were developed like
diffusion bonding (DB) [8], ultrasonic welding (UW) [9] and friction stir spot welding (FSSW)
[10]. The main advantages of these techniques over conventional welding techniques are low
process temperature, higher mechanical properties of welds and relatively moderate energy
consumption. However, the welding of aluminium with solid-state welding techniques is
challenging due to a tenacious and chemically stable aluminium oxide layer formed at the
interfaces of welded sheets. Aluminium reacts with oxygen in the atmosphere forming a stable
oxygen layer which becomes entrapped in the interface between sheets after welding [11-13].
This layer impedes the diffusion between the sheets and thus hampers the bonding process
necessary for joining. To overcome this issue, many approaches were proposed. One of them
is the imposition of macroscopic plastic deformation during the process by using sheets with
rough surfaces. In this approach, a substantial level of plastic deformation is induced in the
workpiece. Metal to metal contact is thus promoted because of local disruption of the oxide
film on both faying surfaces. However, this approach only produces a partially welded interface
with limited mechanical properties [14]. This problem has been overcome in UW and FSSW
by utilizing vibration (in UW) and rotation (in FSSW) to introduce a high level of deformation
in the workpiece during welding. However, due to the complex tool geometry, UW leaves the
surface of welds rough which can lead to corrosion. Also, undesirable mechanical properties
of welds after UW were observed [15].

The main reason why resistance spot welding still has a leading role in the automotive industry
is because of its short dwell time (range from 0.01 to 0.63 s depending on the thickness of the
metal). Even though FSSW is more energy-efficient compared with RSW and produces joints
with higher mechanical properties, due to its relatively long dwell time (range approximately
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from 1 to 5 s depending on the thickness) it is still not a preferable technique, especially in
batch and mass production.

Friction stir welding was developed in 1991 at The Welding Institute (TWI) of the UK [16].
Primarily, it was developed as a welding technique but, over the years, the technique gained
popularity for use in different areas of manufacturing for processes like surface property
enhancement, channelling, riveting and forming. The series of developments in different fields
have led to an increase in the number of processes that are based on harnessing the principle of
friction stir welding.

Conventional friction stir spot welding (CFSSW) is a spot-welding technique for lap joining
initially developed for the automotive industry. The technology was firstly developed by the
German research centre (Helmholtz — Zentrum Geesthacht — HGZ). Mazda reported the first
application of CFSSW in 2003 in the mass-produced RX-8 car [17]. The entire aluminium rear
door was friction stir spot welded. They claim large energy savings and capital investment
gains compared with using RSW (~90 % energy saving and 40 % investment reduction).
CFSSW consumes low energy and, because of being a solid-state process, can provide superior
weld properties compared with those of the other methods mentioned above. It is suitable for
producing spot-like joints with minimum or no material loss. Unlike FSW, FSSW can be
considered as a transient process due to its short dwell (cycle) time of up to a few seconds.
However, CFSSW uses a tool that leaves a keyhole behind. It causes a reduction of the effective
cross-section area of the joint and leads to the formation of the so-called hook defects (HD)
due to a thin oxide film present in the interface between two sheets. During the welding, the
hook defects are formed due to an upper bending of the welding interface caused by the
penetration of the tool pin into the bottom sheet [18,19]. To overcome this disadvantage,
Bakavos et al. [20] proposed the use of friction stir spot welding with a pin-less tool (PLT-
FSSW) which managed to obtain higher shear strength compared with that of CFSSW.
Thereafter, Chiou et al. [21] found that using a pin-less tool provides higher mechanical
properties of the weld than those obtained with the conventional tool. It has led to PLT-FSSW
becoming a very attractive technology for welding thin sheets (1-2 mm). However, for welding
of ultrathin sheets (from 0.2 to 0.65 mm) or foils (less than 0.2 mm), using a flat tool was not
suitable due to a tendency to tear the uppermost sheets at the contact edge of the tool [22].
Therefore, it seems plausible that the flat tool, creating the uniform pressure along the entire
radius of the tool, is unsuitable for welding multiple aluminium ultra-thin sheets with FSSW.
Considering this, the presented thesis aims to provide an improved understanding of friction
stir spot welding of multiple ultrathin sheets.

1.2 Aim and objectives of the research

As the welding of multiple ultrathin sheets with FSSW represents a grand challenge, a profound
analysis of all influencing parameters is required. The main aim is to obtain lap joints of
multiple thin sheets of AA 5754-H111 alloy with mechanical properties of the joint in the range
of the base material or higher.
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To address this aim, the following objectives were set:

()
(i)
(iii)

(iv)
(v)

Review the existing literature to develop an understanding of the previous work and
identify critical research gaps.

Design a suitable tool geometry to achieve the targeted stress state for enabling FSSW
of multiple thin sheets.

Implement a well-factored process parameter array by varying rotational speed, plunge
depth and axial load. It is expected that different combinations of these parameters and
tool geometries will produce joints with different mechanical properties. It is also
important to identify the key parameters which are most influential in governing the
joint quality.

Detailed analysis of the stress-temperature state during the welding process. Calculation
of directional stresses and coefficient of friction (CoF).

Analyse the weld interface to develop a bottom-up understanding of the nature of
defects such as oxides and high-pressure phases affecting the joint strength.

A flowchart depicting the summary of this thesis is illustrated in Fig. 1.1.

FSSW of ultrathin sheets made of AlI-Mg alloys
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Fig. 1.1 Research flow chart showing the direction of steps taken in this thesis
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2. LITERATURE REVIEW

2.1 Aluminium alloys

With an annual consumption of 35 million tons, aluminium has become one of the world's most
commonly used metals [23]. It’s strength, barrier properties, conductivity, excellent corrosion
resistance along and low density are the main reasons for its continuously growing demand in
production. Aluminium’s lightweight properties are highly favourable in electronic,
automotive and aerospace industries [23,24].

Aluminium alloys are divided into two major groups [23]:

Q) Work hardening, non-heat-treatable alloys (Al99.95%, Al-Mg, Al-Mn, etc.) and
(i)  Age-hardening or precipitation hardening alloys (Al-Cu-Mg, Al-Mg-Si, and Al-Zn-
Mg-Cu).

With heat-treatable alloys, strain-hardening can supplement the strength achieved by
precipitation-hardening.

In Table 2.1 examples of wrought and cast aluminium alloys series are given. Since high-purity
aluminium in the annealed condition retains a low yield strength (7-11 MPa), several
aluminium alloys were developed over the past few years. Although aluminium can be alloyed
with most metals, only a few have enough solid solubility to serve as major alloying elements
(more than 10 atomic %). Zn, Mg, Cu and Si have significant solubilities in aluminium.
However, a few other elements with solubilities below 1 atomic % confer significant
improvements to alloy properties, such as Cr, Mn, and Zr, which are primarily used to form
compounds that can control grain structure. This way, solid solution hardening was introduced
to improve the mechanical properties of annealed material. To achieve that, the solute must
have a high solid solubility at the annealing temperature and to remain disolved after a slow
cooling. Also, it is important not to allow any reaction with other elements that may create
undesirable insoluble phases [24].

The increase of yield strength that occurs when solutes are added to pure aluminium is shown
in Fig. 2.1a and b. At an atomic level, Mg and Cu are the most effective strengtheners (at 0.5
% or less). In non-heat-treatable alloy, Cu additions are held at a maximum of 0.3 % to avoid
the possible formation of insoluble Al-Cu-Fe constituents. Magnesium turned out to be the
most effective strengthener because of its relatively high solid solubility. It is interesting that
Zn also has high solubility but causes slight hardening. However, during ingot preheating and
hot processing, Mn usually precipitates as dispersoid AleMn; only 0.2-0.3 % of Mn tends to
remain in the solution [23-25].
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Table 2.1 The Aluminium Association alloy designation system [25]

Wrought alloys

Series Major alloying elements Heat treatable

IXXX Al >99% No

2XXX Al-Cu-(Mg) Yes

3XXX Al-Mn No

4XXX Al-Si No/Yes

5XXX Al-Mg No

BXXX Al-Mg-Si Yes

TXXX Al-Zn-(Mg)-(Cu) Yes

XXX Al-(other elements) No/Yes

OxXXx Unused series

Cast alloys

Series Major alloying elements Heat treatable
(not many are used as
cast)

IXX.X Al >99% No

2XX.X Al-Cu Yes

3XX.X Al-Si (Cu or Mg) Yes

4AXX.X Al-Si No

S5XX.X Al-Mg No

BXX.X Unused series

TXX.X Al-Zn-(Mg)-(Cu) Yes

8XX.X Al-Sn No

9XX.X Al-(other elements)

Note: *While the Aluminum Association wrought alloy designations are very widely used, there
are no universal casting alloy designations in wide use. However, for any casting alloy, there
are usually equivalent alloy designations from each different region.
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Fig. 2.1 Solid solution strengthening of high-purity binary aluminium alloys: (a) mass
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Aluminium possesses high stacking fault energy (~170 mJ-m). During deformation, the
cellular substructure can form inside of the grains rather than stacking faults or twins. Cellular
substructure causes strengthening [24,26]. This can be explained with the Hall-Petch equation
[24,27]:

o=09+ ky-d™ (2.1)

o-yield strength;

o,-frictional or Peierls stress;
k,-strength of the cell boundaries;
d-grain diameter;

m-exponent that varies from 1 to 0.5.

At relatively low temperatures, the substructure produced by work hardening is usually referred
to as cells-structure. The difference in orientation of these cells is only about 1° and they have
walls comprising of tangled dislocations. However, deformation at higher temperatures
produces subgrains bounded by well-defined, narrow walls. Misorientation of those subgrains
is higher compared with that of the cells and goes up to 15°. If the alloy undergoes the process
of recovery the value of m changes from 1 to 0.5. It causes the substructure to change from
cells to subgrains. The formation of subgrains causes an increase in mechanical properties.

For an alloy to be susceptible to age-hardening there must be a decrease in the solid solubility
of one or more of the alloying elements and decreasing temperature. Most alloys that respond
to the ageing will undergo some hardening at room temperature, so-called natural ageing, and
can last indefinitely with a drop of the ageing rate over time. Ageing at elevated temperature,
so-called artificial ageing, is distinguished by a different behavior. In this case, hardness
usually increases to the maximum value and then decreases. The softening mechanism that
occurs on prolonged artificial ageing is known as “overageing”. The maximal hardness is
obtained when there is a presence of critical dispersion of intermediate precipitates. In some
alloys, more than one type of intermediate precipitates can be formed. Some aluminum alloys
are cold worked after quenching and before ageing. This treatment increases the dislocation
density and also provides more initial sites where heterogeneous nucleation of intermediate
precipitates can occur during ageing [24,27].

The interaction between dislocation and solute elements has been studied for many years.
However, in present literature, the solid solution which is unstable with respect to a
precipitation reaction during deformation was not studied in detail. In other words, the
influence of moving dislocations on the precipitation process (so-called dynamic precipitation)
is less documented [28]. Dynamic precipitation was studied during low-temperature-high-
deformation processes like equal-channel angular pressing (ECAP) of alloys Al-Mg-Si [29]
and Mg-Al [30] or hot extrusion of the alloys Al-Mg-Si [31] and Al-Zn-Mg [28]. In all cases,
a nucleation of new precipitates caused by dislocation interaction with solute atoms was
observed.
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2.1.1 Al-Mg alloys

Aluminium and magnesium tend to form a solid solution. The most widely used wrought
aluminium alloys contain 0.8 to 5 % magnesium. Mechanical properties in annealed conditions
vary significantly. Alloy 5005 has a tensile strength of 125 MPa whereas the alloy AA 5456
which has a strength of 310 MPa, which is the highest tensile strength among 5xxx alloys.
Elongation usually exceeds 25 %. The alloys work harden easily and with a higher content of
magnesium the rate of work hardening increases [23,24].

Some Al-Mg alloys may exhibit some instability of properties. If aluminium contains 3-4 %
magnesium there is a tendency to develop the B-phase. Also, MgsAlg phase precipitates to slip
bands and grain boundaries which may lead to intergranular and stress corrosion cracking.
Work hardening alloys can undergo what is known as age softening at ambient temperature.
During age softening the mechanical properties drop due to a localized recovery within the
recovered grains [23-25,32].

Fig. 2.2 depicts the stable Al-Mg phase diagram and indicates the following phases: two-
terminal solid solutions Al (Mg) and Mg (Al) and three intermetallic compounds AlsMg2, R
and Al12Mgz7. During welding processes like FSSW, the presence of intermetallic compounds
can significantly influence the weld quality. If there is high deformation and low process
temperature, dynamic precipitation can cause the formation of new precipitates. Also, already
present precipitate in the alloy can be grounded to the smaller pieces and distributed along the
grain boundary. To overcome these problems, appropriate welding parameters needs to be
chosen.

The 5xxx alloys have high strength, weldability, good formability and a high level of corrosion
resistance. Because of their good mechanical properties in the annealed condition, Al-Mg
alloys with a higher amount of magnesium are candidates for the rapidly growing automotive
industry. They are widely used for welding applications [24,32].
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Fig. 2.2 Al-Mg phase diagram [32,33]
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2.2 Review of friction stir spot welding (FSSW)

FSW was invented and patented in 1991 at TWI as a solid-state joining technique. It was
initially applied on aluminium alloys [34] and developed for butt joints. Afterwards, Mishra et
al. [35] developed friction stir processing (FSP), which was inspired by FSW but, instead of
joining, was used for grain refinement of AA 7075 aluminium alloy. Thereafter, the basic
principle of FSW was implemented in the development of different kinds of friction-stir
assisted manufacturing processes (FSAMP). As a part of this research, an attempt was made to
classify and summarise FSAMP processes as shown in Fig. 2.3.

Friction stir assisted manufacturing

spot welding
(FFSSW)

_— . Friction stir Friction stir Friction stir - . Friction stir
Friction stir spot welding processing channeling Friction stir incremental
welding (FSW riveting (FSR .
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Fig. 2.3 Classification of the friction stir assisted manufacturing processes
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FSSW is solid-state joining technology which has a high energy efficiency due to the low heat
input required in the process. The most pronounced advantage of FSSW is the capability to
weld materials that are classified as non-weldable due to a poor solidification microstructure
and porosity in the fusion zone (such as highly alloyed heat-treated aluminium alloys from
series 2xxx and 7xxx). In addition, FSSW has no impact on human health and safety as it has
no residual radiation and has low operations hazards. Moreover, minimal distortion, small
thermal deformation, minimal joint preparation, low residual stresses, no welding consumables
(shielding gases, cooling agents, vacuum chambers, etc.), high welding efficiency, sound
mechanical properties, refined microstructure, and suitability for automation significantly
increase the use of FSSW in the industry [3,10,25,36-40]. Although FSSW was first developed
for joining aluminium alloys, throughout the years this technique was used for joining other
metals and its alloys such as magnesium [41], titanium [42], steel [43] and copper [44]. It also
proved to be an adequate technique for welding dissimilar metals like aluminium-to-copper
[45], aluminium-to-steel [46], and aluminium-to-titanium [47]. Finally, FSSW of multi-
material, metal-to-metal, polymer-to-polymer, and metal-to-polymer hybrid structures was
developed recently [48].

As discussed in the following sections in detail, FSSW is a welding technique which derives
from FSW but without translating the tool. The process uses a non-consumable rotating tool
that can be with pin or pin-less. The basic principle is the same: the tool is plunged into the
upper sheet of a lap joint while the anvil supports the downforce. In both cases, the tool has
two primary functions: to heat the workpiece above the recrystallization temperature and to
cause plasticity-induced material flow. The friction induces the heat between the tool and the
workpiece. Consequently, the softened material underneath the tool is pressed by the applied
axial load and tool rotation facilitates material flow. The material flow is highly dependent on
the tool geometry and this is where two different research directions have now developed:

(i) Conventional FSSW (CFSSW)
(it) FSSW with a pin-less tool (PLT-FSSW).

2.2.1 Conventional friction stir spot welding

In CFSSW. The rotational tool consists of a shoulder and a pin (probe). Even though it is a
continuous process, it can be divided into three stages as shown in Fig. 2.4a. The friction at the
contact interface between the tool and the workpiece creates the heating which softens the
surrounding material. The heat is generated in the plunging and stirring stages. The rotational
action and normal downward axial load of the tool facilitate plastic flow and mix the material
of the upper and lower sheets together [3,49,50]. The tool reaches a predetermined plunge depth
in the material and it is held in that position for a certain time (so-called dwell time). Afterwards,
the tool is retracted from the workpiece leaving the FSSW joint with a keyhole depending on
the shape of the non-consumable tool used in the process (Fig. 2.4b). The rotational tool is
subjected only to torsion. By contrast, FSW exerts torsion as well as bending movement as a
result of rotational and translation motions, respectively [51].
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e

Plunging Stirring Extraction
Fig. 2.4 (a) Scheme of the conventional FSSW process; (b) corresponding cross-section [49]

The axial load provides contact between the two metal surfaces. The pressure of the tool creates
frictional heat and the formation of a metallurgical bond [52]. Due to severe movement of the
welded material, the stir zone withstands a high strain rate, thereby, original grains are
transformed into much finer and equiaxed ones, leading to the improvement of mechanical
properties of the FSSW joints. The most influencial parameters on heat generation and material
flow are plunge depth, rotational speed and dwell time. However, the CFSSW process has
several disadvantages, such as the creation of a keyhole after welding, which can lead to a
corrosion attack [53]. FSSW is not as flexible of a technique as, for example, arc welding; it
requires rigid assembly between the tool and backing anvil as well as a rigid clamping system
[36]. It is restricted to welding sheets of approximately 1 to 5 mm thickness and the welding
time is relatively long compared the time required for resistance spot welding. Efforts are
underway to overcome some of these disadvantages and improvements are mostly focused on
tool geometry and joint formation approaches. The key parts of the FSSW tool are the pin and
shoulder. The pin facilitates material flow between the workpieces and mix materials in the stir
zone while the shoulder establishes the bulk of the frictional or deformational heat so softening
of material can occur. Developing these parts by incorporating new features or removing
geometrical characteristics is the main goal of recent research [3,54].

2.2.2 Friction stir spot welding with a pin-less tool (PLT-FSSW)

Friction stir spot welding with a pin-less tool (PLT-FSSW) makes use of a tool without a pin
and with or without modification of the tool shoulder. Tozaki et al. [55] did the pioneering
work in developing the pin-less tool but with a scroll groove on its shoulder surface. Thereafter,
a number of research on different geometries of the pin-less tool was done [1,19,20,41,56,57].
High strength welds with no keyhole or with a shallow surface can be created with PLT-FSSW.
The pin-less shoulder provides better penetration of the upper sheet into the bottom sheet and
establishes uniformed contact of the tool surface across the welding region [3,58].
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According to the tool geometry and complexity of the tool movement, PLT-FSSW can be
classified into the following:

1. Friction stir spot welding with a flat tool

Friction stir spot welding with a profiled tool
Intermediate layer friction stir spot welding (IL-FSSW)
Refill friction stir spot welding (RFSSW)

Friction stir spot welding with concave/convex tool
Protrusion friction stir spot welding (PFSSW)

Flat friction stir spot welding (FFSSW)

No ok owd

2.2.2.1 Friction stir spot welding with a flat tool

The basic concept of the FSSW with a flat tool [20,59,60] is shown in Fig. 2.5. With CFSSW,
the tool is plunged into all sheets. The movement of the tool can be either displacement-
controlled [61] or force-controlled [22]. With PLT-FSSW the tool is plunged only into the
upper sheet. The stir zone and bond between sheets are the result of continuous dynamic
recrystallisation (CDRX) [62] and diffusion bonding between the sheets [13], respectively.

Downforce
@ ? Rotation
Tool E
(a) \/ Clamping
. force
Workpieces
\__ ¥ &
R W N | -

Fig. 2.5 (a) S Scheme of FSSW with a pin-less tool design; (b) FSSW with a flat tool design
[55]

Bakavos et al. [20] and Reilly et al. [56] reported that a flat tool, when compared with a profiled
tool, exhibits less friction between the tool and sheet. As a consequence, a shallower
deformation zone during a longer welding time were observed (see Fig. 2.6a and Fig. 2.6b)
The main disadvantage of the profiled tool compared with the flat tool is the formation of so-
called hook defects, especially when dwell time is increased. As a result, the upper sheet is
thinned and resultant shear strength decreases.
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Fig. 2.6 Cross-section views showing the influence of tool features on the “hooking”
behaviour and penetration depth: (a) flat tool; (b) the short flute wiper tool [20]

2.2.2.2 Friction stir spot welding with a profiled tool

The basic principle of FSSW with the profiled tool is the same as with flat tools. However, the
profiled pin-less tool design proved to be the most effective for thin sheets [19,20,56,57]. In
Fig. 2.7 a few examples of profiled tools are shown [19,20,57,59] . Except for the tool shown
in Fig. 2.7g, all the tools shown in Fig. 2.7 allow for a higher penetration depth to be achieved
but create the formation of hook defects in the stir zone and increase of dwell time. The
cylindric tool with projection behaves like a flat tool in regards to deformation and HD.

Fig. 2.7 The different pin-less tool designs compared: (a) the short flute wiper tool [20];
(b) the long flute wiper tool [20]; (c) the fluted scroll tool [20]; (d) the proud wiper tool [20];
(e) the tool with scrolled grove [57]; (f) the tool with L-shaped grooves [57]; g) cylindric tool

with projection [59]; h) tool with involute groves [19]

12
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Li et al. [19] used the tool shown in Fig. 2.7h to eliminate the hook defects caused by FSSW.
Their premise was based on the innovative method of combining FSSW and subsequent friction
stir welding (FSSW-FSW), as shown in Fig. 2.8. The results they obtained show that the HD
in pin-less friction stir spot welded AA2024 joints can be eliminated by using FSSW-FSW.

Pinless tool

FSSW-FSW joint

Stepl ——> Step 11 —————— Step 111

Fig. 2.8 Scheme of the FSSW plus subsequent FSW process [19]

2.2.2.3 Intermediate layer friction stir spot welding (IL-FSSW)

IL-FSSW is a spot-welding technique which was developed to eliminate the keyhole associated
with CFSSW. The process is based on preventing the keyhole defect by using the intermediate
layer (IL), rendering additional post-treatments unnecessary [63,64].

Four stages of IL-FSSW process are shown in Fig. 2.9. In the first step (shown in Fig. 2.9a) it
can be seen that, with the virtue of this layer, the upper sheet is elevated. The shoulder presses
the upper sheet to connect it with the IL and the lower sheet, leading to a convex protrusion
that encloses the IL. The stationary shoulder clamps the sheets and prevents movement during
the welding process as shown in Fig. 2.9b. Thereafter, the rotational tool is plunged into the
upper sheet, causing frictional heat to occur at the top of the protrusion, as seen in Fig. 2.9c.
Temperature increases and the tool continues plunging, resulting in stirring and plastic
deformation of the upper and lower sheets with the IL. A flat welding spot is created at the
original surface level of the upper sheet after the tool is retracted, as shown in Fig. 2.9d. The
absence of a keyhole means there is no need for post-welding processing.

13
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(a) Stationary shoulder (b)
g -
5 g
-

Fig. 2.9 Scheme of the IL-FSSW process: (a) welding fixture; (b) part clamping; (c) tool
plunge; (d) tool retraction [63]

2.2.2.4 Refill friction stir spot welding (RFSSW)

Refill FSSW (also known as FSpW [65,66]) was developed and patented by the Helmholtz-
Zentrum Geesthacht in Germany [67]. It was developed to eliminate or to reduce the formation
of the keyhole and improve the mechanical properties of weld joints. RFSSW uses a non-
consumable welding tool consisting of three parts shown in Fig. 2.10a: clamp, sleeve and pin
[68-71]. Two separate actuators independently move the sleeve up and down. The third
actuator is used for clamping the sheets.

The process consists of four stages Fig. 2.10:

() Initial rotation of the sleeve and pin; the welding head moves downwards with all
the tool faces aligned. Thus, all sheets are clamped between the welding head and
a backing anvil to keep them tightly secured during the process.

14
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(i) In this stage, both the sleeve and the pin start moving in opposite directions to each
other. Two combinations of pin-sleeve moving can be performed shown in Fig. 2.10.
The firstis Pin plunging and sleeve retraction (Fig. 2.10a) [72] and second is Sleeve
plunging and pin retraction (Fig. 2.10b) [65,71,73,74].

(i)~ When the plunge sleeve reaches a predetermined depth, the motion of the sleeve
and pin is reversed. The plunged sleeve is left rotating for a predetermined time
(dwell time) in the lowest position to help increase material intermixing. The
downward movement of the pin will force plasticized material from the cylindrical
cavity back into the keyhole left by the sleeve and refill it.

(iv)  Finally, the tool is retracted. The result is completely refilled hole with minimum
material loss and a flat surface.

(8] ?

Clamping and tool

I stage
rotation

(a) Pin plunge variant (b) Sleeve plunge variant

Il stage u%, Pin plunging and Il stage ¢
sleeve retraction

. Sleeve plunging
and pin retraction

IIl stage °8' Sleeve plunging Il stage .’ Pinplunging and

and pin retraction : sleeve retraction

IV stage Tool removal IV stage Tool removal

Fig. 2.10 Schematic of the two RFSSW process variants: (a) pin plunging and sleeve
retraction; (b) sleeve plunging and pin retraction [74]

15



University of Novi Sad, Faculty of Technical Science

2.2.2.5 Friction stir spot welding with concave/convex tool

In FSSW, the different types of shoulders highly affect the material flow [75]. The flat tool has
a simple design, but it is not effective for trapping the flowing material directly below the tool.
The softened material flows upward and outward, leading to the obvious plastic deformation
on the periphery of the stir zone, which results in significant heat loss. Therefore, the flat tool
is impractical for the accumulation of heat and maintaining of pressure, leading to a difference
in the extent of reaction at the centre and the periphery of the joint.

Xu et al. [41] studied FSSW of Mg-3Al-1Zn magnesium alloy with a Zn interlayer by concave
and convex tools, as shown in Fig. 2.11. For the convex tool, the protruded part of the tool
increases the plunge depth. In addition, the softened material with a high temperature below
the central zone of the tool is easier to push away from the centre to the periphery of the convex
tool. The convex shoulder can keep contact with a workpiece at any location along the tool
Briefly, the convex tool can supply a higher welding pressure than the flat tool, thus providing
better bonding conditions [41,76].

For the concave tool, the cavity could serve for escaping volume (material escape, base metal
escape, the escape of some amount of the material/base metal) for the heated material and
produce a compressive forging force on the stir zone. This way, the plastic deformation zone
below the concave tool is more concentrated than that with a flat tool. Thus, the concave tool
produces a higher temperature and pressure assisting the stirring of material. However, it leaves
a complex surface morphology after welding [41,57].

Convex Concave Flat

Reference line

-

Fig. 2.11 Schematic of FSSW with convex/concave/flat tool [41]
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2.3 Heat generation during FSSW

During FSSW, heat is generated from two sources: (i) the friction between the rotating tool and
the workpiece and (ii) the plastic deformation in the region below the tool [77,78]. Most authors
[79-81] claim that the largest portion of generated heat comes from the friction between the
tool and workpiece. Several process variables shown in Fig. 2.12, such as axial load (1),
rotational speed (2), the initial contact surface between the tool and workpiece and profile of
the tool (3) and penetration (plunge) depth (4), can influence the heat generation. According to
Su et al. [82], the generation of heat is mostly influenced by the rotation of the tool.

Fig. 2.12 Schematic of FSSW process: 1-axial force; 2-rotational speed; 3- initial contact
surface between the tool and workpiece; and 4 penetration depth

One of the analytical models explaining FSSW was described by Roos et al. [83]. He assumed
that the tool surface is built up from infinitesimal small rings with the thickness dr. The
frictional resistance then becomes:

dF, =u-Fy-dA=2-w-pu-p(r)-r-dr (2.2)

dF: - resistance force for element dr [N]
u - coefficient of friction (CoF)
r —tool contact radius [mm]

Fy .
—" axial stress [MPa] (2.3)

p(r) = o, =

Fn - axial load [N]
o,-normal stress [MPa]
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qo=Q=f15°v-dFr=Z-w-n-u-anf;(’rz-dr (2.4)
o - angular velocity [Rad/min]

Since the influence of the axial movement of the tool can be neglected, the present equation
can be simplified. By neglecting the influence of the axial movement of the pin and setting
Ri=0 the heat flow becomes:

ng.nz.#.o_n.n.Rs (2.4)

n - rotational speed [rpm]
R -the outer radius [mm]
Kinetic coefficient of friction can be calculated in two ways [84] and [85]:

3-T(b)

u(t) = PW— (2.5)
) = = s (2.6)
o = 20 (2.7)
T= ;:_((;)3 (2.8)

T- torque [N-mm]
7- shear stress [MPa]

During CFSSW, a higher amount of the energy is generated by the pin (more than 70%). The
tool shoulder only comes in contact with the workpiece near the end of the process [82]. About
80 to 99% of energy during PLT-FSSW is generated from the shoulder if the friction is assumed
to be the main source of heating, thus making it a more appealing process for the welding of
thin sheets [20,61].

In FSSW, temperature profiles and cooling rates are directly influenced by material properties
and welding parameters. The maximum temperature in the stir zone should be high enough to
provide unobstructed material flow but, also low enough to prevent abnormal grain growth
during dynamic recrystallization [68,86]. The generation and dissipation of the heat during the
FSSW process is shown in Fig. 2.13. The heat energy is induced directly into the tool and the
workpiece. Through heat radiation, the heat is emitted from the tool, workpiece and clamping
surface. These heat conventions occur because of unequal heat conduction coefficients and
different material thicknesses. Awang et al. [87] have shown that only a small amount of the
energy generated during the FSSW process is expended for the formation of the stir zone. Su
et al. [88] reported only 4.03% of the total energy to be involved in joint formation in Al 6061-
T6 alloy. The rest of the energy was dissipated into the tool, clamping system, anvil support
and workpiece.
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Fig. 2.13 Generation and dissipation of the heat during the FSSW process (adapted
from [83])

The cooling rate after the FSSW process plays an important role in the size of grains formed,
workpiece distortions, residual stresses and precipitation formation in age hardening alloys
[68,89]. The four weld features that have the most influence on cooling rate are: (i) the size of
the stir zone; (ii) the mass of the workpiece and clamping system; (iii) rotational speed of the
tool; (iv) material thermal conductivity.

The temperature during FSSW can be monitored by several different methods. The most
popular method is with thermocouples. Lately, infrared cameras (IR) also gain popularity. They
are mainly used for showing the temperature distribution of the surface of interest. The main
disadvantage of the IR camera lies in establishing the emissivity of the plastically deforming
metastable phase of the material, which represents a crucial parameter for precise measurement.
Therefore, most authors use thermocouples in combination with an IR camera for calibration.
Lanc et al. [90,91] explained the influence of surface roughness on the increase of the
emissivity at high temperatures in Al 6082 alloy. Roos et al. [83] used a combination of
thermocouples and an IR camera. Additional measurements with an IR camera led to an
extended understanding of the temperature development during the hybrid friction diffusion
bonding (HFDB) process (friction stir welding with pin-less tool).

Bakavos et al. [20] obtained temperature profiles of the FSSW samples with thermocouples at
different welding times. Fig. 2.14a, the influence of welding time on the maximal temperature
of Al 6111-T4 alloy is shown. The thermal profile shows a very rapid increase in temperature.
In Fig. 2.14b, the IR image of the FSW sample can be seen. The temperature of the tool used
for FSW during process was measured to evaluate how the temperature affects microstructure
and whether the temperature is correlated to the properties of the welds.
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Fig. 2.14 (a) Thermocouple measurements from the base of the weld obtained with a pin-less
long flute wiper tool for different welding times [20]; (b) the temperature of the tool
workpiece set-up during FSW (°C) [92]

Modelling and simulations have been popular approaches for determining the temperature
distribution during the FSSW process. They help gain a better understanding of temperature
influence on material flow in order to optimise the tool geometry and process parameters. A
number of authors have studied thermomechanical coupled models of the FSSW by using
computational fluid dynamics [93-95], a meshless particle method [54] and a finite element
method [78,96-98].

Jedrasiak et al. [98] studied a thermal-only implicit FE model of pin-less FSSW. Predicted
temperature distributions during the FSSW process with flat and fluted tools are shown in
Fig. 2.15. It shows the influence of tool geometry on temperature distribution. It should be
noted that in all cases the predicted temperature at the centre was higher for the fluted tool than
that of the flat tool, while a heat generation was similar or even lower. The concentration of
higher temperatures in the centre reflects the relative positions of the peak in the heat input.

Flat tool Fluted tool

Al - Steel = =sEESEEEsEzss

(1s)

Al - Al

(2.5s)

5 mm

Fig. 2.15 Predicted temperature distribution after 1 and 2.5 s dwell time at the weld plane of
symmetry for Al 6111-Al 6111and Al 6111- DC04 welds, with a flat and fluted tool [98]
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2.4 Effect of welding parameters on the FSSW process

The microstructure and mechanical properties of the welds are highly dependent on the welding
parameters. The tool geometry, process parameters and joint configuration influence heat
generation, material flow and mechanical properties of the weld. Therefore, careful selection
of welding parameters is essential in order to prevent the formation of defects such as hook
defects, partial bond or voids in the FSSW welds. The defects influence the fracture mechanism
and reduce mechanical properties of the welds [3,99]. The most influential parameters during
FSSW are: (i) rotational speed; (ii) penetration (plunge) depth; (iii) axial load and (iv) dwell
(welding) time.

2.4.1 Tool rotational speed

Tool rotational speed is the most influential parameter on material flow, heat generation and
weld quality. Until now authors have obtained welds with rotational speeds ranging from 20
RPM (so-called low-temperature friction stir spot welding LT-FSSW) [100] to ultra-high
rotational speeds of 30,000 RPM (so-called micro friction stir welding uFSW) [101]. Higher
rotational speeds create excessive frictional heat input, high plastic flow and significant flash
between the interface of welded sheets. However, when tool rotational speed is low, a higher
density of dislocation is present, which causes strain hardening to occur.

Sun el at. [100] studied the FSSW of 6061-T6 alloy at low rotational speeds (30, 40 and 50
RPM). The result was an ultrafine grain structure with a high dislocation density and without
obvious dynamic recovery and recrystallization of the stir zone. Kumar el at. [102] observed
strain hardening in samples welded at rotational speeds ranging from 200 to 1400 RPM.
However, if the rotational speed is too low below some critical value, defects including
insufficient mixing, fracture modes (such as eyelet fracture patterns) and week weld strength
can occur [103]. On the other hand, if the rotational speed is too high, the material below the
tool softens to fast and, instead of deformation transferring to lower sheets, it flows up around
the tool and the shear stress cannot be properly transferred to the lower sheets. The result is
partially bonded area or no bond at all. The optimal rotational speed depends on material
properties, thickness, tool geometry, axial load and plunge depth [3,37,104].

Bozzi et al. [104] reported that weld strength increased when the rotational speed was increased
up to 1300 RPM while maintaining an constant axial load. After 1300 RPM strength starts to
decrease as shown in Fig. 2.16a. Welds were formed from 1.2 mm thick upper sheets and 2
mm thick bottom sheets both from Al 5182-O. Bozkurt el at. [105] with help of the Taguchi
method has studied FSSW joints AA2024-T3/AA 5754-H22 1.6 and 1.5 mm thick, respectively.
Dissimilar FSSW lap joints were produced with different welding parameters. Rotational speed
had the highest influence on strength (53.66%) followed by tilt angle (23.75%), tool plunge
depth (12.54%) and dwell time (5.45%).
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Fig. 2.16 Influence of (a) tool rotational speed; (b) pin plunge depth; (c) shoulder
penetration depth on weld strength in friction stir spot welded AA5182-0 alloy [104]

2.4.2 Penetration (plunge) depth

Penetration during FSSW depends on the thickness of the workpiece. The axial pressure on the
tool increases with an increase in the penetration depth of the tool. Bozzi et al. [104] reported
the influence of penetration depth of the pin (Fig. 2.16b) and shoulder (Fig. 2.16c) separately.
Pin penetration depth was modified by using a constant pin length but with different axial loads.
Shoulder penetration depth was changed by using different pin lengths but with sheets of a
constant thickness. Fig. 2.17a shows that, with an increase of penetration depth up to a certain
level (0.6 mm), strength increases as well. Choi et al. [59] reported the influence of penetration
depth on weld strength with three different tools: (i) threaded pin tool, (ii) cylindrical flat tool
and (iii) cylindrical tool with projection. Contrary to the results reported by Bozzi et al. [104],
Choi et al. [59] reported a decrease in strength obtained with a tool with a pin after 1.55 mm
penetration depth (Fig. 2.17a). Both pin-less tools achieved an increase of strength when
penetration depth was increased, as shown in Fig. 2.17b and c.

According to them, the plastically deformed structure was dominant in influencing strength.
During welding with a pin-less tool, penetration depth is a crucial parameter. If the penetration
depth is too low, low-pressure conditions occur and cause a weakly bonded region to form.
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However, in the high-pressure condition, sheets are fully bonded, which suggests that the
increase in penetration depth affects the strength of the joints.
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Fig. 2.17 The influence of penetration depth and tool geometry on maximum tensile shear
load: (a) threaded pin tool; (b) cylindrical flat tool; (c) cylindrical tool with projection [59]

2.4.3 Dwell (cycle) time

Dwell time or welding time is the time that a non-consumable rotational tool spends penetrated
in the workpiece before its retraction. It is one of the most important parameters that provides
the energy input required for producing a strong bond between sheets. Dwell time also
influences the mixing rate and material flow during FSSW and, for this reason, in the
automotive industry dwell time critically influences productivity. Even though FSSW in most
cases gives higher mechanical properties of aluminium joints than resistance spot welding does,
FSSW is still not widely accepted in the automotive industry due to several disadvantages. The
most important disadvantage of the FSSW process includes the welding (dwell) time which is
relatively long (2-5 s) compared with that of RSW (0.01-0.63 s). For FSSW to compete with
RSW, especially in automotive industry, reduction of dwell time (at least below 1 s) is an
utmost requirement [5,50,106-108].
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Depending on the type of machine used for FSSW, two different approaches for defining dwell
time exist:

Q) displacement-controlled machines and
(i)  force-controlled machines.

In the case of displacement -controlled machines, dwell time can be given as an input parameter.
This is also the case when a milling machine is used for FSSW. The tool penetrates until it
reaches penetration depth. Afterwards, it is kept in that position for a certain time until the tool
retracts. The force value cannot be pre-entered; it depends on the ratio between penetration
speed and workpiece material properties.

In the case of force-controlled FSSW machines, the process is led by force and penetration
depth. When penetration depth and force are set, dwell time will be defined by the time needed
for a tool with certain force to penetrate to a certain depth before retracting. In this case, dwell
time value cannot be pre-entered; it depends on workpiece material properties, pre-defined
force and penetration depth.

Bakavos et al. [20] has used a position-controlled machine with a novel pin-less tool design to
achieve good welds with a welding time of less than 1 s during FSSW of 0.93 mm thick 6111-
T4 aluminium alloy. The optimal combination of the tool geometry and welding parameters
produced welds with high mechanical properties and without or with a small number of defects
while still achieving a dwell time of less than 1 s (0.3, 0.5and 1 s).

According to Shen et al.[108] and Rostamiyan et al.[103], an increase of the dwell time
increases the heat input during the FSSW process. When the dwell time is too long (usually
more than few seconds), the weld strength will be drastically affected due to grain coarsening.
When weld time is far below the expected value, low heat input will cause poor mixing which
eventually will affect weld strength. Rosendo et al. [99] studied the influence of rotational
speed and dwell time on the microstructure and mechanical properties of AA 6181-T4
aluminium welds obtained with RFSSW. The optimal dwell time which provided the highest
mechanical properties was observed in range from 2.6 to 3 s.

2.5 Material flow in FSSW

During FSSW, the material flow is very complex, and it is dependent on the wide range of
parameters such as tool geometry, process parameters and material properties. Therefore, it is
necessary to understand material flow to be able to design the right tool and to choose proper
welding parameters. This has motivated numerous studies of material flow during FSSW. For
tracing the material flow during FSSW, different approaches have been used, such as the tracer
technique by marker or a flow visualisation by FSSW of dissimilar materials. In addition, some
different flow models were proposed [56,93].

The tracer technique by marker is based on using a marker material that is different from the
material being welded. Yang et al. [109] has used copper foil as tracer material. Prior to
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welding, the copper foil is placed on three different configurations: (i) on the entire top surface
of the upper sheet; (ii) at the interface between the sheets from the left side (half of the weld
zone is covered up) and (iii) at the entire interface between sheets.

Bakavos et al. [20] has used aluminium alloys with dissimilar copper content, 6xxx alloys, X-
ray tomography with a sputtered gold film marker to trace material flow. Tozaki et al. [38] has
used copper powder to track the material flow during FSSW with scroll and flat tools. It was
carried out by drilling a hole 1 mm in diameter and 0.7 mm in depth in the upper sheet under
the shoulder and filling the hole with copper powder. During the welding, the powder was
dispersed within the material. After revealing the microstructure, the dispersed powder showed
the material flow in the cross-section of the sample. However, material flow is highly
influenced by the tool design. Therefore, it should not be generalised. In FSSW, the difference
influenced by the tool geometry on material flow is most pronounced between tools with a pin
(CFSSW) and without pin (PLT-FSSW).

During CFSSW, the material flow is divided into two sequential stages: At the first stage only,
the pin penetrates the workpiece; frictional heating is far below peak one. At the second stage,
the shoulder is touching the upper sheet; deformation is performed simultaneously by the
shearing of both (the shoulder and the pin). Fig. 2.18 illustrates flow of plasticized material
during the CFSSW [82,109,110]. The material underneath the shoulder first moves towards the
pin root (Motion 1) and then, as a result of the dragging force of threads, spirals along the pin
surface downwards (Motion 2). When the material reaches under the pin it is forced upwards
and outwards and then moves back towards the pin, following a helical rotational path (Motion
3). Thereafter, the process is repeated at increasing distances from the pin periphery to develop

Welding tool

4

-

Material incorporation Stir zone

Fig. 2.18 Schematic illustration of a model of material flow during CFSSW [109]
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To understand the material flow during the PLT-FSSW, Reilly et al. [56] developed a novel
kinematic flow model (see Fig. 2.19) which successfully predicts the material flow in dissimilar
aluminium alloys under a range of process conditions.

0 1/6 1/3

TEE K-
HIE
8 O

Fig. 2.19 Kinematic model output using velocity profile 2: (a) isometric; (b) top-down;
(c)section view [56]

(b)

(c)

This model was compared with experimental observations and together they provide an
interpretation of the stick-slip conditions at the tool-workpiece interface. A close inspection of
this prediction model and experiments presented in the same paper indicated that, during the
early stage of contact, the centripetal velocity drags the material inwards underneath the tool.
This portion of material trapped between the tool and workpiece continues to be churned under
the combination of axial and shear load presented by the tool. At some point, the base material
under the tool becomes attached to the tool and detached from the surrounding base material.
Once the FSSW process stabilizes and steady-state welding conditions are achieved, the
material begins to flow.

2.6 Microstructure formation in weld joints

During FSSW, the contribution of intense plastic deformation triggered by shear stress and
frictional heating within the workpiece results in microstructural changes and the formation of
a few distinctive zones. Microstructural properties of the workpiece such as grain size and
distribution highly influence the quality of the welds. Finer and uniform grain distribution
increase the mechanical properties such as weld strength and hardness while large, coarse
grains will lead to poor mechanical properties. Microstructural and mechanical properties vary
significantly with tool geometry and process parameters. Thus, the microstructure of the FSSW
joints tends to become coarser with increasing tool rotational speed due to more frictional heat
and strain energy induced [111].
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Microstructural analysis of the weld zones was performed on a light microscope (LM),
Scanning Electron Microscope (SEM), Energy-Dispersive X-ray spectroscopy (EDX),
Electron Backscatter Diffraction (EBSD) and Transmission Electron Microscope (TEM) to
examine the size, orientation and boundaries, and intermetallic phase evolution of grains and
for identification of chemical composition and fracture mode mechanism.

Based on the microstructural characterization of grains and precipitates, three different zones
can be found in FSSW samples (Fig. 2.20): (i) stirred zone (SZ); (ii) thermo-mechanically
affected zone (TMAZ) and (iii) heat-affected zone (HAZ). The microstructural changes in
different zones have a high influence on post-weld mechanical properties. Therefore, the
microstructural evolution has been studied by various researchers
[3,16,33,37,50,52,60,69,96,112].

SZ

Fig. 2.20 Schematic illustration followed by micrographs from transition zones in FSSW
AA 5754 (flat tool, 2000 RPM, 4 kN) obtained with LM

2.6.1 Stir zone (SZ)

Intense plastic deformation and heating during FSSW result in the formation of the so-called
stir zone formed of dynamically recrystallized fine-grain microstructure. Inside the
recrystallized grains, an increasing dislocation density compared with that of the base material
was observed. Gao et al. [113] studied three kinds of dislocation densities in AA 6082 during
FSSW with a cylindrical shaped tool with a shoulder and pin of 11 mm and 5.5 mm in diameter,
respectively. The pin length was set to be 2 mm. After calculating dislocation density as a
function of strain, strain rate and temperature in the material, mobile dislocation density did
not increase very much in the stir zone as a result of its mobility under-evaluated temperature,
which reminded almost unchanged, and maximum mobile dislocation density was 1.5 x 10'?
m/m?3. However, dislocation density in cell walls significantly increased (around the keyhole
average value reached 3.40 x 10 m/m?). The value of immobile dislocation was between those
of dislocation density in the cell wall and mobile dislocation density. Therefore, a higher
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density was mainly located at the interface between tool pin and stirred material, while the rest
of the workpiece stayed almost unchanged, following the strain rate distribution in the material.

However, some previous research has reported small recrystallized grains in the stir zone to
have a high density of sub-boundaries or subgrains. Bagheri et al. [27] compared CFSSW and
friction stir spot vibration welding (FSSVW), with and without coolant, using Al 5083 alloy.
In this study, during CFSSW and FSSVW, a high density of low angle grain boundaries
(LAGBSs) compared with the density of high angle grain boundaries (HAGBs) was observed.
The densities in CFSSW were fraces=44.5% and fLages =37.9%. In FSSVW, the densities were
fraces=49.3% and fLaces =28.2%.

However, in both cases, inducting cooling produced finer grain microstructure with a lower
amount of LAGBS (fhaces=57.6% and fLaces =24.7%), and (fHaces=78.4% and fLaces =14.1%)
respectively, due to decreasing the temperature and impending the grain growth by the presence
of coolant.

During FSSW, dynamic recrystallization results in the generation of fine and equiaxed grains
in the stir zone [26,33,86,109,114]. Tool geometry, material properties of the workpiece,
process temperature, rotational speed, axial load, dwell time and active cooling exert significant
influence on the size of the recrystallized grains in the FSSW materials.

Andalib et al. [115] studied the influence of tool geometry on dynamic recrystallization
phenomena in the stir zone of AA 5754 - H111 aluminium alloy. Three different shapes of tool
geometry were used: (i) with a concave shoulder and a pin length 1.6 mm and 5 mm in diameter;
(i1) with a flat shoulder and (iii) with a pin-less tool. In all three cases, dynamic recrystallization
as a refining grain mechanism and dynamic recovery in stir zone formed highly refined and
equiaxed grains. The average grain size of the AA 5754-H111 base material was 24.6 um while
the FSSW sample with a concave tool reduced a grain size up to 6.1 um. The concave tool
showed the highest reduction in grain size compared with the use of other tools.

Gerlich et al. [50] studied the effect of welding parameters on the strain rate and microstructure
of CFSSW 2024-T351 aluminium alloy 6.3 mm thick. By varying the rotational speed from
750 to 3000 RPM, the stir zone microstructure, temperature and strain rate in the stir zone were
studied. The stir zone microstructure was examined with a combination of EBSD and TEM
microscopy while the strain rate during the CFSSW was calculated by incorporating measured
temperatures and the average subgrain in the Zener-Hollomon equation. The average
temperature and heating rate increase with increased rotational speed during CFSSW with a
dwell time of 4 s, as shown in Fig. 2.21.
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Fig. 2.21 (a) Relationship between tool rotation speed and average temperature during
CFSSW when dwell time is 4 s; (b) the heating rate during spot welding when different tool
rotational speeds are applied. The error bars indicate standard deviations of
temperature [50]

Table 2.2 shows average subgrains vary from 0.57 um for a rotational speed of 750 RPM to
1.23 um for 3000 RPM. It was suggested that it is implausible that the fine-grade
microstructure found in the Al 2024 stir zone is associated with particle stimulated nucleation
since the formation and the growth of the nuclei are limited when the Zener-Hollomon
parameter is in the range from 10° to 10%4s™,

Table 2.2 Average subgrain dimensions and grain boundaries misorientation statistic
determined from EBSD and TEM during FSSW process [114].

EBSD average EBSD EBSD TEM
RPM subgrains 2°to 15° >15° Average subgrain
dimensions (um) boundaries Boundaries dimensions (um)
750 0.57+0.02 1.6 98.4 0.62 +0.09
1500 0.80 +0.06 2.2 97.8 -
2250 0.87 £0.09 2.8 97.2 -
3000 1.23+0.21 3.1 96.9 1.57 +£0.44

During FSSW operation, validity of the calculated strain values in [50] depends significantly
on the accuracy with which temperature and grain size are measured. Strain rate during FSSW
of AA 5754 and Al 6061 alloys was calculated by using the Zener-Holloman parameter, Z,
which is related to deformation flow stress, strain rate, and temperature and they are plotted in
Fig. 2.22a and b. It can be observed that strain rate increases in both cases with an increase of
rotational speed from 750 to 3000 RPM. However, during FSSW of Al 7075 and Al 2024, an
opposite strain rate vs RPM relationship was found. The estimated strain rate of these spot
welds decreased significantly with an increase of rotational speed from 1000 to 3000 RPM. It
was suggested that spontaneous melting of second phase particles caused tool slippage to
facilitate at the contact interface.
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Fig. 2.22 Relation between the calculated strain rate and the tool rotation speed in (a)
AA 5754 FSSW welds and (b) Al6061 FSSW welds [116]

Sun et al. [100,117] reported the formation of ultrafine grains during FSSW with no heat-
affected zone in 2 mm low carbon steel plates and in 1 mm thick 6061-T6 aluminium alloy,
respectively. In both papers, FSSW at low rotational speeds (up to 50 RPM) was performed,
aiming to prevent hardness reduction in the HAZ. The highest measured temperatures were
below 200 °C. As a result, no HAZ was detected and an ultrafine grain microstructure with a
high density of dislocations formed in the stir zone with the average grain size of 500 nm for
6061 alloy and 410 nm for SPCC.

In Fig. 2.23a light optical micrograph of the macrostructure was shown with the marked area
(red square) where the EBSD method was applied, while Fig. 2.23b shows the overall EBSD
map of the microstructure from the BM to SZ [100]. The microstructure changes from a coarse
equiaxial grain structure in the base metal to a deformed grain structure in the TMAZ and
finally to a fine equiaxial grain structure in the SZ.
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Fig. 2.23 (a) Location in the joint for the EBSD measurement; (b) EBSD maps showing
macrostructural evolution from the BM to the SZ [100]

30



University of Novi Sad, Faculty of Technical Science

o

; e R R ) ™
Fig. 2.24 (a) EBSD of 6061-T6 base metal; (b-e) EBSD maps showing the microstructure of
the area marked as P1 to P4 in Fig. 2.23 [100]

In Fig. 2.24e, the microstructure of stir zone had a homogeneous equiaxial grain structure with
a smaller grain (480 nm) compared with that of the base material (14.7 um) and, in Fig. 2.24a,
elongated grains can be hardly seen anymore. It may be postulated that, due to an increase of
equivalent strain, more and more dislocation cells will be transformed into a low angle grain
boundary (LAGB) and finally to a high angle grain boundary (HAGB) due to the generation of
more dislocation and rearrangement of the cell body structure. As a result, a high level of
HAGB was observed in the stir zone. The microstructure will become finally stabile after
deformation reaches a critical accumulative strain, at which the formation of new dislocation
was balanced with the annihilation of the dislocation in the grain boundaries due to plastic
deformation. This phenomenon occurs during the formation of ultrafine-grained materials by
severe plastic deformation [100,118].

2.6.2 Thermo-mechanically affected zone (TMAZ)

Unique to the FSW process compared with conventional welding processes is a formation of a
transit zone, the so-called thermo-mechanically affected zone. It is located between the stir zone
and heat-affected zone or base material as shown earlier in Fig. 2.20. The TMAZ is exposed to
both temperature and deformation during the FSSW process. Highly deformed structure is
present in the TMAZ. The grains of the base material are deformed in an upward following
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pattern around the nugget zone. Although the TMAZ undergoes plastic deformation,
recrystallization does not occur due to an insufficient strain rate [16]. However, some research
has confirmed that grains in the TMAZ contain a high density of sub-boundaries [16,119].

Garg and Bhattacharya et al. [120] have studied FSSW of AA 6061-T6 sheets with three tools
with different pin geometries (circular with a plunge depth of 0.4 and 0.6 mm and square and
triangular tools with a plunge depth of 0.4 mm) to characterize various zones of welds. The
size of the grains in the TMAZ (7-10 um) varied between the SZ (2.54 um and 3.69 um) and
base material (20 um). The microhardness of the TMAZ was found to be lower compared with
that of the SZ, (81 vs. 112 HV).

Sato et al. [121] studied heat and deformation influence during FSW on precipitation-hardened
Al 6063-T4 and T5 alloys. 6063-T4 alloy contained a high density of fine needle-shaped
precipitates and a low density of rod-shaped B’ precipitates but, during the stirring, all
precipitates dissolved in the SZ due to a high temperature and strain rate. However, in the
TMAZ, a low density of needle-shaped precipitates and a high density of rod-shaped B’
precipitates were found. The density of the needle-shaped precipitates decreases from the base
material region toward the SZ. Due to that phenomenon, the hardness is expected to be higher
in the TMAZ depending on the density of precipitates around the SZ.

Sun et al. [100] observed that the TMAZ has bigger grains in the area near to the base material
(Fig. 2.24b) in comparison with an area near to stir zone (Fig. 2.24d). The area near base
material experienced a lower strain rate. The grains are elongated with the aspect ratio 2-3 in
the material flow direction. So, in this region, only a few small grains with a HAGB will be
formed within the grains as shown by the arrows in Fig. 2.24b and c. In the region shown in
Fig. 2.24c, plastic deformation is higher and accumulative strain becomes higher. The arrows
point to small equiaxial grains with HAGBs distributed along the original grain boundary. The
closest region to the stir zone experiences more plastic deformation. Grains in this region are
still elongated but with decreased size. The final result is the formation of the equiaxial grain
structure due to the fragmentation of the original grains. This shows that the TMAZ is a
transition zone which has no uniform structure and mechanical properties.

2.6.3 The heat-affected zone (HAZ)

Beyond the TMAZ, a heat-affected zone can be found. This zone does not undergo any plastic
deformation but experiences a heating cycle. The heat generation affects weld performance,
influencing the material flow and improving stirring of material during the process. However,
when the heat input goes beyond the critical value, it decreases the quality of the weld. Heating
during the FSSW is triggered by the deformation process of material and by friction between
the tool and workpiece. During that process, the temperature rises, creating a precipitate
dissolution in the matrix and causing coarser strengthening precipitates than those in the base
material. The most influential welding parameters on heat generation during the FSSW are tool
rotational speed and dwell time. If the rotational speed and dwell time are not too high, grain
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growth can be negligible. Also, the precipitates become finer and uniformly distributed
[3,69,103,111].

Su et al. [122] defined the HAZ as a zone experiencing temperatures above 250 °C for heat
treatable aluminium alloys. In Fig. 2.25, the FSW can be seen to have little effect on grain
structure in the HAZ. However, thermal exposure above 250 °C exerts significant effect on the
precipitate structure.

] /

A8

Fig. 2.25 TEM images of grain strﬁcture in different weld regions: (a) base material; (b)
dark-field image base material; (c) HAZ, (d) TMAZ 1; (e) TMAZ II; (f) SZ [122]
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2.7 Mechanical properties

Due to the significant microstructural variation within and around the SZ, TMAZ and HAZ,
FSSW shows huge variations in the mechanical properties of welds.

The difference in mechanical properties of aluminium welds obtained with the FSSW are
triggered by following mechanisms in the welded zone:

(i) grain size reduction
(if) re-precipitation accompanied by ageing
(i) strain hardening.

In the following sections, strength, hardness and fatigue are briefly reviewed as the most
important and influential mechanical properties.

2.7.1 Tensile shear strength of the FSSW joints

The strength of the FSSW weld joints mostly depends on process parameters and the defects
that may occur inside the welds. To obtain suitable strength from the FSSW joined samples, a
tensile shear test or a cross tension test are usually used. Numerous studies have reported the
influence of welding parameters on lap-shear loads, such as tool geometry [57], rotational
speed [123], penetration depth [115], axial load [100], dwell time [20] and cooling rate [27].

In CFSSW processes, the presence of a keyhole is a limiting factor in achieving high strength.
Yazdi et al. [57] proposed using a pin-less tool to improve joint strength. For the lap FSSW of
2 mm tick Al 6061-T6 sheets, two tools with pin lengths 2 and 3 mm and two pin-less tools
with a scroll groove (Fig. 2.7e) and L-shaped grooves (Fig. 2.7f) were used. From Fig. 2.26, it
can be seen that the tensile strength of the welds obtained with a tool having a 3 mm long pin
was about three times larger in comparison to the weld obtained with a 2 mm long pin. This
difference was the result of the higher penetration depth in welds produced with a longer tool
pin, which caused a higher volume of displaced metal and bigger stir zone. Both keyhole-less
welds were stronger due to a larger effective cross-section area and the absence of a keyhole.
The slightly higher strength in welds obtained with an L-shaped pin-less tool compared with
that of a pin-less tool with a scroll groove was the result of the larger stir zone and more severe
stirring caused by the grooves with sharp corners.
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Fig. 2.26 The influence of tool geometry at tensile shear strength [57]

In Fig. 2.27, the maximum and minimum peak load reported by different authors were
compared for different types of FSSW. Results in this comparison indicate that PLT-FSSW
provides highest shear tensile strength followed by the RFSSW and FFSSW. The lowest
strength was obtained from CFSSW.
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Fig. 2.27 Comparative plots of maximum and minimum failure load of welding samples by
different types of FSSW and different aluminium alloys from 5xxx series

[18,70,129,104,111,115,124-128]

Rotational speed is one of the welding parameters that influences the mechanical properties of
the weld the most. Li et al. [123] studied the impact of rotational speed on mechanical
properties and microstructural evolution during the RFSSW of 2A12-T4 aluminium alloy. It
was observed that the tensile-shear properties of RFSSW welds depend on hook geometry,
distribution of the bonding ligament and hardness in the stir zone. With an increase of the
rotational speed from 900 to 1300 RPM, the tensile shear failure load (TSFL) increases from
7.95 kN to the maximum value of 10.03 kN and then decreases again to 9.3 kN for the rotational
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speed of 1700 RPM. In samples welded with higher rotational speeds of 1300 RPM, formation
of liquation cracks during the subsequent cooling process was found, which resulted in the
decreasing of the TSFL. An increase of the rotational speed up to 1300 RPM causes hook
height to increase. Consequently, the bonding ligament is more dispersed at the weld periphery
and the hardness of the stir zone decreases.

Sun et al. [100] studied the influence of low rotational speeds (from 30 to 50 RPM) and
different axial loads (from 3.5 to 8 t) with a flat tool and a tool with a pin with length of 1 mm
on shear tensile load. Shear tensile load significantly varied depending on the parameters. In
all samples, higher strength was obtained by using a higher applied load or rotational speed.
The maximal shear tensile strength of the friction spot welds obtained with a flat tool reached
about 5.4 kN, while by using a tool with a pin, the highest obtained shear tensile strength
reached 4.5 kN. When rotational speed drops, shear strength also drops. This is especially
evident in samples welded with 30 RPM where the shear strength was between 1 and 1.5 kN
depending on axial load used. The samples welded with a flat tool and tool with a pin showed
the same trend when it comes to influencing of the axial load on shear tensile strength. In all
samples with increasing of the axial load the shear tensile strength increases as well.

Sun et al. [117] compared shear tensile load obtained in samples welded with LT-FSSW at 5,
10 and 20 RPM with the load of samples welded with CFSSW at 800, 1000 and 1200 RPM, as
shown in Fig. 2.28. The tensile shear strength varied under different rotational speeds. Higher
rotational speed provided higher tensile shear strength. When using a flat tool, the maximum
shear loads of the welds reached 10, 8 and 5.5 kN for rotational speeds 20, 10 and 5 RPM,
respectively, while the maximum shear loads of the CFSSW samples were 3.74, 4.62 and 6.95
kN for 1200, 1000 and 800 RPM, respectively.
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Fig. 2.28 Shear tensile load of LT-FSSW samples and CFSSW samples welded at different
rotational speeds [117]

Bageri et al. [27] compared tensile shear strength of the samples welded by CFSSW and
Friction stir spot vibration welding (FSSVW) with and without coolant. Shear strength of the
FSSVW samples was higher than the strength of CFSSW samples and the presence of coolant
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during both welding processes (FSSVW and CFSSW) increased strength. For the CFSSW and
the FSSVW samples, shear tensile strength was approximately 2.25 kN and 2.7 kKN respectively.
With the same welding conditions but with the use of coolant tensile, strength was about 3.2
kN and 3.5 kN for CFSSW and FSSVW, respectively. That can be correlated with the effect of
grain size. The FSSVW samples in stir zone obtained an average grain size of 27 um, while in
samples welded with the CFSSW the average grain size was 39 um. However, FSSVW and
CFSSW with coolant produced welds with the average grain size 9 and 15 um, respectively,
which is 64% smaller than in samples welded with the same conditions without coolant. With
the drop of the grain size, the volume content of grain boundaries increases. The grain
boundaries represent obstacles to the movement of dislocation and increase weld strength [130].

Andalib et al. [115] studied the effect of plunge depth on joint strength. For studying the
influence of penetration depth, rotational speed and plunge rates were set to be 750 RPM and
20 mm/min, respectively, for both processes (CFSSW and FSSW with pin-less tool). The
strength of the CFSSW sample was found to be interlinked with the sheet thickness. Increasing
the penetration depth to a certain level improves the stirring process and material flow.
However, higher penetration depth affects joint strength due to sheet thinning under the tool
shoulder. This waydeeper keyhole is created, which causesstress concentration around the weld
keyhole. In the case of FSSW with a pin-less tool, penetration depth was higher compared with
that of CFSSW due to a cavity on the backplate. Also, shear strength of the samples welded
with a pin-less tool (average shear strength was 5.1 kN for a pin-less tool with concave shoulder
and 4.1 kN for a pin-less tool with flat shoulder) was higher than that of CFSSW samples
(average 3.8 kN). A penetration depth to sheet thickness ratio ranges from 1.95 to 2 provides
the highest shear strength. Beyond these values, shear strength significantly drops by about
45 %.

Li et al. [19] studied the influence of dwell time on failure load during the tensile shear test.
From Fig. 2.29, it can be seen that the strength of the weld increases from 1.5 kN for samples
welded with a dwell time of 6 s up to 6.5 kN for samples welded with a dwell time of 12 s or
more. Value of the failure load is steady after 12 s. Dwell time can be seen to have a significant
effect on the failure load up to some point (when dwell time reaches 12 s). No effect on failure
load above dwell time of 12 s can be expected.

Welding parameters influence heat input of the FSSW welds, and this affects the weldability,
structure and performance of the weld joints. In most cases, hook defects play a significant role
in strength reduction of FSSW joints.
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Fig. 2.29 Effect of dwell time on the tensile-shear load of CFSSW joints [17]

2.7.2 Microhardness of FSSW joints

The microhardness values in welds of aluminium alloys obtained with FSSW are affected by
the disparity in grain size and strengthening precipitates. According to the Hall-Petch equation
(2.1) hardness is dependent on grain size in the same way as strength. In non-heat treatable
aluminium alloys, higher hardness in the stir zone compared with that of the base material can
be observed due to a low thermal cycle, reduced grain size and high deformation level which
causes strain hardening [27,104]. However, in some heat-treatable alloys due to a high
frictional thermal cycle and shear stress caused by deformation, coarsening of the grains and
precipitates can occur. The frictional heating induces grain growth, producing coarser grains
and causing lower dislocation density in the HAZ. Thus, the hardness of the weld will be lower
in comparison to the base material [3,111,125].

Different microstructural evolution over the cross-section of the FSSW sample leads to
inhomogeneous mechanical properties inside of the welds. Because of that, microhardness is
usually measured over the cross-section in order to follow the change of mechanical properties
inside of workpiece from the base material to the stir zone. Microhardness of FSSW samples
is measured using the Vickers hardness test. Considering that the hardness values in the weld
zone (SZ, TMAZ and HAZ) of aluminium alloys are fundamentally affected by the disparity
in grain size and precipitation mechanisms, it is required that tested area always covers all
associated weld zones, including the base metal, and to be symmetric to the tool axis or the
weld centre. Several different hardness profiles can be obtained in the FSSW depending on the
welding parameters, tool geometry and processed material. Depending on geometry of the tool,
two different types of profiles can be obtained. These can be seen in Fig. 2.30a (CFSSW
samples) [103,111,123,131,132] and in Fig. 2.30b (FSSW with flat tool samples)
[27,99,100,108,120,125,133].

In Fig. 2.30a, microhardness profile of the FSSW of AA 5182-0 aluminum alloy was obtained
in order to understand the relationship between microstructural evolution and local mechanical
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properties. Indentations were performed with a load of 50 gf (0.49 N) and the space between
indentations of 0.25 mm along the line. The microhardness increases significantly approaching
the keyhole left by the tool pin. The microhardness increases as grain size drops. However, in
Fig. 2.30Db, the hardness in the stir zone in alloy 2A12-T4 FSSW dropped with the flat tool.
The microhardness profiles are either U-shaped or W-shaped, depending on the rotational
speed. W-shaped microhardness profile is discerned in samples welded with lower rotational
speeds (900, 1100 and 1300 RPM), i.e. microhardness drops significantly in the TMAZ and
then rises in the SZ, although it is lower than in the base material. In samples welded with 1500
and 1700 RPM, the microhardness only recovers slightly within the SZ after reaching the
minimum in the TMAZ, indicating the formation of the U-shaped microhardness profile. This
thermal softening effect in the weld zone of heat-treatable aluminium alloys is related to the
dissolution and coarsening of the strengthening precipitates [98,119,134].
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Fig. 2.30 Microhardness profiles from base material to stir zone for: (a) CFSSW of
AA 5182-0 aluminium alloy [99]; (b) FSS welds welded with flat tool of 2A12-T4 alloy
welded with different rotational speeds [123]

Bakavos et al. [20] studied microhardness variations in heat-treatable AA 6111-T4 aluminium
alloy. Fig. 2.31 shows microhardness profiles measured in the top sheet, 0.2 mm below the
shoulder for the welds produced with the long flute wiper tool, for different dwell times. In
Fig. 2.31a and b hardness measurements immediately after welding (within 1 hour) and after
natural ageing after 3 months were compared, respectively.

After welding (Fig. 2.31a), microhardness reaches 60-80 HV in the SZ, TMAZ and HAZ,
compared with 80 HV for the base material. The microhardness profile for a longer dwell time
of 2.5s is W-shaped with lower microhardness values inside of the TMAZ. However, the
samples welded with the shortest 0.5 s dwell time have U-shaped microhardness profiles. It is
suggested that softening is caused by the dissolution of solute clusters and the fine 3 phase
present in the T4. However, in Fig. 2.31b, it can be seen that after three months of natural
ageing the weld zone was found to be harder than the base material by ~15 HV and harder than
the weld zone before natural ageing by ~31 HV.
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Fig. 2.31 Microhardness profile of AA 6111-T4 FSSW samples obtained: (a) immediately
after welding and (b) after natural ageing of 3 months [20]

Although hardness is often observed to be recoverable by natural ageing in friction stir welds,
in this case microhardness has increased by ~15 HV compared with the those of the base
material, which is more than the natural ageing response of base material. This can be attributed
to the high level of deformation which results in a grain size of only 2-5 pum in the stir zone.

Microhardness variation in the welds during the FSSW can also be presented with
microhardness maps as shown in Fig. 2.32 [27,135]. Microhardness maps give a better insight
into the entire welding cross-section when compared with insight gained from the
microhardness profiles, which describe microhardness only in one line.
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Fig. 2.32 Weld cross-section hardness maps of the samples: (a) FSSW; (b) FSSVW; (c)
FSSW+coolant; (d) FSSVW+coolant [27]
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2.7.3 Fatigue properties of FSSW joints

Fatigue properties are critical for many applications such as transport vehicles, aerospace
structures, platforms, etc. Therefore, due to a potentially wide range of engineering applications
of the FSSW technique, it is important to understand fatigue characteristics [16].

Fatigue failure is frequently seen in many engineering components. Even though most FSSW
workpieces are subjected to uni-axial loads, multi-axial states are often present at the critical
area around the welded zone. This is due to the nature of FSSW joints. Researchers propose
different methods to predict the real-life services of mechanical components with uni-axial and
multi-axial states. Consequently, many well-known critical plane fatigue criteria have been
employed to predict the fatigue life of welded structures. Multi-axial fatigue theories can be
categorized into: (i) stress; (ii) strain and (iii) energy-based approaches [3,39,136-139].

Lin et al. [107], Uematsu et al. [72], Tran et al. [140] and Su et al. [141] developed fatigue
crack growth models to estimate the fatigue life of the FSSW samples of AA 6111-T4, AA
6061-T4, AA 5754-0 and alclad 2024-T3 aluminium alloys, respectively.

Lin et al. [107] studied failure modes in welds produced by FSSW in lap-shear 0.94 mm thick
samples of AA 6111-T4 aluminium alloy by using a load ratio of R=0.2 and a test frequency
of 10 Hz. The failure modes under low-cycle fatigue (10310%) and high-cycle fatigue (10*10°)
were different. The kinked fatigue crack growing in the lower sheet outside of the stir zone is
the dominant fatigue crack in welds.

In Fig. 2.33, a comparison of experimental fatigue life for FSS welds made with concave and
flat tools in a lap-shear sample are shown. In terms of fatigue life, the performances of the
welds produced with a concave tool are better. Nevertheless, at large load ranges, the fatigue
life of the FSS welds made with a flat tool is significantly shorter than those produced with the
concave tool. However, at small load ranges, values of fatigue life for welds produced with the
concave and flat tools are almost the same. Therefore, the failure strength of FSS welds under
quasi-static loading conditions should be used cautiously [3,107].
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Fig. 2.33 (a) Fatigue life of spot friction welds obtained with the concave and flat tools in
lap-shear samples [107]; (b) Fatigue life of FSS welds of AA 5754 aluminium alloy produced
with the concave tool and AA 6111 aluminium alloy produced with a flat tool in lap-shear
samples under cyclic loading conditions [140]

Uematsu et al. [72] compared fatigue properties of welds of 2 mm thick 6061-T4 aluminium
alloy produced with RFSSW and CFSSW, using the stress ratio R=0.1 with a test frequency of
10 Hz. Under fatigue cyclic loading conditions, plug or pull-out fracture type was found in the
RFSSW joints (Fig. 2.34a) while in the CFSS welds shear fracture modes through the stir zone
were observed (Fig. 2.34b). Lower fatigue strength was obtained in the RFSS welds due to the
fracture mode.
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Fig. 2.34 Schematic illustration of fracture path (the loading direction is horizontal
direction): (a) in CFSS welded sample; (b) in RFSSW sample [72]
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Crack/Growth

Fig. 2.35 (a) Schematic view of the FSSW cross-section with a magnified view of initial
crack, kinked crack and the global and local stress intensity factors (SIF) [142]; (b)
macrograph of the crack growth in the sheet and the final fracture surface at the mid-load
level [143]

Tran et al. [140] studied fatigue properties of FSSW AA5754-0 and AA 6111-T4 aluminium
alloy welds at the load ratio R=0.2 and a test frequency of 10 Hz. Experimental results of the
AA 5754 and AA 6111 FSS welds produced with the concave tool and flat tools, respectively
are shown in Fig. 2.33Db.

Both welds (AA 5754 and AA 6111) failed to form the kinked crack through the thickness of
the upper sheets and fracture occurred through the stir zone, under low cyclic loading. However,
under high cyclic loading, both welds failed to form the kinked crack through the upper and
lower sheet thickness.

According to Su et al. [141], the failure in FSSSW alclad AA 2024-T3 aluminium sheets
1.6 mm thick initiated from the crack tips and grew in a zig-zag pattern through the upper sheet
when the sample was subjected to low cycle loading conditions. However, under high cyclic
load conditions, failure began in the surface of the curved interface and propagated directly
through the lower sheets.

Recently, Shahani et al. [142] studied fatigue behaviour of the FSSW lap-shear samples of AA
6061-T6. Two distinct failure modes were observed depending on the load levels: (i) the shear
fracture at high loads levels and (ii) transverse crack propagation in the sheets (at low load
levels). At the mid-level load, a combination of those two failure modes was observed.
However, in all samples, kinked crack from the interface of the joint was the main factor
affecting the failure.

In the field of FSSW, the available literature on fatigue properties of welds is still scarce. Most
of the studies made in this field are focused on the CFSSW of aluminium alloys. However,
aluminium tends to absorb a significant amount of impact energy by crumpling. In the
automobile and train industries, the credibility of FSSW joints must be very high. The
unexpected failure of these joints can have big consequences.
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2.8 Defects in FSSW joints

Due to the complexity of material flow during FSSW of aluminium, defects in the joints are
likely and they tend to influence the integrity of welds. Many defects act as initiation sites for
cracking [3,69,108]. In the defect region of the weld, high-stress concentration is present,
which triggers the crack to propagate if the weld is subjected to monotonic loading or cyclic
loading conditions.

Depending on the type of FSSW method, tool geometry and process parameters, several kinds
of defects can form such as: (i) keyhole; (ii) hook defects; (iii) voids; (iv) bonding ligaments;
(v) partial metallurgical bond (PMB); (vi) trapped oxide at the interface, or (vii) dynamic
precipitation at the interface. These are explained hereunder.

2.8.1 Keyhole and hook defects

The CFSSW process has shown great potential in substituting conventional welding methods
such as the RSW. However, lots of studies proved that keyhole [57] and hook defects [19]
presented in the FSSW joints Fig. 2.36a reduce mechanical properties such as tensile shear and
fatigue strength. Keyhole is an inherent defect found in CFSSW which serves as a notch for
initiating crack propagation and as a favourable corrosion site in a corrosive environment.
Hook defect is a partially bonded or an unbonded metallurgical region inside the friction stir
spot welded joint and it is caused by plastic deformation of the lower sheet.

To eliminate keyhole and hook defects, many studies were published [18,19,38,124,144,145]
and some of, modified FSSW processes were developed, such as RFSSW [72], PFSSW [125],
FSSW plus subsequent friction stir welding (FSSW-FSW) [19] and PLT-FSSW [57].

Fig. 2.36a-c presents schematic illustration of CFSSW; RFSSW and PLT-FSSW, respectively.
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Fig. 2.36 Schematic illustration and macrographs of the hook defects inside of welds
produced by: (a) CFSSW [124]; (b) RFSSW [72]; (c) PLT-FSSW [17]

Xu et al. [70] studied the influence of RFSSW of AA 5083-0 tempered aluminium alloy at the
mechanical properties of the weld joint by eliminating keyhole defects. High shear tensile
strength was obtained (7.72 kN) by virtue of refilling the keyhole. However, three fracture
modes (shear fracture mode, shear-plug fracture mode and plug fracture mode) affected by the
hook defects were obtained during the lap shear test. This indicated that RFSSW is a good
technique for refilling the keyhole. However, hook defects remained present, which can cause
fatigue crack propagations during exploitation.

Farmanbar et al. [125] successfully welded 1 mm thick AA 5052 sheets with PFSSW. It is a
low-cost, high-quality method with a simple design that produces no-keyhole joints. Shear
tensile strength obtained during PFSSW was 5.5 kN at a lower rotational speed. However, hook
defects were present in post-welds and its geometry significantly affects failure mechanism.

Li et al. [19] introduced a novel method designated as FSSW-FSW for improving the
mechanical properties of AA 2024 aluminium welds by eliminating hook defects. The joint
between 1.5 mm thick sheets without HD exhibited a tensile shear load of 12 kN, which was
significantly higher in comparison to the welds with HD (6.9 kN).

Various researchers studied pin-less FSSW it in recent years. Bakavos et al. [20] was the first
to prove that PLT-FSSW can produce welds without a keyhole. Moreover, Tozaki et al. [38]
and Yazdi et al. [57] found tensile shear strength of the PLT-FSSW joints to be higher than
those of CFSSW. Although some efforts on PLT-FSSW were done, the problem of HD still
remains the main obstacle in improving the mechanical properties of the welds.
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2.8.2 Bonding ligaments and voids

The banded structure in the stir zone as shown in Fig. 2.37a, b and c lies at the interface
between welded sheets and is referred to as bonding ligament. According to Shen et al. [108],
bonding ligament is an area of good adhesion with strong resistance between sheets. From
Fig. 2.37b and c, different appearances of bonding ligament between the edge and the centre
can be seen. On the edge, inclined zig-zag ligaments can be found. Their orientation is
correlated with the material flow. The characteristic shape on the edges is a result of plasticized
material being pushed back to its original position.
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Fig. 2.37 Characteristics of the defects of the joint: (a) cross section of weld zone;
(b) magnified view of region F from (a); (c) bonding ligament (magnified view of region G in
(a); (d) void on the hook; (e) voids on retractable line [108]
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Ji et al. [146] and Wang et al. [147] both studied the joint quality of RFSSW of LY12 and Al-
Cu-Mg aluminium alloy, respectively. In both cases, it was found that the fracture path was
along bonding ligaments, resulting in a shear fracture mode.

The void formation is attributed to the material flow and it is highly influenced by processing
parameters shown in Fig. 2.37e and f. Also, voids can be the product of inadequate
consolidation of plasticized material due to a reduced pressure combined with inadequate
material clamping [3]. The voids are frequently formed on the hook (Fig. 2.37¢) or on the path
through which the sleeve plunge into the sheet (Fig. 2.37f) during the RFSSW. Oliveira et
al. [148] associated void formation with thermal shrinkage, entrapped air or/and physical-
chemical structural change.

2.8.3 Partial metallurgical bond (PMB)

The partial metallurgical bond (PMB) is a transition region where the bonding between sheets
is not so strong [71,99,124,127]. It is also known as partial bonding (PB) [99] or kissing bonds
(KB) [71] and surface oxides and voids can be present. There is also the term “near full
metallurgical bonding” which refers to situations where oxide remains broken up due to metal
flow and few voids remain. It typically appears like a short and uneven line on the joining
interface.

Bakavos et al. [149] studied the influence of tool pin length and the application of the insulating
back face anvil to improve the temperature distribution and strength of the FSS weld of 6111-
T4 aluminium alloy. The estimated lengths of each bond type are compared at different
conditions. It was concluded that poorer interface bond is formed under the shoulder region
where a partial metallurgical bond was found. The samples with a higher percentage of the
partial metallurgical bond length had reduced strength.

In Fig. 2.38a, the interface between the two sheets underneath the tool shoulder is presented.
According to Mitlin et al. [106], the joint interface underneath the tool shoulder can be
subdivided into two main zones. The first is the kissing bond (KB) which begins past the non-
contacting interface (Fig. 2.38a). It is transferred towards to the second zone located near the
weld center, the partial metallurgical bond (PMB), which is shown in Fig. 2.38b. In Fig. 2.38c,
a high magnification image of the PMB containing large elongated pores can be seen. The
gradual transition from a PMB to the nearly full metallurgical bond is shown in Fig. 2.38d.
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Fig. 2.38 (a) Wide non-contacting and kissing bond region under the shoulder; (b) transition
from kissing bond to the partially metallurgically bonded area; (c) partially metallurgically

bonded region; (d) transition from partially metallurgically bonded region to the full
metallurgical bond [106]

2.8.4 Trapped oxide at the interface

Welding of aluminium, particularly with solid-state welding techniques, is difficult due to a
tenacious and chemically stabile aluminium oxide layer. The layer developes on sheets before
the welding process as a result of a reaction of aluminium with oxygen. After welding, the layer
may remain trapped on the interface between sheets [12,13,150]. The oxide layer acts as an
effective barrier preventing atoms from inter diffusing across the bonding interface and,
consequently, yields a poor metallurgical bond [8,151]. This phenomenon was first observed
during the diffusion bonding of aluminium alloys [8,14,151,152]. During solid-state welding,
all alloys with stable oxide layer suffer from poor bonding due to the presence of a stabile oxide
film at the bonding interface. In most cases, this AlO3 oxide layer is 5-10 nm thick. However,
depending on alloying elements of the base material, mixed oxides can also be present at the
interface.

Fishkis et al. [153] observed that the hot rolling of a not-heat treatable aluminium alloy
containing magnesium resulted in the formation of a subsurface layer 1.5-8 pm thick composed
of magnesium and aluminium oxides which mixed with the metal (after the first pass MgO, y-
Al203, and MgAI.>O;4 spinel, the second pass of MgO and y- Al.Oz and after the last pass only
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of MgQO). This oxide is not uniform in thickness and composition. The subsurface mixed layer
was covered with a continuous surface oxide layer 25-160 nm thick containing MgO and AlOs.
All these oxides are stable, and their melting point is high above the process temperature during
any solid-state welding process.

Two theories were proposed to explain the characteristics of the solid-state welding process:
the film theory and energy barrier theory. In the film theory, the bond during solid-state welding
occurs when two atoms are brought to less than 10 atomic spacings (the metallic radius of
aluminium atoms is 0.143 nm). The attractive inter-atomic forces will form a joint, causing the
crystal to mismatch with a non-cohesive grain boundary. This process, therefore, requires a
clear interface between two sheets without any oxides or other contaminants [13]. The energy
barrier theory has been branched in two theories: the mismatch of the crystal lattice [154] and
recrystallization theory [86]. Semenov et al. [154] stated that some distortion of the crystal
lattice between two surfaces must be achieved in order to obtain the bond, representing an
energy barrier that must be overcome. However, Conrad and Rice el at. [62] observed bonding
without deformation if contact is made between clean surfaces. However, Shirzadi el at. [14]
implied that deformation during solid-state welding is needed to break up the brittle and
continuous oxide layer; metal-to-metal contact is thus promoted because of local disruption of
the oxide film on both faying surfaces.

Hence, significant improvement in bond integrity would be achieved by developing a method
to disrupt the oxide layer. Currently, there are three major approaches used to disrupt the oxide
layer during diffusion bonding [155]:

Q) Imposing substantial plastic deformation;
(i) Enhancing microplastic deformation of the surface asperities and
(i) Presence of active alloying elements.

Imposing substantial plastic deformation will lead to the fracture of the brittle continuous oxide
layer. The oxide film has lower ductility (only a few percentages) compared with that of the
base material. Hence it ruptures when the workpiece is subjected to a high degree of plastic
deformation. Metal-to-metal contact has arisen as a consequence of local disruption of the
oxide film on both faying surfaces, Fig. 2.39a [13,152,155].

Enhancing microplastic deformation of the surface asperities is an alternative approach which
uses a rough surface finish to overcome the oxide problem in solid-state diffusion bonding.
This may lead to microplastic deformation and disturbance of the oxide layer and exposure ot
the metal contact between base metals as shown in Fig. 2.39b [14,155].

Presence of active alloying elements: the active alloying elements such as magnesium and/or
lithium chemically interact with and break up the continuous and amorphous aluminium oxide
layer at the interface and form an array of discrete particles [12,155].
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Fig. 2.39 Schematic illustration of solid-state diffusion bonding of material with stabile oxide
layer by: (a) Imposing substantial plastic deformation (b) Enhancing microplastic
deformation of the surface asperities (adapted from [155])

The approach “Presence of active alloying elements” is presented in Fig. 2.40. Shirzadi et al.
[155] has schematically presented the role of active magnesium in the formation of a bond line
of aluminium-magnesium samples. Fig. 2.40 indicates that amorphous Al,Os reacts with
magnesium and creates crystalline MgO.

Al;03+ 3Mg — 3MgO + 2Al

The nature of the aluminium oxide at the interface changes from amorphous to crystalline
during the bonding cycle. Also, a good correlation between bond strength and the broken
oxides was reported. This implies that the higher content of active elements is, the greater
disruption of the oxide layer and therefore achieving a higher bond strength. Also, it was
implied that magnesium is more effective than lithium in increasing bond strength.

Al-Mg alloy
‘ formation of MgO ™ 0o O e 03000 a50000
R = v a8 gD TPaen
crystalline MgO

Fig. 2.40 Schematic presentation of the role of active magnesium in the formation of the bond
line of AA 8090 aluminium diffusion bonded joint (adapted from [155])

During FSSW, the influence of the stable oxide layer is not so pronounced as in diffusion
bonding due to a high level of deformation which leads to the oxide layer easily being disrupted.
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The new clean surface between the disrupted oxides will be exposed to diffusion and bonding
will occur [56].

However, Shen et al. [156] found that the welding interface of AA 6061-T4 CFSSW joints
contained an array of discontinuous oxide particles. It was postulated that the lower
deformation prevented metal-to-metal contact and leads to the formation of partial
metallurgical bonding. It was also observed that the degree to which the oxide layer breaks up
depends on the distance from the pin.

Other authors [10,18,56,57,95,115,127,142,145,149] have also mentioned oxide as a defect
that leads to the partial bonding or kissing bond defect. However, in open literature dealing
with FSSW, a detailed analysis of these oxides and their influence on weld strength was not
found.
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3. EXPERIMENTAL METHODS

3.1 Base material

The material samples used for the FSSW were cut to dimensions 44 x 50 x 0.3 mm from thin
sheets of rolled commercial aluminum alloy AA 5754-H111. In Table 3.1, the chemical
composition of the base material (AA 5754-H111) is given. The chemical composition was
determined using an optical emission spectrometer (ARL 3580). Prior to the welding
expeirments, the uniaxial stress-strain properties of the base metal were tested by using a
Hegewald & Peschke, Inspect Retrofit universal testing machine with testing range up to 20
kKN. The tensile test was performed according the standard DIN EN ISO 6892-1 on samples
with cross section of 12 x 1.2 mm and gauge length of 80 mm. The test was repeated three

times. The tensile stress-strain curves obtained from the test are shown in Fig.

3.1.

Table 3.1 Chemical composition of commercial AA 5754 - H111 aluminum alloy

Element Si Fe Cu Mn Mg Cr zZn

Ti

Al

wt. (%) 019 024 003 030 310 003 0005

0.014

bal.

soil e sample b | oo o e e e
sample |l ; :
——sample Il :
0 - v | T | T | T
0.00 0.05 0.10 0.15
Strain

Fig. 3.1 Stress-strain curve of base material AA5754 alloy
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3.2 Welding process

3.2.1 Welding machine

All experiments in this work were carried out on an adapted force controlled EJOWELD C50R
FSSW machine. The machine specifications were that it can achieve a maximum rotational
speed of 9000 RPM, a peak axial load of 8 kN and dwell time of up to 5 s. The welding
experiments were performed in the Laboratory for Pressure Welding at the Department of
Production Technology, Ilmenau University of Technology, llmenau, Germany.

As shown in Fig. 3.2, the welding system comprises of a clamping system movable in a vertical
direction, together with an anvil, causing the sheets to be fixed between each other. The
functioning of this machine is relatively simple; the sample is first pressed by the clamping
system and thereafter, the tool starts to move vertically downwards to the substrate at a
predetermined axial load F. After reaching the surface of the upper sheet, it is plunged into the
upper sheet at a fixed load and rotational speed. After achieving desirable penetration depth,
the tool retracts. The dwell time is a function of the applied load, rotational speed and material
properties.

Fig. 3.2 Adapted force controlled EJOWELD C50R FSSW machine
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The axial load was maintained at 2 kKN for batch I and 4 kN for batch 11 for various experiments
reported in this work. The axial displacement (h) (penetration depth) made by the rotating tool
was maintained at 0.25 mm. The tool geometry, axial load (F) and rotational speed (n) were
varied as shown in Table 3.2. Each experiment was repeated three times and an average value

with the standard deviation was used for the analysis.

Fig. 3.3 shows a schematic illustration of the FSSW process wherein a K-type thermocouple
was placed at the bottom between the last sheet and the anvil to study variation in the
temperature during the experiments. The experimental trials performed were exploratory i.e. a
major variable explored here was the rotational speed which governs the applied strain rate
crucial for the quality of weld-joint and no Design of Experimental approach was used.

Table 3.2 FSSW parameters for batches | and 11

Batch | F n h (mm) Batch Il F n h (mm)
(T1)* (kN)  (RPM) (T2) * (kN)  (RPM)
RWI1 2 1500 0.25 RWAI1 4 1000 0.25
RW2 2 2000 0.25 RWA2 4 1500 0.25
RW3 2 2500 0.25 RWA3 4 2000 0.25
RW4 2 3000 0.25 RWA4 4 2500 0.25
RW35 2 3500 0.25 RWAS 4 3000 0.25
RWA6 4 3500 0.25
RWA7 4 4000 0.25
RWAS8 4 4500 0.25
*T1 and T2 are the tool geometries shown in Fig. 3.5
3.2.2 Tools

3.2.2.1 Tool material-H13 tool steel (X40CrMoV51)

The tools were fabricated in the lab using H13 (X40CrMoV51) hot-work tool steel; the
material’s chemical composition is shown in Table 3.3. An experimental scheme used for lap

joining of the four thin sheets during FSSW is illustrated in Fig. 3.3.

Table 3.3 Chemical composition of H13 tool steel (X40CrMoV51) from the supplier’s

datasheet
Element C Cr Mo V Fe
Wt.% 04 51 135 11 bal.

54



University of Novi Sad, Faculty of Technical Science

NN\

i

4
foas
1.2

K

Fig. 3.3 FSSW tool setup Frforce on the tool, Fs-clamping force (all dimensions are in mm)

After a batch of dummy trials, it was found that a pin-less tool does not work for joining
multiple thin sheets. To produce a multilayer weld joint with high-strength, it is necessary to
produce a certain level of temperature and stress to induce material flow. This way conditions
for dynamic recrystallisation as well as diffusion between layers are created [16]. During PLT-
FSSW, the material flow is most pronounced at the maximal contact radius of the tool where
the angular velocity of the tool is the highest. According to the model of Reilly et al. [56],
during PLT-FSSW, a small central region of the sample gets stuck to the tool. The material
flows in spirals in the outer slip region, with the number of layers increasing with the number
of rotations. In other words, during PLT-FSSW, material rotates with the tool in the centre of
the weld below the tool. It is sheared as well as compressed due to the axial pressure present in
the contact zone. At the centre, the tool rotation has no influence. This can cause no bond or
partial bond in this region. Furthermore, the flat tool can cause tearing of thin sheets due to a
uniform pressure along the entire radius of the tool, which makes it unsuitable for welding
multiple thin sheets. In Fig. 3.4, an example from pre-experimental work done with flat tool is
presented. The upper sheet was noticeably torn, especially at the periphery of the weld.
Contrary to this, a convex tool presented a gradually-increasing contact radius as a function of
the depth of tool engagement and provided for better contact conditions between the tool and
the sheets. The convex tool with the gradually-changing tool contact radius caused the shear
stress to grow gradually as a function of contact depth, which is a function of the contact radius
magnitude from O to r.
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Fig. 3.4 Macrographs obtained from pre-experimental work of two samples and a cross-
section view of the samples welded with a flat tool of diameter 10 mm (Al 99.5, five sheets of
0.2 mm thickness) welded with (i) 2000 RPM, 0.2 mm penetration depth and 5 kN axial load

and (ii) with 2000 RPM, 0.2 mm penetration depth and 2 kN axial force; red circles show

tarred edges of the first two sheets after welding with flat tool sample

The two tool shapes (T1 and T2) with different radius used are shown in Fig. 3.5. It is believed
that the radius of the convex tool has significant influence on the welding performance and this
is an area worthy of future investigation.

T1 T2

20
20

15

15

@8 @8

Fig. 3.5 Details of tool geometries (all dimensions shown are in mm)
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3.3 Surface topography assessment

During FSSW, a rough surface is desirable because the process relies on maintaining
considerable friction between the rotating punch and the sheets (workpiece). It was therefore
considered relevant to characterise the surface roughness of the punch and to later link it with
the surface topography of the welded surface and analyse the correlation. Accordingly, surface
topography measurements were performed at the School of Aerospace, Transport and
Manufacturing, Cranfield University, UK. A contact mode surface profilometer (Taylor
Hobson Form Talysurf Series 2) having a semispherical tip of a 2 um radius (see Fig. 3.6) was
used to obtain the primary profile of the tool surface. The primary profile was filtered to look
into the planar undulations on the surface (roughness profile). This was done by removing a
circular form with a radius of 16.83 mm and by applying a roughness filter of 0.8 mm (ISO

3274), as is suggested in the Good Practice Guide by National Physical Laboratory, UK [157].

Fig. 3.6 Contact mode surface profilometer (Taylor Hobson Form Talysurf Series 2)
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3.4 Scanning Acoustic Microscope (SAM)

The non-destructive assessment of weld interiors to examine various defects in the weld zone
was tested using a Scanning Acoustic Microscope (SAM) (PVA TePla made, Westhausen,
Germany) available at London South Bank University, UK (see Fig. 3.7a). A transducer is a
very important component in governing the sensitivity, repeatability and accuracy of the
instrument. In this case, an SAM having a H2 PreAmplifier was used to measure the amplitude
of FSSW joints. The half-cross section of the FSSW joint was immersed in a water tank
(deionised water). To obtain images from acoustic waves, a transducer PT30-6-12.7 with 20
dB gain was used, as shown in Fig. 3.7b. A transducer with a frequency of 30 MHz, diameter
of 6 mm and a focus distance of 12.7 mm was used and found appropriate here. Images of
samples obtained from the SAM were used to analyse the extent of delamination, voids and the
oxide layer trapped at the interface between the sheets. For this purpose, samples were scanned
with A-scan, C-scan and B-scan modes. Tested wavelength was set to be 20000 ns for all
samples. For C-scan, the gate length was held for 50 ns.

(T

Fig. 3.7 (a) PVA TePla Scanning Acoustic Microscope (SAM) with H2 PreAmp;
(b) PT30-6-12.7 transducer

3.5 Metallographic examination of the welds

Sample preparation is an essential step post-joining to analyse various metallurgical processes.
This part of the work on sample preparation was done at the Department of Production
Technology, IImenau University of Technology, Ilmenau in Germany.
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For metallographic analysis, the welded joints were sectioned across the central line and then
cold-mounted in a Buehler Cast N” Vac 1000 vacuum chamber, as shown in Fig. 3.8a.
Thereafter, fine grinding and polishing was done with the Buehler Phoenix 4000 as part of
sample preparation as shown in Fig. 3.8b. To accomplish the task, sandpaper (360, 600, 1200
and 2500 grit sizes) and water lubricant were used for grinding the sample for up to 2 minutes
for each step. The samples were finally treated with diamond suspensions (6 and 3 um) for up
to 1 minute at each step. A final step of polishing involved treating the sample with colloidal
silica with average particle size of 0.05 um (OP-S) for 3 minutes on all samples. Between each
stage, the samples were carefully cleaned in an ultrasonic bath for 1 minute and thereafter
cleaned with isopropanol and dried by a dryer.

After polishing, electrolytical etching with Barker's etching agent (5ml HBF4 + 200ml. H20)
was done for light microscopy on Struers LectroPol-5 equipment ,as shown in Fig. 3.8c, (40
V, 2 min). The preparation of the samples was done at the Department of Production
Technology, limenau University of Technology, llmenau, Germany.
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Fig. 3.8 (a) Buehler Cast N’ Vac 1000 vacuum chamber; (b) Buehler Phoenix 4000 sample
preparation systems; (c) Struers LectroPol 5 electropolisher

3.5.1 Light microscopy (LM)

The cross-section morphology of the joints, grain size and the failure behavior of the samples
were analysed by Zeiss, AxioScope Al light microscope with AxioCam ICc3 for the etched
samples shown in Fig. 3.9a and Zeiss Axio Vert. A1 MAT with AxioCam 105 for the polished
samples shown in Fig. 3.9b. The etched samples were analysed with crossed polarized light
under sensitive tint (etching procedure was described previously). The microstructure
evaluation was done at the Department of Production Technology, llmenau University of
Technology, lImenau, Germany.

The grain size was estimated from etched micrographs with the help of Image J software [158]
by measuring the surface area of the grain and thereafter calculating the average diameter from
an area of interest.
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Fig. 3.9 Light microscopes: (a) Zeiss AxioScope.Al with AxioCam ICc3; (b) Zeiss Axio
Vert. A1 MAT with AxioCam 105

3.5.2 Scanning Electron Microscopy (SEM)

In this study, JEOL JSM-6460LV scanning electron microscope was used and is shown in
Fig. 3.10. The reaserch was done at the University Centre for Electron Microscopy, University
of Novi Sad, Novi Sad, Serbia. SEM was used to study samples after small punch test to

investigate failure morphology.

o

Fig. 3.10 Scanning Electron Microscope SEM JEOL JSM-6460LV, Novi Sad
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3.5.3 Focused lon Beam (FIB) Milling

FIB milling was performed at the Department of Material Science & Technology, University
of Cambridge, Cambridge, UK. This unique access became possible via the Henry Royce PhD
Equipment Access Scheme which enables access to TEM facilities at Royce@Cambridge. In
this study, Zeiss Crossbeam 550 FIB-SEM (Fig. 3.11a) and FEI Helios FIB (Fig. 3.11b) were
used to cut and prepare the lamella sample for TEM. They both combine imaging, milling and
analytical performance for nanoscale tomography and sample preparation.

Fig. 3.11 (a) ZEISS Crossbeam 550 FIB-SEM; (b) FEI Helios FIB

Fig. 3.12 shows an SEM image indicating the area where the TEM lamella was cut (white
square) from the sample welded with 1000 RPM from batch Il. The sample and the area for the
analysis were chosen due to the highest level of delamination observed during the SPT between
both batches. The area chosen was between the full bonded and unbonded region.

Fig. 3.12 SEM image indicating the area where the TEM lamella was cut from the sample
welded with 1000 RPM from batch 11
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In Fig. 3.13, various steps for preparing the TEM lamella using the FIB technique are shown
and they are discussed below:

Step I: involves the deposition of the Pt in the area of the interest in order to protect it.

Step I1: concerns milling the trenches with the help of an ion beam. The milling was done from
both sides of the deposed Pt.

Step I11: concerns cutting the sample in a U shape, leaving a small bridge between the lamella
and sample, to provide enough stiffness for the lamella.

Step 1V: involves positioning the needle micromanipulator to attach it to the lamella. The
needle of the micromanipulator is attached to the TEM lamella by depositing platinum to the
contact area between the needle and the TEM lamella.

Step V: The lamella is released with the help of the ion beam and lifted from the bulk.

Step VI: The lamella is attached to the TEM grid and released from the needle with the help
of the ion beam. Afterwards, lamella is ready for further study in transmission mode.

These steps were followed by several thinning steps, which were done by finely milling the
surface. As a result, a thickness of less than 300 nm can be cut. Finally, the surface was cleaned
to remove impurities from the TEM sample deposited during the process [159].

=
—

Fig. 3.13 The FIB procedure of TEM sample preparation

62



University of Novi Sad, Faculty of Technical Science

3.5.4 High resolution Transmission Electron Microscopy (HR-TEM)
and EDX

In this study, a FEI Tecnai G2 (T20) high-resolution transmission electron microscope (HR-
TEM) with a range of accelerating voltages from 80 to 200 kV was used, (Fig. 3.14a). The
samples were analysed in two modes: (i) conventional imaging mode to analyse microstructure
at the interface between the sheets and to understand different behaviour between samples
welded at different rotational speeds and (ii) diffraction mode to identify the existing phases.
The second TEM used in this study was a fully-digital FEI Tecnai Osiris SITEM at 200 kV
with a STEM system including a high-angle annular dark-field (HAADF) detector, as shown
in Fig. 3.14b.

The TEM analysis was performed at the Department of Material Science & Technology,
University of Cambridge, Cambridge, UK. Both TEMs were equipped with EDX spectroscopy.
The Tecnai G2 is equipped with Peltier-cooled Ametek silicone drift detector, Genesis. EDX
was used to analyse chemical composition and distribution of the oxides and precipitates within
the welds. Two different modes were used: (i) EDX surface mapping and (ii) EDX spectrum
analysis.

Fig. 3.14 (a) FEI Tecnai G2 (T20) HR TEM; (b) FEI Tecnai Osiris S/ITEM
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3.5.5 Frequency-Modulated Kelvin Probe Force Microscopy
(FM - KPFM)

Surface potential (SP) mapping was carried out using Frequency-Modulated Kelvin Probe
Force Microscopy (FM-KPFM). The sample prepared for TEM analysis (TEM lamella) was
also tested with FM-KPFM. It was selected from batch 11 (joint welded at a low rotation speed
of 1000 RPM). The FM-KPFM testing was performed in the same area as TEM testing in order
to get a detailed analysis of the weld faying interface. This study was done on a Bruker
Dimension Icon XR scanning probe microscope with the newly developed Bruker Peak Force
KPFM probe (PFQNE-AL), as shown in Fig. 3.15a. The experiments were carried out at the
Industrial laboratory of Bruker in Coventry, UK

The geometric characteristics of the silicon tip used for FM-KPFM are shown in Fig. 3.15b.

Geometry: Rotated (Symmetric)

Tip height (um) 2.5-8
Back angle (°) 2542
Side angle (°) 17.5+£2.5
Tip radius-Nom (nm) 5
Tip radius-Max. (nm) 12
Tip Set Back- Nom (pm) 5
Tip Set Back-RNG (um) 0 -7
(b)

Fig. 3.15 (a) Silicon tip on silicon nitride cantilever (PFQNE-AL); (b) geometric
characteristic of the tip [160]

The topography of the surface was determined using the tapping mode at a cantilever resonance
of 300 kHz. For the tests, the peak force was set at 2 nN while peak force amplitude was 30
nm. FM-KPFM is a single-pass high spatial resolution surface potential imaging technique
which uses a small probe with a sharp tip (~ 5 nm) for scanning the sample in the predefined
area to measure the surface potential, as shown in Fig. 3.16a. During FM-KPFM, a force
gradient rather than the force is measured. [161].

The force gradient (dFes/dz) technique is used to provide accurate measurements of work
function. The work function is the minimum energy (or work, measured in eV) needed to
remove an electron from a solid to a point immediately outside the solid surface. When two
different conductors are brought in electrical contact, the electron will flow from the conductor
with a lower work function to the conductor with a higher work function. This way the Femi
energies equalize. If the conductors are made into a parallel plate capacitor, equal and opposite
charges will be induced onto the surface. The surface (contact) potential established between
those two surface equals the work function difference between the two materials [161,162].
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Regarding FM-KPFM, if the work function of the probe is familiar, then the work function of
the sample can be estimated as [161]:

(psample = (pprobe — eAVepp (3-1)

where @sample is @ work function of the sample (eV); @prone is @ work function of the probe (4.09
eV); AV¢pp is the contact potential difference between the probe (mV) and the sample extracted
from the FM-KPFM results; e- is the charge of an electron.

Fig. 3.16 (a) Working principle of KPFM; (b) Bruker Dimension IconXR scanning probe
microscope

However, it is important to note that the values obtained are not by any means the fundamental
parameters of the material phases and are strongly depended on surface state. The work
function is extremely sensitive to the substrate (intrinsic) and environmental (extrinsic) gating
due to its two-dimensional nature: Being representative of the surface state, work hardening
can be strongly affected by such factors as traces of gas contamination, temperature, and
humidity.

3.6 Mechanical properties

3.6.1 Microhardness

For evaluating the local variation in the mechanical properties, microhardness maps of the weld
joints were obtained by using standard Vickers microhardness tests (DIN EN ISO 6507 1-2018)
with a load of 0.1 kgf (0.98 N) using the Struers DuraScan 70 device illustrated in Fig. 3.17.
A schematic diagram showing the microhardness mapping scheme on the FSSW sample cross-
section is shown in Fig. 3.18. The distance between the two sequential indentation points was
maintained at 0.33 mm to avoid interference of the stress waves between the two indent points.
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The measurements were made in the form of four parallel lines. However, to avoid measuring
hardness in the space between sheets and to avoid the influence of sheet edges on hardness
values, some measurement points in the base material were adjusted around the sheet edge.

“
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¢ Estimated area of the stir zone 0.33

¢ Estimated area of TMAZ and HAZ
¢ Estimated area of base material

Fig. 3.18 Schematic of the location of the microhardness measurement (all dimensions are
in mm)

3.6.2 In-situ Scanning Probe Microscope (in-situ SPM)

In this study, high-speed property mapping was performed to analyse the welding interface, as
shown in Fig. 3.19a (red square), using the advanced nanomechanical test instrument Bruker
Hysitron T1 980 Nanoindenter, which is shown in Fig. 3.20. The experiments were carried out
at the Industrial laboratory of Bruker in Coventry, UK. High-speed X-Y actuation (up to 6
indents per second) can be achieved by using Hysitron tip-scanning piezo. The instrument was
equipped with a Berkovich nanoindenter, which is a three-sided diamond pyramid with the
same projected area-to-depth ratio as a Vickers indenter.
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The Nanoindentation hardness calculations were made in accordance with the popular Oliver-
Pharr Method [163,164]:

Hir = Fnax (3.2)

e,
Fig. 3.19 (a) Sample welded with 1500 RPM with an area where nanoindentation maps were
made; (b) property map

Inside view

Fig. 3.20 Bruker Hysitron Tl 980 Nanoindenter

Load is an important parameter during a nanoindentation hardness test. Pressing an unknown
sample by the indenter while it achieves the present peak load in a given span of time governs
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the loading rate whereas the retraction of the indenter in a given time governs the unloading
rate. The representative load function used in this work is shown in Fig. 3.21. This load function
was used to create an indentation map such that it contained 20 x 20 indents, each separated
by 500 nm, created with a force-controlled method using a peak load of 150uN. Thus, 400
indents were created in a span of about 3 minutes.

150-

o / \
0 / \

110 \

Load (uN)
3 8
™
_~

0.00 0.04 0.07 011 0.15 0.19 022 026 O.II&O
Time (seconds)
Number of Tests in X g 20 Start Load (uN) g 150.00
Spacing Between Tests in X (um) S 0.50000 End Load (uN); §| 15(.00
Total Distance in X 9.5000 Vary Load By 7] Fixed Amt.
-l
Number of Testsin Y = Load Time (sec) EI 0.1000
Spacing Between Testsin Y (um) 4] 050000 Hold Time faec) §|ﬂ
Total Distance in Y [T9s000 Unload T"f f’ec) . ¥ 01000
Data Acquisition Rate (points/sec) ~ 1000.00
Lateral Move Speed (um/s) <] 10,0000 || Number of Data Points 158413
Pre-Load (uN) ;‘I 2.000 Data Acquisition Rate must be lowered if Number of Data Points
Use Imaging Setpoint ¥ exceeds 209715 points/sec.

Fig. 3.21 Nanoindentation parameters

3.6.3 Small Punch Test (SPT)

To understand the mechanical properties of weld zone, a small punch test was performed.
During the standard shear tensile test, which is usually used for obtaining information from
spot welds, the fracture path is either observed at the periphery of the weld zone or along the

(@2}
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path of the weld interface. Therefore, no clear information from the mechanical properties of
the weld zone can be provided. A SPT is a relative test which assesses load carrying capacity
of fixed size specimens prior to failure. Thus, a SPT allows for a strength assessment of a
material by assuming the load to be directly related to the strength of material, considering the
geometry of test specimens remains the same in all specimens.

Welded samples from both batches (Batch | and Batch I1) post-FSSW were tested by a small
punch test, as shown in Fig. 3.22. The samples were cut in circles of 8 -0.005 mm in diameter.
Thereafter, they were fine-grinded with 600, 1200 and 2500 grit abrasive papers to the target
thickness of 0.8 = 0.01 mm, as shown in Fig. 3.22. Also, the three samples from the base
material AA 5754 — H111 were prepared for a SPT in order to estimate weld efficiency. The
plates used for preparation of the specimens were 1.2 mm thick, obtained from the same
supplier, in order to provide 0.8 mm thick specimens for the SPT.

The European “Code of Practice” [165] suggest using a standard geometry of 0.5 mm thick
sample. However, in this study, it was important to take all three weld interfaces (between the
four sheets), so a sample thickness of 0.8 mm was considered judiciously. The emphasis was
on comparing the mechanical properties of samples welded with different parameters and to
compare them with base material in order to determine weld efficiency. Fracture path after the
SPT was also examined.

. ‘ I().Bmm
—_— 7?7 e ———
L % - ) 2 3 3 AN 3 s PR FRE N N r T LN

Fig. 3.22 Preparation of the SPT sample; the top figure shows the 8 mm diameter of the sample
(width measurement in the bottom figure) such that the thickness of the sheet was 0.8 mm

The small punch test (SPT) was carried out on a Hagewald and Reshke Inspect Retrofit
universal testing machine with a maximum load of 20 kN, as shown in Fig. 3.23a. The SPT
helped in evaluating the mechanical properties of weld joints according to the procedure
described by Rasche et al. [166]. A test speed of 2 mm/min was chosen to ensure the quasi-
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static loading state. Three SPT samples were tested from each weld obtained with different
rotational speed and from base material. The preparation of the samples and the SPT were
performed at the Department of Production Technology, Ilmenau University of Technology,
llmenau, Germany.

The SPT equipment setup is shown in Fig. 3.23b. A disc-shaped sample of 8 mm diameter and
0.8 mm thickness was centrally positioned in a receiving die and then deformed with a
spherically tipped punch until failure. In comparison to the geometry recommended by
European “Code of Practice” CWA 15627:2006, the SPT setup geometry was modified as to
use smaller samples (diameter 3 mm and 0.25 mm thickness). In a standard SPT setup, the
outer part of the disc is clamped rigidly between the receiving and counter dies (Small Punch
Bulge Test) or only positioned loosely between them (Small Punch Drawing Test) to prevent
vertical deformation. The screwed counter die is named the downholder. In this study, an
improved experimental setup is used without the downhoader, so this technique can be
considered to be a Small Punch Bending Test [166,167]. The SPT Parameters used for the
testing are shown in Table 3.4 and Table 3.5.

(a) nspelt ®)

retrofit

(D) Hegewald & Peschke

MeR- und Pruftechnik GmbH

Fig. 3.23 The SPT setup: (a) SPT setup placed on the tensile test machine; (b) SPT setup
designed by Rasche et al. [166]
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Table 3.4 SPT parameters for batch | welded with tool T1

Welding parameters SPT sample
Sample Axial force  Rotational speed  Plunge depth Time mass thickness
F (kN) n (RPM) h (mm) t(s) m (mg) a (mm)
Batch | (T1)

SPT-RWI-1 5 90 0.795
SPT-RW1-2 2 1500 0.25 4,67 93 0.795
SPT-RW1-3 4,70 93 0.8
SPT-RW2-1 3,60 93 0.8
SPT-RW2-2 2 2000 0.25 3,65 08 0.795
SPT-RW2-3 3,12 97 0.795
SPT-RW3-1 2,39 o1 0.795
SPT-RW3-2 2 2500 0.25 2,43 88 0.795
SPT-RW3-3 2,26 92 0.790
SPT-RWA4-1 2,57 01 0.8
SPT-RW4-2 2 3000 0.25 2,28 96 0.8
SPT-RW4-3 2,07 97 0.8
SPT-RW5-1 1,32 96 0.790
SPT-RW5-2 2 3500 0.25 1,53 90 0.795
SPT-RW5-3 1,48 93 0.8
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Table 3.5 SPT parameters for batch 11 welded with tool T2

Welding parameters SPT sample
Sample Axial force  Rotational speed Plunge depth Time mass thickness
F (kN) n (RPM) h (mm) t(s) m (mg) a (mm)
Batch 11 (T2)

SPT- RWAL-1 1.81 02 0.795
SPT- RWAL-2 4 1000 0.25 1.67 90 0.795
SPT- RWA1-3 1.75 92 0.8
SPT- RWA2-1 1.46 94 0.795
SPT- RWA2-2 4 1500 0.25 1.39 96 0.795
SPT- RWA2-3 1.31 03 0.795
SPT- RWA3-1 1.02 90 0.795
SPT- RWA3-2 4 2000 0.25 0.99 95 0.79
SPT- RWA3-3 1.15 01 0.795
SPT- RWA4-1 1.14 08 0.8
SPT- RWA4-2 4 2500 0.25 0.99 95 0.8
SPT- RWA4-3 0.96 92 0.79
SPT- RWAS-1 0.98 95 0.795
SPT- RWAS-2 4 3000 0.25 0.93 96 0.795
SPT- RWAS-3 1.01 03 0.8
SPT- RWAG6-1 0.96 94 0.8
SPT- RWAG-4 4 3500 0.25 1.03 04 0.795
SPT- RWAG-5 1.04 94 0.8
SPT- RWA7-2 0.95 97 0.8
SPT- RWA7-3 4 4000 0.25 0.97 03 0.8
SPT- RWAT7-4 0.76 01 0.79
SPT- RWAS-1 0.92 01 0.8
SPT- RWA8-2 4 4500 0.25 0.89 03 0.795
SPT- RWAS-3 0.94 01 0.795
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4. EXPERIMENTAL RESULTS

In this chapter, the results of the experimental research of FSSW aluminium alloy AA 5754-
H111 joints produced by using two tool geometries, T1 and T2 (see Fig. 3.5), are presented.
The aim was to develop and understand the FSSW process of multiple sheets and to optimise
the process for rapid welding with a dwell time of less than 1 second.

To understand the welding process and bonding mechanisms, several experimental studies
were analysed, including:

Q) analysis of the welds at the micro-level in order to understand the mechanisms
leading to inconsistent mechanical properties, the differences in grain size in
different weld zones (SZ, TMAZ, HAZ), variations in grain size between welds
obtained with different tools and parameters, and the difference in shape and size
of welded zones between samples welded with different welding parameters.

(i) analysis of the mechanical properties of the welds obtained with different welding
parameters and tool geometries in order to understand their influence on weld
strength.

(i) analysis of the welding interface at a nano level in order to understand bonding
mechanism, the size and type of defect, and their influence on fracture mechanism.

To understand weld formation, a series of tests such as thermal measurements, dimensional
quantification, microstructural characterization and mechanical testing (at the micro and nano
level) were performed.

4.1 Analysis of welding variables

The most influential parameters on the welding process are rotational speed, axial load,
penetration depth, dwell time and tool geometry. The penetration depth was selected to be
0.25 mm in all experiments. This depth was optimum as it was found to be the minimum depth
from trial experiments that allowed bonding between four sheets to occur. Axial loads of 2 kN
for batch | and 4 kN for batch Il were found to be the maximum loads that could provide
welding conditions between four sheets. If the axial loads are set to be less than 2 kN with tool
T1 or 4 kN with tool T2, dwell time increases significantly. Thereafter, rotational speed was
varied from 500 RPM to 5000 RPM. It was found that the bonding between all four sheets can
be accomplished with rotational speeds of 1500 to 3500 RPM for batch | and 1000 to 4500
RPM for batch Il. Outside of these ranges, the last two sheets were not successfully bonded, as
shown in Fig. 4.1, or dwell time exceeded 5 seconds, which is the maximum time possible with
the machine used for the experiments.
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Fig. 4.1 Sample welded with tool T1; rotational speed 4000 RPM, axial load 2 kN and
penetration depth 0.25 mm (the last two sheets were not bonded)

4.1.1 Stress analysis

The evolution of two major stresses present in the stir zone, namely applied axial stress and
shear stress, over the dwell time and contact radius are presented in Fig. 4.2 (from a to e) for
batch I and in Fig. 4.3 and Fig. 4.4 (from a to d) for batch II. In all these figures, shear and
axial stresses are presented in black and red lines, respectively. The purple dashed lines
correspond to incipient strain hardening of the base material and blue dashed lines correspond
to the tensile strength of base material, both obtained from stress-strain curves of the base
material provided in Fig. 3.1. It is important to consider that, during welding, a frequent
alteration of the strain hardening and thermal softening is likely. The axial stress and shear
stress were calculated from equations (2.8) and (2.9).

In both batches at low rotational speeds (1500 and 2000 RPM in batch I and 1000 and 1500
RPM in batch 1), the value of shear stress fluctuated between the ultimate tensile stress and
the incipient transformation limit of work hardening. However, at high rotational speeds (2500-
3500 RPM in batch I and 2000-4500 RPM in batch 1) shear stress at beginning of the welding
process overcome the tensile strength limit and, before the end of the process, shear stress drops
below the incipient strain hardening transformation limit.

The stick-slip mechanism was observed during the early stages of contact during which the
tool establishes contact with the workpiece. In this stage, axial stress dominates over shear
stress. After the shear stress overcomes axial stress, the condition for a steady-state weld are
met. A steady-state weld stage subsequently develops such that the material flow becomes
pronounced and, in this state, shear stress takes over the axially applied pressure.
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Fig. 4.2 (a) to (e) Evolution of applied axial stress and shear stress over time measured by
using the applied load and estimated torque data at different RPM ranging from 1500 RPM
to 3500 RPM
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Fig. 4.3 (a) to (d) Evolution of applied axial stress and shear stress over time measured by

using the applied load and estimated torque data at different RPM ranging from 3000 RPM
to 4500 RPM
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Fig. 4.4 (a) to (d) Evolution of applied axial stress and shear stress over time measured by
using the applied load and estimated torque data at different RPM ranging from 1000 RPM
to 2500 RPM

77



University of Novi Sad, Faculty of Technical Science

4.1.2 Coefficient of Friction (CoF)

In Fig. 4.5 and Fig. 4.6 the variation in the kinetic coefficient of friction (CoF) calculated by
using equation (2.7) for five welding trials for batch I and eight welding trials for batch Il has
been shown. The horizontal axes in Fig. 4.5 and Fig. 4.6 show process times (which include
the time needed for clamping, tool approaching, welding, and withdrawal of the tool and
clamp). The values of CoF was observed to vary between 0.75 and 2.5 for batch | and between
0.6 and 2 for batch II.

For Batch I, from Fig. 4.5 it can be seen that the CoF increases from the beginning to the end
of the process at low rotational speeds (1500 and 2000 RPM). As for the samples of batch |
welded at higher rotational speeds (2500, 3000 and 3500 RPM), the CoF increases up to
maximal value immediately after the beginning of the process and afterwards decreases slowly
until the end of the process.

For Batch 11, as shown in Fig. 4.6, different trends of CoF plots were obtained at different
rotational speeds. In analogy to batch I on lower rotational speeds (1000 and 1500 RPM), the
CoF will increase from the beginning to the end of the process. However, during the welding
processes with rotational speeds of 2500, 3000, 3500, 4000 and 4500 RPM, it will reach the
peak value at the beginning of the welding and afterwards will decrease at the end of the process.
The exception is the welding process obtained with 2000 RPM where CoF slowly increases to
the peak value at 2.6 seconds and afterwards slowly decreases to the end of the process.
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Fig. 4.6 Variation in the coefficient of friction (CoF) in batch I1
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4.1.3 Dwell time and thermal analysis

In Fig. 4.7a and b, the variation in dwell time (welding time) and maximum temperature
measured at the bottom of the sample are respectively shown. A main flaw of the temperature
measurements was that they were point measurements taken far from the tool; the lowest
temperature is expected in the stir zone. However, at least this data can help to understand and
compare heating in the samples welded with different tool geometries and parameters.

From Fig. 4.7a, it can be seen that in both batches dwell time decreases with increasing
rotational speed. The significant reduction in dwell time of all samples in batch Il compared
with batch I is particularly notable. Nearly half of the samples from batch Il welded at higher
rotational speeds (from 3000 to 4500 RPM) were welded in less than one second.

Increasing the rotational speed of the tool increases the process temperature in the stir zone for
both batches, as shown in Fig. 4.7b. The maximum temperatures in both batches were similar.
It seems that dwell time does not influence maximum temperatures. Fig. 4.7a and b show that
maximum temperature is almost equal for batch | and Il even though weld time is
approximately three times higher in batch 1.
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Fig. 4.7 (a) Dwell time and (b) maximum temperature variation as a function of the
rotational speed

4.2 Surface topography assessment of the top surface of FSSW
joints and tools

Both tools (T1 and T2) were produced in the same way, thus the roughness of both tool contact
surfaces had a similar trend. Consequently, only the contact surface profile of tool T1 and
contact surface profile of weld joints from batch | welded with 3500 RPM were measured and
presented in this work. Fig. 4.8 shows a macrograph of a tested sample (Fig. 4.8a) considering
the 8.5 mm length of surface topography data congruently laid at the same scale and positions
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to show the similarities and influence of the texture of the tool T1 on the FSSW surface shown
in Fig. 4.8b and c. The topography data was produced from the surface profilometer using the
steps described in the experimental section. However, the measurement of the welded surface
was mirrored, as shown in Fig. 4.8c, for representation and comparison at the same scale as the
tool shown in Fig. 4.8b. It can be seen that the tool surface profile and welded surface profile
have identical textures. It can be inferred that the topography irregularities of the tool passes

on to the top sheet of the weld surface.
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4.905 . ! . L : 1 . ! . ! : ! . 1 i !
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Fig. 4.8 (a) Light microscope image of the cross-section of the tested FSSW joint; (b) central
part of the surface topography of the tool T1 (after form removal and Gaussian filter of 0.8
mm) of length 8.5 mm compared with (c) mirrored view of the top part of the surface
topography of the FSSW surface after form removal and Gaussian filter of 0.8 mm

4.3 Scanning acoustic microscope (SAM) analysis

The SAM results for the sample welded at 1000 RPM from batch Il are presented in Fig. 4.9a-
f. In Fig. 4.9a, the surface topography map of the top surface obtained from the SAM is
presented. A high degree of plastic deformation on the upper surface from centre of the weld
to the periphery can be seen. In Fig. 4.9b and d, C-scans of the sample in different gate
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positions are shown. The scan in Fig. 4.9b is a C-scan of the top surface where the material
flow pattern can be seen. The second C-scan from Fig. 4.9d shows white circles inside the stir
zone which can be interpreted as delamination circles (blue arrows). The white ring around the
stir zone represents unbonded regions.

In Fig. 4.9¢c, B-scan (A—A cross-section) of the stir zone is presented. Green arrows indicate
the presence of an unknown layer further called the weld faying interface (WFI). However, this
layer needs a detailed analysis because, during the scanning of the sample with SAM in C-scan,
some artefacts may occur. In Fig. 4.9¢, the entire A-scan is shown and Fig. 4.9f shows a higher
magnification detail from Fig. 4.9e.

The first two peaks represent the initial pulse formed between the transducer and the water.
The next peak represents the reaction between the water and sample surface and the third peak
represents the reaction of the bottom surface and the water. All peaks afterwards are the echo
(artefacts) produced from the sample.

In Fig. 4.10 and Fig. 4.11 the arrangements of the results are the same as in Fig. 4.9. The
difference is in the size of the defects and unbonded region in the last sheet. The deformation
of the upper contact surface is lowest in the sample welded with 2500 RPM. However, the size
of the delamination circles and unbonded ring are the highest in the sample welded with 4500
RPM. They are lowest in sample welded with 1000 RPM; delamination circles can be seen
only near the end of the stir zone in the so-called transition zone. In samples welded at 2500
and 4500 RPM, delamination circles spears through the entire stir zone. The WFI is mostly
visible in the samples welded at 1000 RPM.
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Fig. 4.9 The sample from batch 11 welded with 1000 RPM: (a) topography map from the top
surface; (b) C-scan with gate position 20 ns and gate length 50 ns with A-A cross-section
showing the place where B-scan was obtained; (c) B-scan from A-A cross-section; (d) C-scan
with gate position 220 ns and gate length 50 ns as shown in detail B with a red line on A-
scan; (e) A-scan with detail showing the gate length of C-scan from (c); green and blue
arrow show the WFI and delamination circles, respectively; (f) detail of A-A scan from (e)

82



University of Novi Sad, Faculty of Technical Science

20 000

‘.,
15 000

T
10 000
Time of flight information (ns)

detail B

Fig. 4.10 The sample from batch Il welded with 2500 RPM: (a) topography map from the top
surface; (b) C-scan with gate position 20 ns and gate length 50 ns with A-A cross-section
showing the place where B-scan were obtained; (c) B-scan from A-A cross-section; (d) C-

scan with gate position 220 ns and gate length 50 ns as shown in detail B with red line on A-

scan; (e) A-scan with detail showing the gate length of C-scan from (c); green and blue
arrow show the WFI and delamination circles, respectively; (f) detail of A-A scan from (e)
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Fig. 4.11 The sample from batch Il welded with 4500 RPM: (a) topography map from the top
of the sample; (b) C-scan with gate position 20 ns and gate length 50 ns with A-A cross-
section showing the place where B-scan was obtained; (c) B-scan from A-A cross-section;
(d) C-scan with gate position 220 ns and gate length 50 ns as shown in detail B with red line
on A-scan; (e) A-scan with detail showing the gate length of C-scan from (c); green and blue
arrow show the WFI and delamination circles, respectively; (f) detail of A-A scan from (e)
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4.4 Metallographic results

4.4.1 Macrostructural characterization

In Fig. 4.12a macrographs of the top view of the welds, in Fig. 4.12b cross-sections of polished
and in Fig. 4.12c etched views of the samples welded at different rotational speeds from batch
| are shown. In all macrographs, two different areas can be seen. The first one is the edge-
chipping area and is indicated with a white arrow in Fig. 4.12a. It is a very rough area with
visible marks of fracture and deformation. The second area, which is indicated with a black
arrow, is a stable contact area. In this zone, the tool was in full contact with the workpiece. In
the edge chipping area, the tool was only partly in contact with the upper sheet due to local
deformation of the upper sheet caused by the action of the clamping force from one side and
radial force of the tool from the other side. These two forces tend to bend the upper sheet,
causing unstable low-pressure contact with the outer diameter of the tool. From all
macrographs, a different ratio of edge-chipping area to stable contact area can be seen.

(a) (b) (c)

P 3500 RPM .
£y A

\‘ \‘

2000 RPM

D 1500 RPM

Fig. 4.12 (a) Macrographs; (b) polished; (c) etched cross-section views of the welded joints
from batch | at different RPM (from 3500 to 1500 RPM)

3000 RPM

2500 RPM

/

L

In polished cross-sections, the edge-chipping area is also indicated with a white arrow while
stable contact area is indicated with a black arrow. The weld zone lies underneath the stable
contact area. The influence that the RPM or the applied strain rate makes at the shape of the
weld can also be seen from the micrographs. The weld shape changes its aspect ratio
(width/depth) as a function of rotation speed. From the polished cross-sections, no defects were
seen in samples welded from 1500 to 3000 RPM. The sample welded at a rotation speed of
3500 RPM showed a small defect-like void below the surface marked with A in Fig. 4.12b. In
etched cross-sections, the differences in grain size and orientation at different rotational speeds
can be seen. Also, the transition between the stir zone and TMAZ is much clearer in samples
welded with low RPM. By contrast, this transition occurs gradually in samples welded with
high RPM.
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Cognate to the previous section, Figure 4.13 shows the same illustrations for batch 1. A few
notable differences can be seen:

0] The weld zone of all samples in batch Il is wider than batch 1.

(i) There are no visible defects such as voids or delamination in the stir zone.

(i) The ratio of the edge-chipping area to stabile contact area for all samples in batch
Il was lower compared with those of batch I.

(iv) A wide variation in the orientation and size of the grains can be seen.

(a) (b)
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3500 RPM
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‘@v
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Fig. 4.13 (a) Macrographs; (b) polished and (c) etched cross-section views of the welded
joints from batch Il at different RPM (from 4500 to 1000 RPM)
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4.4.2 Microstructural characterisation
4.4.2.1 Stir zone

In Fig. 4.14, the microstructures of the base material and stir zones is depicted at a higher
magnification. These results shed light on a clear influence of rotation speed on grain size and
this calls for the estimation of quantifiable differences. In this spirit, Fig. 4.15 a and b, show
the variation in grain size for the base material and welds obtained at various RPM both for
batch | and batch 11, respectively. All weld samples were seen to have reduced grain size
compared with that of the base material. The grain size significantly decreases at low rotational
speeds. The grain size in the transition zone presented in Fig. 4.15 (TMAZ and HAZ) is
analysed in section 4.4.2.2.

Fig. 4.14 Cross-section polarized light microscopy images (white squares in Fig. 4.12)
revealing grain microstructure of: (a) base material; (b) welded sample with 3500 RPM; (c)
with 3000 RPM; (d) with 2500 RPM; (e) with 2000 RPM and (f) with 1500 RPM

Light micrographs of the base material and stir zones of the welds from batch Il produced at
rotational speeds ranging from 1000 to 4500 RPM obtained from the centre of the welds (white
squares in Fig. 4.13) are shown in Fig. 4.16. Like batch I, the reduction in grain size compared
with that of the base material at higher rotational speeds was seen to be more pronounced.
However, by comparing the two batches, the grains were observed to be coarser in the SZs of
welds from batch Il in the samples with the highest and lowest RPM. However, the sample
welded with 2500 RPM showed an opposite trend.
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Fig. 4.15 Variation in grain size between samples welded with different rotational speeds in
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batch Il
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Fig. 4.16 Cross-section polarized light microscopy images (white squares in Fig. 4.13)
comparing the grain microstructures of the base material and of welds produced with
rotational speeds of 4500 to 1000 RPM
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4.4.2.2 Transition zone

In Fig. 4.17 and Fig. 4.18, microstructure evaluations of the base material (BM), heat affected
zone (HAZ), thermo-mechanically affected zone (TMAZ) and stir zone (SZ) are respectively
shown for batch | and batch Il. In both batches, a similar trend was observed. In the SZ, the
reduced equiaxed grains with uniform size, shape and orientation can be seen in comparison
with the base material. The size and shape of the grains vary in samples welded at different
rotational speeds. In samples welded at low rotational speeds, the TMAZ is a narrow region
with columnar grains orientated in the stir direction. By contrast, in samples welded with higher
rotational speed, the shape of the grains in the TMAZ changed from columnar to more equiaxed
grains without a clear transition between the SZ and HAZ. The samples welded at 3500 RPM
in batch I and at 4500 RPM in batch Il only differed in the size and orientation of the grains.
The shape of the grains in the HAZ remains same in Batch | and Batch I1.

The HAZ is the transition zone between the TMAZ and BM. The shape of the grains in this
area corresponds to the shape of the grains in the base material, but they are reduced in size.

The average grain size in all zones (BM, HAZ, TMAZ and SZ) in batch | and batch Il were
presented previously in Fig. 4.15a and b. However, the results of the measurements should be
taken with caution, especially in columnar grains the TMAZ, due to high anisotropy. This kind
of calculation was most convenient for comparing grain size in different zones.

Both Fig. 4.15a and b showed that, in all welding zones (HAZ, TMAZ and SZ), grain size was
reduced compare to the base material. The smallest grain size occurred in the SZ, followed by
the TMAZ and HZ. In both batches, the grain size in the SZ and TMAZ increases with the
increase of the rotational speed. However, in the HAZ, the grain size increases up to 2500 RPM
and then decreases at higher RPM.
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Fig. 4.17 Micrographs showing the transition between the base material and stir zone for
samples welded with 1500, 2500 and 3500 RPM from batch | (polarized LM)
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Fig. 4.18 Macrographs of transition between the base material and stir zone from samples
welded with 1000, 1500, 2500, 3500 and 4500 RPM from batch I1 (polarized LM)
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4.4.3 Dimensional quantification of the weld

In Fig. 4.19, variations in several parameters measured as a function of rotational speed for
both batches are presented. These parameters include the measurements of d (bottom diameter
of the lowest welding interface), D (top diameter of the topmost welding interface), H (axial
height of the joint in the centre of the weld) and a (taper angle of the stir zone) and are shown
at the bottom of Fig. 4.19.
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Fig. 4.19 Dimensional quantification of the weld characteristics measured as a function of

the rotational speed of the tool: (a) bottom diameter of the SZ-d; (b) top diameter of the stir

zone-D; (c) axial depth of the weld-H; (d) trapper angle of the stir zone-a, (e) schematic of
the weld with measured dimension
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An increase in the rotational speed leads to an increase of the D parameter. That is the topmost
diameter affected, as shown in Fig. 4.19a, and comes at the expense of a reduction of d, which
is diameter of the lowest welding interface (Fig. 4.19b), and reduction of H, which is the axial
depth of the stir zone (Fig. 4.19c). Consequently, the taper angle o from Fig. 4.19d scales
linearly with an increase of the rotational speed of the tool. The estimated parameters d, D and
H are higher in batch II compared with those of batch 1.

4.5 Mechanical properties

In this section, results of mechanical tests of the welds, such as a microhardness test and small
punch test, are shown. To understand the behaviour of the material and bonding mechanisms
during the welding under different welding conditions (parameters and pinless tools), an
analysis of the mechanical properties of the welds was carried out. For an improved
understanding of the small punch test results, a microstructure evaluation of the fracture
samples was also performed.

4.5.1 Microhardness

In Fig. 4.20, the results of Vickers microhardness mapping for batch | at rotational speeds
ranging from 1500 to 3500 RPM are presented. The hardness of the welded samples in the stir
zone was observed to increase at low rotational speeds of 1500, 2000 and 2500 RPM. The
highest hardness can be seen in samples welded at a rotational speed of 1500 RPM. However,
in samples welded at 3000 and 3500 RPM, the hardness drops compared with that of the base
material.

The results in batch Il presented in Fig. 4.21 were similar to Batch I. In batch 11, hardness in
the stir zone increased compared with that of the base material only in the sample welded at
the rotational speed of 1000 RPM. However, in samples welded at 1500 to 4500 RPM, the
hardness drops.

In Fig. 4.20 and Fig. 4.21, the hardness reduction in both batches from the top where the weld
is in contact with the tool to the bottom where the weld is in contact with the anvil can be seen.

93



University of Novi Sad, Faculty of Technical Science

101 3500 RPM

05

0.0

1.0 3000 RPM
Eos
Eoo
@ |
210 2500 RPM
= 100.0
Z0s
2 0.0 91.7
g 1.0 i 2000 RPM 83.3
8 0.5 75.0
= 0.0

: s 66.7

1.0 1500 RPM

! : 58.3
0.5 -
0.0 = 50.0
500 40 300020 10 0.0 1.0 20 30 10 50 HV 0.1

Distance from weld center (mm)

Fig. 4.20 Microhardness maps obtained by Vickers microhardness test of the samples from
batch | processed by FSSW at rotational speeds ranging from 1500 to 3500 RPM
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Fig. 4.21 Microhardness maps obtained by Vickers microhardness test of the samples from
batch 11 processed by FSSW at rotational speeds ranging from 1000 to 4500 RPM
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4.5.2 Small Punch Test Results

In Fig. 4.22 and Fig. 4.23, the small punch test results are presented as load-punch displacement
curves of the base material and welds from batch I and batch I1. Fig. 4.24a shows the variation
in the rupture load (Fmax) and maximum punch displacement (Smax) (measured from the
beginning of the process to the fracture load) as a function of the rotational speed in batch I.
Compared with the strength of the base material (1094.9+£21.3 N), the sample welded at 1500
RPM has a higher strength (1162+37.83 N), whereas samples welded at 2000 to 3500 RPM
showed lower rupture loads. However, maximal punch displacement showed an opposite
behavior. Namely, the samples welded from 2000 to 3500 RPM showed higher maximum
punch displacement whereas the sample welded at 1500 RPM showed lower maximum punch
displacement compared with that of the base material. The maximal punch displacement
(1.87+0.03 mm) was found during testing the sample welded at a rotational speed of 3000 RPM.
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Fig. 4.22 The load-displacement curves of the base material and weld specimens from batch |
with rotational speeds from 1500 to 3500 RPM obtained with a SPT

In Fig. 4.24b rupture load and maximum punch displacement for batch 11 are shown. In batch
I1, the specimen at 1000 RPM obtained the highest rupture load (1096.7+33.5 N). However, its
value was slightly above the value of the rupture load of the base material (1094.9 +£21.3 N).
In batch I, the lowest rupture load (957.2+10.3 N) was in the sample welded at 4500 RPM,
while the lowest maximum punch displacement (1.72+0.02 mm) was in the sample welded at
1000 RPM. However, this value is slightly above the value of the base material. The maximum
punch displacement was the highest (2.09+0.11 mm) in samples welded at 4000 RPM.
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Fig. 4.23 The load-displacement curves of the base material and weld specimens from batch
I with rotational speeds from 1000 to 4500 RPM obtained with a SPT
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Fig. 4.24 Rupture load and maximum displacement variation as a function of the rotational

speed in (@) batch I and (b) batch Il (Fmaxgw-rupture load of base material with a standard

deviation of 21.3N; Smaxguv-maximum punch displacement of base material with a standard
deviation of 0.025 mm)

During the SPT test, a drop in the load indicated specimen failure. The samples collected after
failure were characterized by light microscopy and a scanning electron microscope to analyse
the specimen shape, dimensions and fracture mechanisms. The results are presented in this
section for a better understanding and overview of the small punch test.
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4.5.2.1 Structure and dimensional evaluation of the SPT samples

In Fig. 4.25 and Fig. 4.26, the SPT specimens of the welds from batch | and batch II,
respectively, are presented. In some specimens, rupture is visible on the cross-sections (red
arrows). One specimen did not show any rupture and that is probably because the SPT was
performed until the load reached a drop of 30 % from the rupture load. Therefore, in most
specimens, cracks can only be found in one part of the ring-shaped zone, as is indicated with a
white arrow in Fig. 4.27a. In some macrographs rupture was not seen because the sample cross-
section was taken from the other side of the sample. In batch I1, a delamination was present in
the cross-section, especially in specimens from welds obtained at 1000, 2000 and 4000 RPM
(green arrows).

3500 RPM

2500 RPM

n e

2000 RPM 1500 RPM

Fig. 4.25 Macrographs of the base material and SPT samples from batch I for welds
produced with rotational speeds from 3500 to 1500 RPM after testing

Fig. 4.27a shows a sample from batch Il welded at a rotational speed of 1000 RPM with a
radial crack oriented in the circumferential direction. The delamination of the upper layer can
be seen at the higher magnification shown in Fig. 4.27b as well as in the micrograph shown in
Fig. 4.26 welded with the same rotational speed of 1000 RPM. After a detailed examination of
the rupture in the scanning electron microscope, the weld faying interface (WFI) was observed
to cleave at several places, as shown in Fig. 4.27c. The thickness of the WFI vary from 1.72
um to the 4.23 um as shown in Fig. 4.27d. The open surfaces of the crack show evidence of
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the void coalescence indicating the ductile fracture mechanism. Fig. 4.25 shows the cross-
section of samples without delamination.

4500 RPM

1500 RPM

3000 RPM 1000 RPM

Fig. 4.26 Macrographs of the SPT samples from batch Il for welds produced with rotational
speeds from 4500 to 1000 RPM after testing

A most noteworthy example is the sample welded at 1500 RPM. In this sample, a clear radial
crack typical for a SPT can be seen. In batch Il, most samples show a trace of a different layer
on the welding interface in the form of black lines (indicated with white arrows) showing the
existence of a different layer that could not be electrolytically etched. This layer can be
correlated with the WFI shown in Fig. 4.27c. For a better understanding of the layer and its
influence on the mechanical properties of the welds, a detailed analysis of the WFI was carried
out in the next section.
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after the SPT: (a) SEM macrograph of a ruptured (deformed) sample from a top view; (b)
higher magnification of the rupture; (c) SEM micrograph of the WFI trapped in rupture
(higher magnification of the WFI with measurements)

The ruptured specimens differ from each other in the macroscopic morphology of the crack
and in the extent of the plastic deformation described with “sample thinning” in Table 4.1.
Comparing Fig. 4.22 and Fig. 4.23 with Table 4.1, a correlation between maximal punch
displacement and sample thinning can be seen. In both batches, the values of the sample
thinning and maximum punch displacement can be well correlated. This result correlates with
the maximum displacement of the punch in Fig. 4.24b. At the lowest maximum punch
displacement, the lowest sample thinning occurred and vice versa; the highest thinning effect
can be seen in samples welded at 3000 and 4000 RPM for batches I and 11, respectively.

Table 4.1 The specimen thinning (measured from the macrographs in the middle of the stir
zone for batch I and Il and then subtracted from an initial value of specimen thickness)

Sample 4500 4000 3500 3000 2500 2000 1500 1000
thinning RPM RPM RPM RPM RPM RPM RPM RPM
Batch | 0.35£0.01 0.48+0.03  0.39£0.02 0.32+0.01  0.12+0.01

Batch Il 0.19+0.03  0.36+0.02 0.28+0.03 0.29+0.01 0.26+0,02 0.26+0,02 0.28+0.01  017+0.01
Base material 0.27+0.3
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4.6 Analysis of welding interfaces

To advance the current understanding on the fracture mechanism that occurred during the small
punch test, a detailed analysis of the weld interfaces after welding but before the SPT was
carried out. Knowing the structure and chemical composition of the WFI will answer a critical
question as to how delamination occurred in batch Il and how it reflects on the mechanical
properties of the welds. For that reason, nanoindentation mapping (in-situ SPM), transmission
electron microscopy (TEM with EDX) and Kelvin probe force microscopy (FM-KPFM) of the
weld interfaces were carried out.

4.6.1 In-situ Scanning Probe Microscopy (in-situ SPM)

High-speed property maps (XPM) from the area described in the experimental section in

Fig. 3.21a are shown in Fig. 4.28. Fig. 4.28a presents a Young’s modulus map of the weld
interface obtained from the sample welded at 1000 RPM and Fig. 4.28b presents a nano
hardness map for the same area. For a better understanding and clear overview of the results,
K-means clustering of the modulus was adapted in Fig. 4.29a and of hardness in Fig. 4.29b.
The average values of the three main clusters with standard deviation and error obtained from
the maps are presented in Table 4.2.
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Fig. 4.28 High-speed property maps showing (a)Young’s modulus and (b) nanoindentation
hardness distribution on the cross-section of the weld interface obtained from the sample
welded at 1000 RPM.. The area where the maps were taken was shown in the experimental
section Fig. 3.19a

In Fig. 4.29, three main groups of hardness and modulus values can be seen. The soft matrix
(cluster 2 green) has the average values of modulus and hardness ~ 88 and 1.87 GPa,
respectively. These values are marginally higher than the values of the base material (69 GPa
for Young’s modulus) Al 5754 alloy. Subsequently, the hard matrix (cluster 1 red) with an
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average modulus ~103 GPa and hardness ~2.12 GPa were obtained. Cluster 1 is randomly
scattered in the formation of clouds. Inclusion (cluster 3 blue) shows the highest values of the
modulus and hardness, ~155 GPa and 10.23 GPa, respectively. By observing the maps of
modulus and hardness on the weld interface, no transition or significant changes over the weld
interface can be seen. However, the spatial resolution of in-situ SPM is 500 nm so it is not
capable of capturing any inclusions, oxides or nanovoids smaller than 500 nm. Therefore, more
sensitive methods were adopted to determine further insights on the WFI.
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Fig. 4.29 K-means clustering of the (a) Young’s modulus and (b) nano hardness maps
obtained from Fig. 2.28

Table 4.2 Values of the Young’s modulus and hardness organised in three clusters
(blue>red>green) showing the average values of the clusters obtained from the maps from
Fig. 2.29

Cluster1 Cluster 1 Cluster 2 Cluster 2 Cluster 3 Cluster 3

Statistic Modulus Hardness Modulus Hardness Modulus Hardness
(GPa) (GPa) (GPa) (GPa) (GPa) (GPa)
Mean 103.37 2.1186 88.248 1.8692 154.62 10.23
Standard 6.6549 0.33693 5.8924 0.22696 16.259 1.9906
deviation
Standard 0.25117  0.012716 0.19729 0.0075993  6.6377 0.81266
error
Number of 702 702 892 892 6 6
points
Variance 44.287 0.11352 34.72 0.051513 264.35 3.9625
Skewness 1.7829 3.8779 -1.0754  -0.52025 0.416 -0.10107
Kurtosis 5.2635 29.374 1.4843 0.94858 -1.1111  -0.79584

Outliers removed: 0
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4.6.1 Transmission electron microscopy (TEM)

In Fig. 4.30, a TEM image of the weld faying interface of the sample welded at 1000 RPM
from batch 1l is presented. The figure shows bright field (BF) in Fig. 4.30a and a high angle
annular dark field (HAADF) in Fig. 4.30b. Furthermore, in Fig. 4.30c an EDX spectrum
obtained from Fig. 4.30b has been presented for detecting the present phase in the recrystallised
stir zone (RSZ). Table 4.3 lists the average grain and precipitates sizes in the RSZ and WFI
with standard deviations.

The RSZ contains fine polygonal grains with an average size of 4.90 um. In polygonal grains,
randomly dispersed globular precipitates were found in the grain boundaries with an average
size of 0.16 um. However, the WFI was observed to contain ultrafine fibrous grains with an
average size of 0.92 um which followed the direction vector of the material flow. In the WFI
along the grain boundaries, a small globular precipitation with an average size of 0.09 um can
be found. However, inside of the grains, rod-like precipitates can be seen with an average length
of 0.076 £0.016 pm and an average thickness of 0.042 +£0.009 um (Fig. 4.31).
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Fig. 4.30 STEM figure of the weld faying interface of the sample welded with 1000 RPM from
batch I1: (a) BF; (b) HAADF; (c) spectra obtained from (b) indicated with 1

102



University of Novi Sad, Faculty of Technical Science

Fig. 4.31 STEM figure of the weld faying interface of the sample welded with 1000 RPM from
batch 11 with higher magnifications showing needle-like precipitates inside the grains: (a)
BF; (b) HAADF

In the middle of the WFI, a combination of nano pits and an oxide layer dispersed randomly
along the interface was seen in (Fig. 4.32a and b). The deformed structure of the WFI was
heterogeneous while the recrystallized structure can be considered as homogeneous.

——i 50 nm

Fig. 4.32 STEM figure of the weld faying interface of the sample welded with 1000 RPM from
batch 11 with higher magnifications showing nano pits surrounded with trapped oxide: (a)
BF; (b) HAADF
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Table 4.3 Grain and precipitates size measured in the weld faying zone and the recrystallized
zone (stir zone)

Area of Average Standard Average Standard
measurement grain size deviation precipitates size deviation (um)
(pum) (um) (pum)
Weld faying 0.92 0.81 0.09 0.04
interface
Recrystallised zone 4.90 0.52 0.15 0.07

4.6.1.1 Dislocation cell structure

The initial TEM analysis of the sample welded at 1000 RPM from batch Il without objective
(Fig. 4.33a) and with objective (Fig. 4.33b) shows the dislocation tangle inside of the
polygonal grains forming dislocation cells (black arrows). The cell structure is composed of
cell walls and the cell interior. The dislocation density in the cell walls is significantly higher
compared with that of the cell interior.
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Fig. 4.33 Weld faying interface: (a) without objective; (b) with objective
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In Fig. 4.34a, the image of dislocations, along with the selected area diffraction pattern (SADP)
in Fig. 4.34b obtained from Fig. 4.33b (red square), are presented. From the diffraction pattern,
it is observed that the shapes of the diffraction spots are affected by numerous dislocations.
The diffraction patterns illustrate streaks on the diffraction spots and many multiple spots can
be observed, giving rise of the formation of partial ring appearance. Furthermore, the
diffraction spots do not have a circular shape but rather a stretched and irregular shape (disk-
type halo).

e

Fig. 4.34 (a) D.i'.slocations in the sample from batch 11 welded with 1000 RPM; (b) SADP
obtained from (a) illustrating streaks on spots due to a high-density dislocation

4.6.2 Energy Dispersive X-ray Analysis (EDX)

During the TEM examination, EDX analysis was performed to determine the chemical
composition of different phases present in the weld faying interface. In Fig. 4.35a, the region
indicated with an orange square was used for the EDX analysis. Red numbers show the spots
where further EDX analysis was performed. The scanned region consisted of micro-pits, oxides
and intermetallics.

In order to identify present phases in the weld faying interface, EDX mapping showing the
elemental distribution of detected elements from the region indicated with an orange square in
Fig. 4.35a is shown in Fig. 4.35b. The maps reveal two different chemical compounds. The
first is around the micro-pit and in a line parallel to the pit extension which is deformed
interface between the sheets. This area is rich in aluminium and oxygen and, in some parts,
rich in magnesium too. The second area is rich in aluminium, iron and manganese. A smaller
amount of iron can be seen near the micro-pit, which could be contamination of the sheet
surfaces before welding.
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Fig. 4.35 EDX elemental mapping analysis of the region from a sample obtained with TEM
showing the distribution of the oxide and intermetallics: (a) BF image indicating where the
scanning was performed; (b) BF and EDX maps of detected elements

In Fig. 4.36 and Table 4.4, the EDX spectrums with elemental quantification analysis are given
for four different spots obtained from Fig. 4.35b. The first three spots are chosen in a region
where an oxide is expected and the last one is chosen from a region without any observed
anomaly for comparison. The first two points showed only the presence of aluminium and
oxygen while the third point showed presence of aluminium, oxygen and magnesium. The
fourth point showed the presence of only aluminium and magnesium in a ratio that corresponds
to the base material.
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Fig. 4.37a shows a BF of the region showing the weld interface supported by the EDX maps
in Fig. 4.37b. The weld interface was seen to contain nano pits. Also, a narrow area around the
weld interface rich in magnesium, oxygen and aluminium was observed. Parallel to this region,
several rod-like, chemically different zones within grains with different sizes were found. All
rod-like zones are parallel or normal to the weld interface following the two main loading
directions (from the normal and shear load applied during the welding). In Fig. 4.38, a higher
magnification of the grains containing rod-like zones is shown. The EDX maps clearly show
that rod-like zones contain only magnesium and aluminum.

In Fig. 4.39a, HAADF of the boundary between the weld faying interface and RSZ has been
shown. The boundaries were seen to contain small precipitates rich in magnesium and
aluminium. There are also precipitates rich in iron, manganese and aluminium with a shape
similar to the precipitates found in Fig. 4.35.

Table 4.4 EDX point analysis at points 1, 2, 3 and 4 in Fig. 4.35a
Element  Weight% Atomic % Uncert. %  Correction  k-Factor

Nr. 1 O(K) 23.77 34.47 3.12 0.51 1.889
AI(K) 76.22 65.52 3.27 0.92 1.030
Nr. 2 O(K) 43.32 56.31 6.27 0.51 1.889
AI(K) 56.67 43.68 4.74 0.92 1.030
Nr. 3 O(K) 24.01 34.43 2.50 0.51 1.889
Mg(K) 10.40 9.81 1.19 0.88 1.050
Al(K) 65.57 55.75 2.69 0.92 1.030
Nr. 4 Mg(K) 2.95 3.27 0.8 0.88 1.05
AI(K) 97.04 96.72 3.92 0.92 1.03
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Fig. 4.36 EDX spectrum obtained from Fig. 4.35
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Fig. 4.37 (a) TEM HAADF of the region of interest within weld interface between two sheets;
(b) EDX maps of the region indicated with an orange square in (a)

109



University of Novi Sad, Faculty of Technical Science

(@~ il
| W <
he -

Fig. 4.38 (a) TEM HAADF with higher magnification of the region containing rod-like
inclusions; (b)TEM BF and EDX maps of the scanned area indicated with an orange square
in (a)
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Fig. 4.39 (a) TEM HAADF of the boundary between the weld faying interface and
recrystallized zone; (b) TEM BF image and EDX maps of the area indicated in (a) with an
orange square
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4.6.3 Frequency-Modulated Kelvin Probe Force Microscopy
(FM - KPFM)

Fig. 4.40 shows the topography map obtained from an AFM for the same sample prepared and
studied by TEM shown earlier. An area of 2.5 x 2.5 um near to the micro-pit was tested for
comparison with TEM and EDX and results are presented in Fig. 4.35. From the topography
map, two micro-pits indicated with white arrows can be seen. Also, the weld interface, which
is not a straight line due to a high deformation level, can be seen indicated with black arrows.
The stripes along the sample were produced by FIB milling and their average roughness after
FIB milling obtained with FM-KPFM was approximately Ra=8.75+3.13 nm

Micro-pits

2.0

-342.1 nm

Fig. 4.40 Topography 3D map obtained with FM-KPFM showing the area near to micro-pit
of the sample used in TEM

0.5

Surface potential mapping was further estimated by the FM-KPFM. Fig. 4.41a shows a surface
potential map of the same area presented in Fig. 4.40. The weld interface zone possessed a
lower potential compared with that of the rest of the tested zone, which corresponds to the base
material. Using the data from the surface potential map, a work function map was generated
by using equation (3.3). The blue area corresponds to the area with work potential from 4.350
to 4.480 eV while the yellow area corresponds to a material with work potential from 4.480 to
4.600 eV.
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Fig. 4.41 (a) Surface potential in same area shown in Fig. 4.40 obtained with FM-KPFM;
(b) work potential calculated from surface potential in (a)
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5. DISCUSSION

5.1 Influence of process parameters on FSSW

Loading conditions (strain rate, applied stress, strain, and frictional heating) influence
mechanical behaviour and thus the quality and life of components. The sensitivity concerning
strain, strain rate, and frictional heating varies for different loading conditions and materials.
Fig. 4.2 to Fig. 4.4 show that the stress behavior of AA 5754 alloy during FSSW is different
in welding processes performed at different rotational speeds and with different tool shapes. In
both batches at lower rotational speeds, serrated stress-time curves or so-called jerky flow were
obtained. According to Yamada et al. [168], this happens because solute Mg atoms react with
dislocations. This phenomenon is known as the Portevin-Le Chatelier (PLC) effect, which
some materials like Al-Mg alloys exhibit when they undergo inhomogeneous plastic
deformation. Furthermore, because a local increase in strain rate softens the material locally, a
negative strain-rate sensitivity (nSRS) occurs. These effects (PLC and nSRS) are both
associated with dynamic strain ageing (DSA). Soare et al. [169] explained dynamic strain
ageing as a mechanism led by two strengthening mechanisms: (i) solute strengthening and
(i) forest hardening, each being influenced by the same time-dependent mechanism of cross-
core solute diffusion proposed by Curtin et al. [170]. The diffusion is driven by the enthalpy
change p4V, where AV is solute misfit volume, and p is the dislocation pressure field which
makes dislocation motion more difficult. Enhanced diffusion, faster dislocation strengthening
and strengthening of material governs nSRS [170]. Solute diffusion simultaneously influences
temporary arrested but otherwise mobile dislocations and forest dislocations formed during the
plastic deformation. Overall, strain rate dependence is controlled by solute strengthening so
that forest hardening is presented as a time-, strain- and strain rate dependent “back-stress”
acting on mobile dislocations. The dynamic solute strengthening of the mobile dislocations
helps to achieve nSRS by reducing the normal positive SRS to nearly zero and by accounting
for the transients during stress-rate jumps. The dynamic forest strengthening mechanism
provides nSRS such that overall SRS is negative over a wide range of strain rates and
temperatures. This behaviour was analysed by Pucu et al. [171].

During FSSW, rotational speed influences strain rate so, in samples welded at higher rotational
speeds, a higher strain rate became evident. In this work, strain rate estimation was made in
order to get a better understanding of stress-strain behaviour during FSSW. Chang et al. [172]
proposed to calculate strain rate with a simple linear assumption where the average material
flow rate Rn, is about half of the rotational speed Rp; the material flow strain rate € during FSSW
may be calculated by the torsion typed deformation as:

g = miTe (5.1)

where reand Le are the effective (average) radius and depth of the stir zone (recrystallized zone).
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The strain rate was calculated for both batches and is presented in Fig. 5.1. Gerlich et al. [116]
estimated strain rate for different rotational speeds (from 750 to 3000 RPM) in AA 5754 welds
obtained with CFSW by using the Zener-Holloman parameter. The strain rate vs rotational
speed curves are close to the curves presented in Fig. 5.1, which were obtained from the torsion
typed deformation equation (Fig. 2.22). Also, from Fig. 5.1, a small difference between curves
obtained with different tools and axial loads can be seen. The most influential parameter on the
strain rate was the rotational speed. Strain rate for batch Il varies from 170 s** for 1000 RPM
to 650 s for 4500 RPM while for batch I it varies from about 230 s for 1500 RPM to 520 s
for 3500 RPM.

With increasing strain rate, the influence of negative SRS on stress-time plots drops and more
steady-state deformation was seen, as shown in Fig. 4.2a-c, Fig. 4.3a-d and Fig. 4.4a-c. In
samples welded at higher rotational speeds, the highest serration can be seen at the beginning
of the steady-state weld stage during which the temperature increases and material softens,
causing serration to drop and becomes negligible. In batch 1, this effect was more pronounced
than in batch I1, probably due to a lower axial load applied (2 kN) in batch | compared with
that of batch Il (4 kN), which has a significant influence on deformation, dwell time and strain
rate. Fig. 4.2 also depicts the fact that the time needed for a steady-state weld to be achieved
depends on rotational speed. With an increase of rotational speed, time in the stick-slip stage
decreases but initial stress is higher. This time also changes with rotational speed but this is a
stochastic behaviour as discussed earlier in Fig. 4.3 and Fig. 4.4.
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Fig. 5.1 Relation between estimated strain rate and tool rotational speed

According to Schmidt et al. [173], there are two options for obtaining the CoF during FSSW:
(i) exact measurement and (ii) estimation. Due to the complexity of laboratory measuring
procedures, the second method is usually used. During FSW, the range of either slip rates (order
of 1 m-s™1) or strain rates (order 1000 s) in combination with the wide range of temperatures
from room temperature to the solidus temperature complicate experimental setup significantly,
which was the main reason to use the assumed CoF especially for thermal modelling of FSW.
Furthermore, assumed CoF is always chosen to be a constant value during the process, which
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is not expected in real conditions due to variations in temperature and material properties
during the process. For example, in previous works [174,175] a constant value of CoF 0.4 was
used for creating the heat generation models. In this work, the CoF was obtained
experimentally by measuring torque and axial load and then the equation (2.7) was used to
estimate the CoF.

Fig. 4.5 and Fig. 4.6 show that the CoF fluctuates during the welding process. This effect is
most pronounced in batch I during FSSW at 1500 RPM. The CoF slowly rises at the beginning
of the process, reaches its peak of CoF ~ 2.5 when dwell time reaches 3.2 s, and then slightly
drops and stays almost constant until the end of the process (CoF ~ 2). The sample from the
same batch welded at a rotational speed of 2000 RPM acts similarly; CoF increased during the
beginning of the process and then remained constant until the end of the process. In batch Il
similar trends follow the process with 1000 RPM and 1500 RPM. However, the CoF in the
process welded at 1000 RPM increased throughout the process, going from 1 to 2. In the
sample welded with 1500 RPM, after 0.3 s of dwell time the CoF increased to the maximum
value of ~1.7 and remained constant until the end of the process. In all other welding processes
from both batches, the CoF behaves conversely. At the beginning of the process, the CoF
reaches a peak value and then decreases to the end. Farhat et al.[176] and Kumar et al.[102]
reported that, during the initial interaction between the tool and material surface, friction is
influenced by the grains from unprocessed material that are continuously exposed. As the
interaction progresses, the material in the subsurface and on the surface deforms and the
hardness increases due to a dynamic strain ageing. At the same time, hardening of the material
competes against thermal softening. Thus, the two equal and opposite driving forces work
against each other to dictate the conditions and microstructure of the material at the end of the
process. In samples where the CoF increases at the end of the process, the strain hardening
overcomes thermal softening and frictional properties are governed by properties of the
hardened metalln samples where CoF increases at the beginning and then decreases near the
end of the process, thermal softening overcame strain hardening after reaching the peak value
of the CoF.

It was interesting to observe that the dwell times of samples in batch | welded at different
rotational speeds shown in Fig. 4.7a are significantly (about three times) higher than the dwell
times in batch 11 for the same rotational speeds. However, the dwell time did not affect the
maximum temperatures measured and presented in Fig. 4.7b. Temperature profiles of both
batches overlap, indicating that temperature does not depend on dwell time, axial load or tool
geometry. Rotational speed was the only influence on maximum temperature. With the increase
of rotational speed, the temperature increases as well. This was also reported by Kumar et al.
[102] where temperatures were measured in the FSW process of aluminium alloy 7020-T6 at
different rotational speeds (200, 600, 1000 and 1400 RPM) and different axial loads (500, 1000
and 1500 N). It was found that, with the increase of rotational speed, the process temperature
increases. Furthermore, with the increase of the axial load, the process temperature increases
as well, which is not in agreement with present work. However, the research was done with a
different sheet thickness than used in this work. Also, during FSW one more influential
parameter is involved, the welding (translator) speed of the tool. Furthermore, the dwell times
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reported were of the order of 2500 s [102] while the present work considers this to be about
0.8 to 5s. It is also important to mention that in present work, the sample areas just below the
tool were inaccessible for temperature measurement and measurements were done at the
farthest point of stir zone from the source of heat (tool). Thus, the temperature under the tool
(top of the joint) may be higher compared with the measured temperature (bottom of the joint).
Therefore, the difference between temperature profiles in batch I and Il may be more
pronounced.

Furthermore, because the temperature profiles in both batches overlap and the values of the
CoF are different, it seems that tool geometry (surface area in contact between tool and
workpiece) and axial load applied during the process (2 kN in batch I and 4 kN in batch I1) are
more influential on the CoF than temperature. Incipient hardening is in part an isothermal
process which means that heat has less influence during the FSSW process compared with
stress or friction assisted plastic deformation.

5.2 The surface topography assessment of contact surface of the
tool and the contact surface of the weld joint

All samples were welded with the same tools (batch | with tool T1 and batch 11 with tool T2)
so the influence of tool roughness on CoF cannot be determined. Only an influence of the
roughness of the tool contact surface on the joint contact surface roughness could be
determined. It was understood through observation on tool T1 only.

The surface roughness of the tool contact surface and joint surface follows the same trend.
However, they were different in magnitude considering that the tool material (~235 HV) was
about four times harder than the base material (~ 55 HV), as shown in Fig. 4.8. The positions
of surface topographic features and edge chipping can be seen to have a direct correlation to
this behavior. The positions are highlighted by red circles both in Fig. 4.8b and c. From this
simple comparison of topography, it was observed that the smoother area on the contact surface
of the tool resulted in a relatively smoother contact area on top of the joined aluminum sheet
whilst a rougher surface on the tool contact surface produced a rougher contact area on top of
the weld joint.

5.3 Assessment of joint quality obtained with an SAM

FSSW application, especially of thin sheets and foils, can be increasing by improving joint
quality assessment. It is preferred for assessment to be carried out with non-destructive
examinations concerning the specific nature of the FSSW process. As FSSW has a high
potential for applications in electronic components and an SAM has been established as a
technique for the fast scanning of electronic parts, it was interesting to combine these two
techniques [177-182].

Defect behaviour, such as delamination between the sheets, was similar in both batches with
respect to the rotational speed. Therefore, the results presented are focused only on studying
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weld quality of samples from batch Il concerning the rotational speed which had the highest
influence on weld quality. The three samples with the lowest (1000 RPM), middle (2500 RPM)
and highest (4500 RPM) rotational speeds were tested for assessing the influence of rotational
speed on the deformation of the joint contact surface and on weld defects inside of the stir zone,
especially on the interface between the third and fourth sheets, where the weakest bond was
expected.

Fig. 4.9 to Fig. 4.11 shows the difference in surface topography, the volume of the defect and
the effective welded area between the two last sheets. In the first two welding interfaces, no
delamination was found in any of the three test samples, which can be seen in cross-sections
obtained with a B-scan, as shown in Fig. 4.9c, Fig. 4.10c and Fig. 4.11c. An important feature
that can be seen in B-scans of the first and second interface is the appearance of a very thin and
dashed line, especially in sample welded with 1000 RPM. This WFI has a different wave
reflection then rest of the sample as well as a different wave reflection compared with
delamination lines (shown with blue arrows). Reilly et al.[56] and Yang et al. [109] have
discussed that, during the welding of aluminium sheets, the natural oxide layer on the surface
stays entrapped within the welding interface. Due to the high melting point of oxide, it impedes
diffusion bonding. When the tool starts to press and rotate the material, it deforms this interface
surface; the tool will stretch the brittle oxide which then disperses into small fragments. The
result is diffusion only partly occurs. This could explain the dashed layer obtained in B-scans.
Secondly, during FSSW, a high level of deformation combined with increased temperature can
cause dynamic precipitation to occur [30,31,183]. This type of behavior was not reported
before in FSSW. However, it was reported in processes with similar deformation-temperature
conditions such as hot extrusion and equal-channel angular pressing (ECAP). For a better
understanding of this layer, a more advanced methodology with higher-resolution techniques
will be needed.

In respect to the third weld interface, different rotational speeds produce different sizes of
bonded areas and volumes of delamination circles. With an increase of rotational speed, the
size of the bonded area in the third interface decreases and volume and size of delamination
circles increases. This behaviour is in the function of temperature, deformation and dwell time.
In samples welded at higher rotational speeds, due to a high strain rate followed by a fast
temperature increase, samples achieve the steady-state weld stage significantly earlier than
samples with lower rotational speeds. In the steady-state weld stage of the samples welded with
higher rotational speeds, thermal softening overcome strain hardening and caused the material
to soften locally below the tool where the temperature is expected to be the highest. The
material flows upwards towards the periphery of the contact area between the tool and the
workpiece. Furthermore, the axial load applied to the samples pushes the softened material and
does not introduce enough stress in the lower part of the samples. If the stress is not transferred
in the lower part of the weld, the interface does not stretch enough, and the oxide layer is
partially smashed. Diffusion in some areas does not occur, leaving a partially bonded interface
behind. In samples welded at lower rotational speeds, strain hardening dominates over thermal
softening and, due to a lower temperature expected just below the tool, stress is more engaged

117



University of Novi Sad, Faculty of Technical Science

on the bottom of the workpiece. Stress stretches all interfaces almost equally, providing similar
conditions in the whole stir zone.

5.4 Macro- and microstructure characterization of welds in
regards to weld dimensions

After the non-destructive characterization of the welded samples, the macro- and
microstructure of the joints was studied. Fig. 4.12a and Fig. 4.13a show two different zones in
the top surface of all macrographs. These two zones have different surface roughnesses, which
can be seen in the polished cross-sections presented in the same figures with white and black
arrows. The white arrows points to the edge-chipping area and the black arrow points to the
stable contact area.

Examination of the top view macrograph and cross-section of samples revealed a strong
presence of chipping as opposed to plastic deformation. It appears that during the FSSW
process, the alloy sheets on the outer part tend to go up but are constrained by the clamping
system (shown in Fig. 5.2). Consequently, opposite thermal stresses developed radially in the
sheets. Due to the continued downward movement of the tool, this radial stress grows further
and results in material deforming upwards and coming in contact with the tool under the load
Fec. The portion of sheet material in the immediate vicinity of the tool is thus smeared away
and leaves fractured sites. It has been shown that the edge chipping contours are rather complex
and show no regularity [184]. Also, the parameter “fractal mean square deviation” is quite
helpful in the evaluation of contour profile. When the magnitude of tensile stress goes over a
certain threshold value and exceeds the fracture toughness of the metal, it causes chipping
rather than plastic deformation, as is evident in this work and is shown with black arrows in
Fig. 4.12a and Fig. 4.13a.
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Fig. 5.2 Schematic of edge chipping effect
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In both batches, the size of these two areas changes with respect to the rotational speed.
However, in batch |1, the ratio r/R was higher compared with that of batch 1. The ratio of these
two areas was calculated from radii of both zones (r- radius of stable contact area and R- radius
of edge-chipping area) and is presented in Fig. 5.3a. The ratio increases with an increase in
rotational speed. Therefore, samples welded at higher rotational speeds have a larger share of
smooth surface than fractured (with higher roughness) surface. However, theoretically, the tool
should extrude the same volume of material towards the tool periphery within batch because
the tool geometry, axial load and plunge depth have been set as constants. Thus, a stable contact
area theoretically should be the same for all samples within one batch without the influence of
rotational speed. However, from Fig. 4.19c, it can be seen that the axial depth of the weld zone
H is not 0.95 mm, which is the theoretically-expected thickness of all samples, in both batches,
in centre of the weld zone after the tool reaches programmed axial displacement of 0.25 mm
(number 1 in Fig. 5.4) in four sheets with a total thickness of 1.2 mm (Fig. 5.4). In reality, the
axial depth of the weld decreases with the increase of rotational speed in both batches. In batch
I1, these values are closer to the theoretical value of 0.95 mm. In batch I, only the sample
welded with 1500 RPM is 0.95 mm. Samples welded with rotational speeds ranging from 2000
to 3500 RPM have a lower axial depth of the weld compared with that of the theoretical value.
With the decrease of axial depth of the weld, the volume of extruded material to the periphery
of the tool increases, which causes r/R ratio to increase.
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Fig. 5.3 (a) Ratio of the radius of the edge-chipping area and stable process-pressure area-
r/R; (b) ratio of the bottom diameter of the SZ and top diameter of the stir zone-D-d/D

When the tool reaches the actual axial displacement (number 3 in Fig. 5.4) and then retracts,
the weld sample will have an axial depth slightly higher than expected due to the elastic
recovery of material (number 2 in Fig. 5.4). Therefore, in batch Il, samples welded with
rotational speeds from 1000 to 3000 RPM have a higher axial depth of the weld than their
theoretical values. However, material softening is correlated to the decreasing axial depth of
the weld to below 0.95 mm. As rotational speed increases, the maximum temperature and
thermal softening of the material increases. When the material is softened, a centrifugal force
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tends to extrude the material below the tool even when the tool reaches 0.25 mm of penetration
depth towards the tool periphery.

For a better understanding of the shape of the stir zone, the ratio of the bottom and top diameter
of the SZ, d/D was calculated and presented in Fig. 5.3b. The figure shows how, in both batches,
d/D significantly decreases when rotational speed increases. This shows that the weld zone
changes its shape with rotational speed. This change in the shape of the stir zone was also
described with the taper angle of the stir zone (Fig. 4.19d). For different rotational speeds, it
varies from approximately 50 to 80°. The trend was identical in both batches. This behaviour
confirms the proposed theory that, in samples welded at low rotational speeds, stress is
governed towards the the bottom of the stir zone in the sample and thus produces a stir zone
with a more cylindrical shape whereas, in samples welded at high rotational speeds, local
thermal softening of the material extrudes material up towards the periphery of the tool and
causes a stir zone with a more conical shape.

1-Programmed axial displacement of the tool of radius*

2- Profile of the FSSW surface after elastic recovery following complete retraction of the tool *

3-Actual axial displacement of the tool of radius *

SZ- Stir zone

HAZ- Heat affected zone

TMAZ- Thermomechanical affected zone

* as opposed to showing from top surface, the measurements are shown by taking bottom sheet as datum reference

edge c\hipping

| sheet (0.3 mm tky:. <
Il sheet (0.3 m
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Fig. 5.4 Schematic illustration of the FSSW process presented in this work

Etched cross-sections of welds presented in Fig. 4.12c and Fig. 4.13c show that, within the stir
zone, the grain size and orientation are different compared with that of the base material. When
the rotational speed increases, the grain size in the stir zone also increases. The grain size range
went from less than 5 um (in welds obtained with 1000 RPM) to 24 um (for the sample welded
with 4500 RPM). Compared with the grain size of the base material (69 um) significant
reduction in grain size within the SZs of all welds was achieved. Until now, a number of studies
have been carried out indicating that during FSSW, dynamic recrystallization (DRX) governing
the high strain and strain rate, lead to the occurrence of higher temperature [26,114,122,185].

In the schematic illustration in Fig. 5.4, different metallurgical zones of weld joints were
presented. The stir zone (also called the nugget zone) is the zone that is exposed to intensive
plastic deformation and frictional heating during FSSW, resulting in the generation of a
recrystallized refined microstructure. The grain size of this zone was mostly influenced by
rotational speed, followed by tool geometry and axial load. In Fig. 4.14 and Fig. 4.16 it can be
seen that decreasing the rotational speed causes a decrease in strain rate, temperature and grain
size as well as more uniformly-oriented grains. In this work, an attempt to explain the
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mechanism which lead to grain refinement is made. Concerning the base material, subgrain
lattice dislocation generated during rolling can remain homogeneously dispersed inside of the
grains or they can attain a low energy dislocation structure (LEDS) [186]. During FSSW, the
grains and subgrains are replaced with fine, equiaxed recrystallized grains in the stir zone. Jata
etal. [114] proposed continuous dynamic recrystallization (CDRX) as a grain refinement
mechanism during FSSW. This process is driven by temperature, strain and strain rate as well
as the interaction between precipitates and solute atoms with dislocations. It appears that a
CDRX process analogous to that which gives rise to subgrain formation during high strain rate
and frictional heating is operative. Various research papers [27,33,50,114] suggested that the
magnitude of misorientation during FSSW/FSW increases significantly compared with that of
the base material. Thus, the new grains found in the stir zone are high-misoriented subgrains.

There are three proposed mechanisms of CDRX which can lead to subgrain rotation (twinning)
and the appearance of a high-misorientation substructure: (i) lattice rotation associated with
slip; (ii) lattice rotation associated with boundary sliding and (iii) subgrain growth. Boundary
sliding can be excluded because it is a feature that indicates superplasticity and it is believed
not to be operative during high strain rate processes such as FSSW [114]. Subgrain growth can
also usually be discarded because of several references reporting that many of the recrystallized
grains formed in the DRX region are finer than in the initial subgrains [16,50,114]. Thus, the
process that can explain CDRX behaviour is the dislocation-glide-assisted-subgrain rotational
model. This model proposes that dislocation glide gives rise to a gradual relative rotation of
adjacent subgrains.

Thus, the microstructure of samples welded at different rotational speeds is controlled by
competition between: (i) grain size reduction by subgrain rotation induced by dislocation glide
and (ii) subgrain coarsening where an amount of subgrain decreases while average subgrain
size increases. It is driven by the reduction of local misorientation associated with
intercrystalline recovery. The first case is expected in samples where strain hardening
overcomes thermal softening (lower rotational speeds). The second case is evident in samples
where thermal softening overcomes strain hardening, causing larger grains compared with
those in samples welded at lower rotational speed, as seen in Fig. 4.14 and Fig. 4.16. In this
case, the stir zone can be seen analogues to the CDRX zone based on dynamic recovery where
subgrain growth is associated with the absorption of dislocations into the boundaries.

The TMAZ is a unique transition zone which is located between the SZ and HAZ. It is
characterized by a highly deformed structure with columnar grains which follow the pattern
around the stir zone. However, it is considered that recrystallization does not occur in this zone
due to the low strain rate [16]. Fig. 4.15 shows that the grain size in the TMAZ in both batches
shows a similar trend, meaning that tool geometry, axial displacement and dwell time do not
have a significant influence on it. However, rotational speed has a high influence on the shape
of the grains in TMAZ, which are equiaxed in samples welded at high rotational speeds and
columnar in samples welded at low rotational speeds. Also, rotational speed influences the
grain size in TMAZ. The grain size varies from 21 pm (for 1500 RPM) to 36 um (for 3500
RPM). The most important difference is in the size of the TMAZ. In samples welded at low
rotational speeds, the TMAZ is relatively narrow and there is a sharp transition from the SZ to
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HAZ. In welds obtained with high rotational speeds, this zone is wide, and the transition is
gradual. From a weld quality perspective, gradual transition shows less anisotropy and it is
more desirable. Therefore, it can be deduced that samples welded at high rotational speeds have
a more uniform microstructure across the weld.

The HAZ is the zone placed beyond the TMAZ. According to Mishra et al. [16], this zone
experiences only the thermal cycle without any plastic deformation. It has the same grain shape
as the base material but with different sizes. Shen et al. [108] obtained welds from AA 6061
alloy with FSW where the grain size in the HAZ was higher compared with that of the BM, 22
and 17 pum, respectively. However, during FSW of magnesium alloy AZ31, Sahu et al.[187]
obtained smaller grains in the HAZ compared with those of the BM. Grains ranged from 53 to
62 um for different welding conditions in the SZ whereas the grains reached 68 um in the BM.
In this thesis, the HAZ exhibited grain size that is larger than in the TMAZ and smaller than in
the BM. In both batches, a similar trend was present: Grain size increases with increasing
rotational speed up to 2500 RPM while, beyond that, it decreases.

5.5 Mechanical properties of the welds obtained with a Vickers
microhardness test and SPT

The microhardness maps presented in Fig. 4.20 and Fig. 4.21 have verified the theory presented
in section 5.1 that friction induced plastic deformation and frictional heating lead to
competition between strain hardening and thermal softening during FSSW. As reported earlier,
in welds obtained at low RPM (1500, 2000 RPM - batch I; 1000 RPM - batch II), a higher
hardness in the entire stir zone compared with that of the base material was found. It was
proposed that strain hardening overcame thermal softening, which verifies strain hardening
behavior. Vice versa, in welds obtained at higher rotational speeds, especially in batch 11, the
stir zone demonstrated lower microhardness compared with that of the base material. This
hardness difference in the stir zones of welds obtained with different rotational speeds can also
be correlated to the grain size through the Hall-Petch relationship [188]. In welds obtained at
low rotational speeds, grains are smaller, which causes mechanical properties such as strength
and hardness to increase. By contrast, with increasing rotational speed, the grain size becomes
bigger leading to a decrease in the strength and hardness of welds.

What is also notable here is that, in batch | and batch 11, for the same rotational speed, hardness
behaves differently. It seems that axial load and dwell time may influence the hardness of the
welds. Higher axial load (4 kN in batch Il compared with 2 kN in batch 1) caused the CoF to
be higher in batch I (2.5) than in batch Il (1.5), causing more deformation and a higher strain
hardening effect. It seems that the relationship between strain hardening and thermal softening
depends on the ratio of axial load to rotational speed.Lower axial load also caused dwell time
to increase from 1.34 s in batch Il (1500 RPM) to 4.65 s in batch | (1500 RPM), which is a
significant difference. However, the dwell time in the sample welded with 1000 RPM (1.68 s)
was slightly above the values obtained in samples welded with 1500 RPM (1.34 s) in batch 11
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but almost three times below the dwell time in the sample in batch | welded with 1500 RPM
(4.65 s). Hardness in the sample welded with a dwell time of 1.68 s was higher in the entire stir
zone than in the other mentioned cases. It is presumed that the hardness of welds depends
mostly on the CoF (stress ratio) and not on dwell time. This may lead to the conclusion that
decreasing axial load and rotational speed results in a higher strain hardening effect and thus
causes hardness to increase.

To explain the variation in hardness over the weld thickness, the Hall-Petch relationship can
be applied. In all samples, variations in grain size can be seen from the top surface below the
tool where grains are the finest to the bottom of the weld where grains are coarsest. The same
trend can be seen in the hardness maps shown in Fig. 4.20 and Fig. 4.21. Even in samples
welded at high rotational speed where hardness in the stir zone is below the hardness of the
base material, increased hardness is present right below the tool. However, it is important to
emphasize that, in samples from batch 11 welded at rotational speeds from 1500 RPM to 4500
RPM, the grain size is smaller and hardnesss is lower compared with that of the base material.
So, the Hall-Petch relationship cannot be applied.

For a more detailed analysis of overall weld quality, a SPT was performed as well. The SPT
aimed to compare the mechanical properties of the welds with the base material in order to
understand the influence of welding parameters and tool geometry on the weld quality. Also,
the fracture mechanism was analysed.

From the load-displacement curves presented in Fig. 4.22 and Fig. 4.23 it can be seen that
rupture load and maximal punch displacement were in correlation with the microhardness
results. The maximal forces (rupture loads) needed to fracture specimens from welds obtained
at 1500 RPM (batch I) and 1000 RPM (batch Il) were higher compared with those of the BM.
All other specimens withstand rupture loads lower than specimens from the BM. This is in
correlation with microhardness tests of all specimens with the exception of specimens from
welds obtained with 2000 RPM from batch I. These specimens showed higher hardness, but
experienced lower rupture loads compared with those of the base material. This is best
represented with weld efficiency calculated from the rupture load, as shown in Table 5.1. Weld
joint efficiency is the ratio of the strengths of the weld and base material:

R we
E, = I:"m—J 100 (%) (5.2)

where Es represents weld joint efficiency; Rmweia-strength of the weld; RMbase materiai-Strength
of the base material. If the thickness of the specimens cut from welds and base material is the
same, weld join efficiency can be calculated by using maximum forces (rupture load):

Fmaxyeid

100 (%) (5.3)

s =
FMgxbase material

Table 5.1 showed that, in batch I, specimens from welds produced at rotational speeds from
2000 to 3500 RPM have a lower weld efficiency whereas the specimen welded with 1500 RPM
has a higher weld efficiency compared with that of the base material. In batch 11, a similar trend
can be seen. The specimens from welds obtained with 1500 to 4500 RPM have lower weld
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efficiency than the base material. The weld specimen obtained with 1000 RPM has a higher
weld efficiency than the base material. However, it is higher by only 0.1%. The highest drop
in strength compared with that of the base material is present in the weld produced with
4500 RPM and is 12.6 %

Table 5.1 Rupture loads (Fm) with standard deviations used in calculations and weld
efficiency (Es) of the welds from batch I and |1

Base 4500 4000 3500 3000 2500 2000 1500 1000
material RPM RPM RPM RPM RPM RPM RPM RPM

Batch |
Fm (N) 1094.9 1004 1030.2 1010.3 1043 1162
Standard 21.3 37.83  3.69 414 58.01 9.51
deviation
Es (%) - 91.7 94.1 92.3 95.3 106.1
Batch 11

Fm(N) 10949 957.2 9919 1002,9 1001.9 1021.3 1016.6 1040.3 1096.7

Standard 21.3 10.3 57 134 174 23.3 3.6 1.9 335
deviation

Es (%) - 874 906 916 91.5 933 92.8 95 100.2

Welds obtaining a weld efficiency of above 100 % had higher strength, while the specimens
with values below 100% have lower strength compared with the strength of the BM. Weld
efficiency in batch | for all RPM was higher compared with the weld efficiency of specimens
from batch I1. This can be correlated with delamination found in specimens obtained in batch
I, which are indicated with green arrows in Fig. 4.26. All samples from batch | have narrowly
opened a circumferentially-oriented crack, which is a typical crack obtained after a SPT [189]
without any sign where the weld interface is and without any trace of delamination. In batch II,
delamination seems to be a dominant fracture mechanism in some specimens. The most
influential parameter on delamination seems to be dwell time. As mentioned in section 2.8.4,
during FSSW of aluminium alloys an oxide layer can get trapped in the weld interface. For
diffusion between the sheets to occur, this layer has to be stretched and mixed as much as
possible to avoid the delamination effect obtained in samples from batch Il in SAM (chapter
4.3). As the dwell time in batch | is approximately three times longer compared with the dwell
time in batch 11, a better stirring of this WFI layer is provided. A comparison of samples welded
with 1500 RPM from batch I (a) and batch Il (b) shows that, for the same rotational speed, this
trapped WFI is less mixed in a sample from batch Il due to significantly lower dwell time as
shown in Fig. 5.5. In all three interfaces, particularly in the third, a dashed black line can be
found. The same dashed lines can be found in specimens in Fig. 4.26 and are indicated with
white arrows. The delamination that was seen in all SPT specimens occurred along those lines
leading to believe that the WFI has caused delamination to occur.
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Fig. 5.5 Comparison of samples welded with 1500 RPM; (a) batch I; (b) batch 11

For a better understanding of delamination behaviour, the SEM micrographs in Fig. 4.27a and
b are shown. These show where the WFI was found in rupture-within cracked surface after the
SPT Fig. 4.27c and d. The thickness of this WFI varies from 1.72 to 4.23 um, which exceeds
the values of the continuous surface oxide layer (CSOL) expected on top of the aluminium
sheets before welding. Fishkis et al. [153] studied the behaviour of the surface oxide layer after
the hot rolling of Al-Mg alloys and found two different oxide zones. The first one is the CSOL
with a thickness of 25 to 160 nm. Below the CSOL, a mixed subsurface layer (MSL) with
thicknesses of 1.5 to 8 um was found. The size presented in Fig. 4.27d corresponds more with
the MSL,; it is possible that, during the SPT, a rupture initially occurred in the MSL between
the oxide particles and surrounding material. Fig. 4.27 shows a ductile fracture mechanism full
of pits, indicating that fracture occurred between some of the particles and surrounding material,
which fits well with this theory. However, further analysis with TEM will give better insight
into the composition and size of this layer.

The micrographs in Fig. 4.25 and Fig. 4.26 suggest that the ductility of samples welded at
different rotational speeds differs. The maximal punch displacements, as well as specimen
thinning, show a difference in welds obtained with different rotational speeds. The lowest
values of specimen thinning and the lowest Smax (Table 4.1) can be found in specimens from
welds obtained at low rotational speeds. This fact also verifies the theory that the strain
hardening mechanism is dominant at low RPM, leading to an increase in surface hardness and
reduced ductility.
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5.6 Analysis of the WFI

For a closer inspection of the weld interface hardness and modulus, maps over the WFI and
RSZ were studied. As seen in Fig. 4.29, there was no significant difference in mechanical
properties (hardness and modulus) between the RSZ and WFI. The oxide layer which was
found in Fig. 4.35 was not detected due to the insufficient resolution of nanoindentations ~200
nm. However, Fig. 4.29 and Table 4.2 show three different clusters of hardness and modulus.
The first two clusters correspond to the processed material (stir zone) while the third, which is
the highest, corresponds to the hard brittle Als(FeMn) phase as detected by the EDX shown in
Fig. 4.30c. In the case of the stir zone, a 22% drop of modulus and 11% drop of hardness from
cluster 1 to cluster 2 can be seen. The hardness and modulus maps show non-uniform
distribution over the tested zone but with a similar pattern over the whole area. It can be
assumed that higher hardness values correspond to the grain or subgrain boundaries
accumulated with dislocation movement, which are found in TEM (Fig. 4.33). The TEM figure
reveals subgrain formation inside the polygonal grains in both the WFI and RSZ. In Fig. 4.34a
and b, the existence of accumulated dislocations was verified. It is interesting to note that the
main dislocations follow the material flow, thus they are parallel to WFI, shown in Fig. 4.34a.
The diffraction pattern in Fig. 4.34b illustrates streaks on spots which are caused by a high
accumulation of dislocations and the formation of partial rings due to presence of multiple
subgrains and their preferred orientation [190]. Diffraction spots became extended because
dislocations change the crystal orientation locally. Due to this heterogeneous dislocation
accumulation which causes strain hardening, hardness was heterogeneously increased locally
as well.

In Fig. 5.6, a clear difference between the RSZ and WFI can be seen. The WFI had a non-
uniform thickness which varies from 1.67 to 2.02 um. This thickness corresponds to the SEM
results in Fig. 4.27d where the thickness of the WFI varied between 1.72 and 4.73 um. Also,
Fig. 4.39a shows a high number of precipitates with an average size of 0.09 um which are
located along the boundary between the WFI and RSZ; these can be initial sites of crack growth.
These precipitates made of the chemical composition shown in Fig. 4.39b correspond to the
AlsMgz brittle intermetallic phase commonly known for AA 5754 alloy [191]. This phase can
be responsible for a number of pits found in the fractured surface between the RSZ and WFI,
as shown in Fig. 4.39a and b.
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Fig. 5.6 TEM overall image of weld faying interface

It is important to note that the WFI is a very complex layer with different grain shapes and
sizes as well as different precipitate shapes and sizes in comparison to the RSZ. The variation
in the grain size of the WFI compared with that of the RSZ was the result of a high level of
microplastic deformation caused by a fairly rough surface of welded sheets in the WFI. This
microplastic deformation induces more dislocation in subgrains, thus forming smaller
elongated grains which follow the vector of the material flow. In the middle of this zone, a
number of nano-pits surrounded by trapped oxide were found. The theory proposed in section
2.8.4 was verified by TEM images shown in Fig. 4.35 and Fig. 4.37 indicating that the interface
between two sheets, which is covered by oxide during FSSW, gets stretched and diffusion
occurs between oxide fragments. A number of oxide fragments in combination with nano and
micro pits were found. They followed the direction of the vector of material flow (shear stress).
All nano and micro pits were engulfed by an oxide layer, which acts as a diffusion barrier
leaving unbonded spots (pits). This was also confirmed by FM-KPFM, which revealed a
different work function (Fig. 5.7b) in the oxygen-rich zone (Fig. 5.7a) compared with that of
the aluminium base. The oxide has a higher work function (4.480 to 4.600 eV) than the
aluminium base (4.350-4.460 eV). The work function obtained for aluminium varies from 4.06
to 4.41 eV whereas for Al>Os it varies from 4.5 to 4.7 eV [192,193]. This was also confirmed
with the EDX spectrums presented in Fig. 4.36. It can be seen that, in the zone of interest
around the micro-pit indicated in Fig. 5.7a, only Al and O were found. Furthermore, mixed Al-
Mg-O oxide particles were found in the micro pits. However, it is interesting to note that
according to the size and shape of the layer found in Fig. 4.27d, delamination was not caused
by the oxide layer or by micro or nano pits. It is more likely that delamination was caused by
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precipitates found in the boundary between the WFI and RSZ. This is probably because the
enitre WFI is strengthened due to a higher deformation level and higher dislocation
accumulation. Also, the oxide particles could additionally straighten the WFI by acting as
reinforcing particles. Due to a difference in ductility and strength, the WFI was pulled from
surrounding material during the SPT.

In WFI, numerous rod-like precipitates were found within the grains. In Fig. 4.31 and Fig. 4.38
EDX maps show that precipitates contained only Al and Mg atoms, which indicates that the
precipitates were that of AlsMg2. These precipitates can be found only in the WFI and they are
orientated in two directions: (i) in the direction of material flow (shear load) and (ii) normal to
the material flow (in the direction of axial load). As these precipitates were not found in the
RSZ, it is suspected that they are formed only at the WFI during FSSW. The reason for this
could be a microplastic deformation induced in grains causing interaction between dislocation
and solute atoms causing dynamic precipitation. Hagihara et al. [183] proposed that the to-and-
fro motion of dislocation induces the precipitation of the w-phase inside of B-Ti alloy, which
is followed by cyclic softening. Precipitations followed a loading orientation and dislocation
distribution. With careful investigation, authors manage to confirm that the main axis of
precipitates corresponds to the Burgers vector of dislocations. It proves that dislocation motion
dynamically induces the precipitation of the m-phase inside of B-Ti alloy.
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Fig. 5.7 Comparation between: (a) oxygen distribution obtained from EDX in Fig. 4.35 and
(b) work function map showing the distribution of oxide in the same area as in (a)

The second type of precipitates found in the WFI and at the boundary between the WFI and
RSZ was probably the main cause for delamination found during the SPT. Ma et al. [30]
explained that nucleation of precipitation can be significantly enhanced by mechanical
processing at low temperatures during which precipitates growth is suppressed. Crystal defects
caused by deformation can enhance nucleation rates by offering a high density of
heterogeneous nucleation sites. Those nucleation sites are dislocations, grain boundaries,
stacking faults, inclusion and free surface, all of which increase the free energy of the material
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[194]. In the WFI beside the grain boundaries and dislocation, the irregularly-shaped free
surface caused more deformation and provided more place for nucleation of precipitates, which
led to dynamic precipitation. Roven et al. [29] investigated dynamic precipitation in Al-Mg-Si
alloy during equal-channel angular pressing (ECAP) at 20 and 175 °C. The high stress imposed
during ECAP caused precipitates fragmentation. Tthis was due to the shearing of it into very
small pieces. In WFI, fragmentation of the precipitates was found in grain boundaries,
especially between the WFI and RSZ. In Table 4.3 it can be seen that, in the RSZ, size of
precipitates is almost twice that of the size of precipitates found in the WFI. Overall, those
precipitates were responsible for the delamination between the WFI and RSZ.
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6. CONCLUSIONS AND FUTURE WORK

6.1 General conclusions

Friction stir spot welding (FSSW) is one of the emerging spot-welding processes which
provides possibilities for joining a wide range of materials with minimal energy consumption.
The process is still in its infancy and thus FSSW’s applications are limited due to the following
constraints:

Q) The minimum thickness of the sheets that can be welded (extant literature reports
welding of sheets more than 1 mm thick).

(i) Lap joining of more than two sheets (extant literature does not show any direct
evidence of joining multiple sheets at a time).

(iii)  Welding time (to be competitive with RSW).

(iv)  Insufficient understanding of the weld faying interface, which has crucial influence
on the quality of the weld joints obtained from FSSW.

With the goal of increasing productivity in the electronics sector, the present work addresses
these FSSW challenges and aims to find solutions for lap-welding ultrathin sheets and foils.
By using two different tool geometries and varying welding parameters such as rotational speed
and axial load, welds were obtained with a wide range of mechanical properties and sizes.

To further the current understanding on the different properties of welds obtained with different
welding parameters and tool geometry, advanced techniques were used to characterize weld
joints. Some of the techniques used were SAM, SEM, TEM with EDX, FM-KPFM, in-situ
SPM, and SPT. All these techniques were used to provide a fundamental understanding of the
FSSW joints revealing the chemical, geometric and physical (strength) aspects of the FSSW
joining process.

To understand the influence of tool geometry and welding parameters on the FSSW process,
stress-strain behavior during the process was studied in detail. A strong correlation between
the stress-strain behavior during welding, microstructure, and mechanical properties obtained
with Vickers microhardness test and small punch test was found. Afterwards, a detailed
analysis of the welding interface was done in order to understand the influence deformation
and frictional heating developed during the FSSW process have on welds.

The major results obtained in this thesis can be summarized as follows:

1. Two convex tools (T1 and T2) with different tool radius were designed in order to
obtain weld joints of four 0.3 mm thick sheets of aluminium alloy with the FSSW
process. Both tools produced bonds between four sheets at ranges of rotational speeds.
The T1 tool provided the bond between four sheets by setting the axial load at 2 kN,
plunge depth 0.25 mm and rotational speeds in the range of 1500 to 3500 RPM. With

130



University of Novi Sad, Faculty of Technical Science

the T2 tool, the axial load was set at 4 kN, plunge depth 0.25 mm and the range of
rotational speeds was from 1000 to 1500 RPM. Welding with rotational speeds below
the minimum (1500 and 1000 RPM for batch I and batch II, respectively) or above the
maximum values (3500 and 4500 RPM for batch | and batch 11, respectively) did not
provide a bond between all sheets or dwell time exceeded maximum time programed
(5 s). The axial load was set at the lowest possible load which can provide bonding.
Bonding could not be achived at a value above than the applied axial load. When axial
load was set to be below the applied, dwell time was increased. Plunge depth was set at
the minimum needed for the bond to form and to avoid high dimensional distortion.

Two major stresses were found to be present during FSSW: (i) axial stress and (ii) shear
stress. Axial stress depends on axial load whereas shear stress depends on rotational
speed. Both parameters show significant influence on weld quality. Hence, two
different stages during the FSSW process were derived: (i) the stick-slip stage and (ii)
steady-state weld. The ratio of these two stages was given by the ratio of axial and shear
stress and governs the coefficient of friction during the process.

Welds obtained at low rotational speeds had different slopes of stress over time
compared with welds obtained at high rotational speeds. This implies a competition
between thermal softening and strain hardening during FSSW. During welding at low
rotational speeds, strain hardening overcame thermal softening while high rotational
speeds caused thermal softening to be more pronounced.

The CoF presented as the ratio between shear stress and axial stress was higher in batch
I compared with the CoF of batch Il. In both batches, a similar trend was present. At
low rotational speeds as the strain hardening effect increases over time, CoF increases
up to the end of the process. At high rotational speeds, thermal softening softens the
material, causing CoF to decrease. This observation goes along with stress behavior and
verifies the strain hardening thermal softening theory.

Following the CoF, maximal temperature and strain rate were found to increase with
increasing rotational speed, which caused thermal softening. However, axial load and
tool geometry did not have any influence on the maximum temperature. However, they
did have a very high influence on dwell time. It seems that dwell time was three times
lower in batch 11 when tool T2 was used than in batch | when T1 was used. Higher axial
load and the wider contact surface between the tool and workpiece are responsible for
the drop in dwell time below 1 s, which gives the potential for the FSSW technique to
become competitive with RSW.

Analysis with a SAM found no defects in the top two interfaces of any of the samples
tested. However, in the bottom most interface delamination circles were found. The
volume of delamination circles increased with an increase in the rotational speed. It was
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also interesting to note that, with increasing rotational speed, the bonded surface area
between the last two interfaces reduced.

Macrographs revealed defect-less cross-sections in all samples except in the welds
obtained at 3500 RPM in batch I, which had a void in the middle of the upper sheet. All
samples were bonded successfully. The welds obtained with tool T2 produced a wider
stir zone than the welds obtained with tool T1. After measuring the stir zone, it can be
concluded that the stir zone is on the shape of a cone with a slope angle varying from
approximately 44° to 77° for rotational speeds 1500 to 3500 RPM, respectively. Also,
higher rotational speeds followed by higher strain rates caused softening of the material
below the tool. In the welds obtained with low rotational speeds, strain hardening
overcame thermal softening and thus the material became harder.

The top surface of the welds consisted of two different zones and the size of these two
zones varies depending on rotational speed and follows the conical shape of the welds.
The welds obtained at high rotational speeds have a high r/R ratio, meaning they have
smaller edge-chipping areas and larger smooth areas, due to a higher volume of material
suppressed below the tool. Welds obtained with low rotational speeds have a low r/R
ratio and the welds have almost equal sizes of edge-chipping and smooth areas.

The grain size and shape varied within the weld over the SZ, TMAZ, HAZ, and BM. In
all welds, grain size was highest in the BM followed by the HAZ, TMAZ and finally
the stir zone, which had the lowest grain size. The stir zone consisted of fine
recrystallized polygonal grains surrounded by the columnar grains of the TMAZ. The
HAZ was between the BM and TMAZ and had the same grains shape as in the BM but
smaller. Depending on the rotational speed, a different width of the TMAZ and grain
shape inside of it can be seen.

The grain size within the stir zone varied for samples welded with different rotational
speeds from less than Spum to 25 pm for 1000 and 4500 RPM, respectively. In all
samples, grain size within the stir zone was reduced compared with that of the base
material (by about 75 um). This grain size reduction correlates well with dynamic
recrystallization due to high-stress input and frictional heating.

Microhardness and weld efficiency showed that, in samples welded at low rotational
speeds 1500 and 2000 RPM (batch 1) and 1000 RPM (batch I1), higher mechanical
properties compared with those of the base material were obtained; this is due to the
dominating effect of strain hardening in those welds. In samples welded at the higher
rotational speeds of 3000 and 3500 RPM (batch 1) and from 1500 to 4500 RPM (batch
I1), a lower microhardness compared with that of the base material was observed,
indicating that thermal softening was dominating. Only the sample welded at 2500
RPM (batch 1) experienced an equal strength of strain hardening and thermal softening,
which resulted in average mechanical properties similar to those of the base material.
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This was also verified by sample thinning and maximum punch displacement results.
The thinning and Smax were found to be minimum in samples welded with the lowest
RPM, indicating that those specimens have a lower ductility in comparison to the BM
and samples welded with higher RPM, verifying the dominating effect of strain
hardening.

All specimens without defects in the weld zone during the SPT experienced radial
cracking oriented in a circumferential direction. Welds obtained at 1000, 2000 and 4000
RPM (batch 1) experienced delamination as well. This cracking followed the path of
the WFI. In the rupture between welded sheets, a third non-uniform mixed layer with a
thickness ranging from 1.72 to 4.23 um was found to be responsible for delamination.

Closer inspection of the weld interface did not reveal any difference of hardness and
modulus inside of the RSZ and WFI. Though, the resolution of nanoindentation was
about 200 nm. A different hardness and modulus distributed over the tested area show
variation in nano hardness indicating that accumulation of dislocation which was non-
uniformly distributed could cause this variation. This observation was verified by TEM,
showing a high dislocation accumulation inside of the polygonal grains of the SZ. The
dislocation results in the formation of subgrains which cause micrograin rotation and
reduced size. This subgrain rotation caused by CDRX was the main recrystallizing
mechanism within the stir zone.

TEM revealed a different microstructure (shape and size of grains and precipitates) in
the RSZ and WFI. The WFI layer varies in thickness from 1.67 to 2.02 um. This
thickness can be correlated to the thickness of the layer found in the rupture, which
varied from 1.72 to 4.73 um. The grains within the WFI were columnarly orientated in
the direction of material flow with an average size of 0.92 um. At the grain boundaries
between grains within the WFI and between the WFI and RSZ, precipitates with an
average size of 0.09 um were found. However, in the RSZ polygonal grains with an
average size of 4.9 um and precipitates with an average size of 0.15 pm are present.
The reduction of the grain and precipitates size was caused by microplastic deformation
which was induced between rough edges of the surface of the sheet before welding.
Shear stress caused the rough surface peaks to yield, one over another, causing
mechanical fragmentation of grains and precipitates and leaving them smaller and with
a columnar shape following the vector of material flow.

From the SEM and TEM results, it could be concluded that ductile rupture occurred at
the interface between the precipitates found on the boundary between the WFI and RSZ
and left a number of small pits behind. The boundary between the WFI and RSZ was
oversaturated with AlsMg. and Alg(FeMn) precipitates with a low bond energy suitable
for crack initiation.
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16.

17.

In the middle of the WFI zone, a trapped oxide layer distributed in fragments was
identified with the TEM (EDX) and FM - KPFM, . All aluminum sheets developed a
natural oxide layer on the top surface by reacting with the air. During FSSW, due to the
high melting point of oxides, the oxides are entrapped at the interface between the sheets
which impedes diffusion between the sheets from occurring. However, when the tool
presses the sheets, it stretches the interface. As oxide is a brittle phase, it breaks into
fragments causing the formation of diffusion sites. Due to the scattered oxide
fragmentation, several nano and micro pits were found to form.

Inside of the WFI, rod-like precipitates rich with Al and Mg with an average length of
0.076 £0.016 um and an average thickness of 0.042 +0.009 pm were found within the
columnar grains. These precipitates were orientated in two main directions: (i) along
the vector of material flow caused by shear stress and (ii) along the direction normal to
the applied shear stress. They were produced by microplastic deformation induced in
grains which caused interaction between dislocations and solute atoms and trigered
dynamic precipitation.

6.2 Recommendations for future work

Until now, the FSSW process was mainly used for welding sheets with a thickness of more
than 1 mm. This work provides an opportunity for using FSSW for welding components made
from thin sheets and with a short welding time, representing a robust basis for future work.
This led FSSW to potentially become a promising technique for the welding of electronic
components and battery elements. To overcome present drawbacks and to improve the process,
some of the recommendations are outlined as follows:

(i)

To improve the relationship between tool geometry and clamping system in order
to obtain welds without edge-chipping areas and to reduce welding time below 0.5
s so FSSW can be fully competitive with RSW and UW.

(i)  To evaluate the mechanical properties of the welds by using various testing

methods such as tensile, shear and fatigue testing, in order to understand the
fracture mechanism in FSSW samples and to assess the fatigue lifetime of weld
samples.

(iii)  To study the influence of surface roughness of sheets on the size and properties of

the weld faying interface.

(iv)  To use the EBSD technique to analyse grain and subgrain size and orientation as

well as misorientation angle in order to increase the understanding of strain
hardening/thermal softening mechanisms.

(v)  Touse TEM to analyse dynamic precipitation in detail in order to understand the

mechanism leading to the formation of the hard phase (rod-like precipitates within
the grains).

(vi)  To study the influence of preheating and cooling on strain hardening/thermal

softening mechanisms.
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(vii) To develop a full Molecular Dynamic (MD) model of the FSSW process to
understand dynamic recrystallization and diffusion mechanism at the atomic level.

(viii) To use the FSSW technique to weld other combinations of material such as
aluminium and copper foils.
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APPENDICES

A. Dwell time and maximum temperature variation as a function of the rotational
speed

Table 1. Dwell time and maximum temperature variation within batch | presented in Fig. 4.7a

and b

Sample Dwell time | Standard Maximum Standard
(s) deviation (s) | temperature (°C) deviation (°C)
RW1 4.65 0.26771 112.66667 2.0548
RW?2 4.66 0.34029 125.66667 3.39935
RW3 441 0.29811 130 3.55903
RwW4 4.29 0.21229 146.66667 8.17856
RW5 3.77 0.1484 149 7.11805

Table 2. Dwell time and maximum temperature variation within batch 11 presented in Fig. 4.7a

and b
Sample Dwell time | Standard Maximum Standard
(s) deviation (s) | temperature (°C) deviation (°C)
RWA1 1.67667 0.07024 67.6667 6.65833
RWA?2 1.34333 0.04163 101 4.58258
RWA3 1.11333 0.08145 119.333 5.85947
RWA4 1.07 0.0755 135 4.3589
RWAS 0.97333 0.04041 147 3
RWAG6 1.00333 0.03786 149.6667 20.20726
RWA7 0.98333 0.04163 155.6667 10.2632
RWAS8 0.90667 0.01528 158.3333 9.45161
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B. Grain size measurements

Table 3. Estimated grain size presented in Fig. 4.15

Sample Grain size (um)
HAZ | | TMAZ | Sz
Batch |
RW1 40.158 12.174 22.451 6.640 5.534 1.897
RW3 50.119 15.652 33.518 11.225 12.806 4.091
RW5 35.099 11.713 36.364 12.648 16.126 4.826
Batch 11
RWAL1 44.940 10.677 22.311 9.562 5.618 1.614
RWA?2 52.590 15.139 30.598 10.199 7.052 2.570
RWA4 51.315 18.805 33.307 12.112 10.100 2.629
RWAG 43.187 9.402 37.769 13.564 20.199 4.960
RWAS 44.622 14.980 35.378 11.315 25.159 9.681
Base 73.09712628 + 39.24006
material
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Table 5. Bottom diameter of the stir zone presented in Fig. 4.19a

C. Dimensional quantification of the weld

Batch | d (mm) Standard Batch 11 d (mm) Standard
Sample deviation Sample deviation
(mm) (mm)
RwW1 5.04 0.05292 RWA1 6.975 0.03294
RW2 4.95667 0.03512 RWA?2 7.294 0.10063
RW3 3.76233 0.10055 RWA3 7.354 0.02654
RwW4 3.22833 0.02888 RWA4 7.027 0.07235
RW5 1.53833 0.13322 RWAS5 5.827 0.06325
RWAG 4.638 0.1003
RWA7 4.583 0.0745
RWAS8 4.309 0.04526
Table 6. Top diameter of the stir zone presented in Fig. 4.19b
Batch I D (mm) Standard Batch 11 D (mm) Standard
Sample deviation Sample deviation
(mm) (mm)
RW1 6.36233 0.03459 RWAL 7.739 0.13063
RW?2 6.64333 0.05686 RWA2 8.69 0.05654
RW3 6.72667 0.05508 RWA3 9.228 0.09924
RwW4 6.84267 0.081 RWA4 9.151 0.06325
RW5 7.134 0.12705 RWADS 9.165 0.09003
RWAG 8.986 0.0745
RWA7 8.785 0.02526
RWAS 8.872 0.1054
Table 7. Axial depth of the weld presented in Fig. 4.19¢
Batch | H (mm) Standard Batch 11 H (mm) Standard
Sample deviation Sample deviation
(mm) (mm)
RW1 0.94767 0.00643 RWA1 0.99051 0.00679
RW2 0.927 0.00608 RWA?2 0.97735 0.00806
RW3 0.92667 0.00153 RWA3 0.95275 0.00725
RW4 0.88833 0.01677 RWA4 0.96979 0.01677
RW5 0.894 0.00361 RWAS5 0.96285 0.00361
RWA®6 0.93605 0.01608
RWA7 0.92682 0.00173
RWAS 0.9593 0.01677
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Table 8. Trapper angle of the stir zone-a presented in Fig. 4.19

Batch | o (mm) Standard Batch 11 o (mm) Standard
Sample deviation Sample deviation
(mm) (mm)
RW1 46.91 0.40037 RWAL1 49.45 3.94566
RW?2 54.76667 0.68069 RWA2 48.53 4.15183
RW3 66.9 0.95394 RWA3 55.43 3.09339
RW4 71.75 1.47102 RWA4 58.285 5.59321
RW5 76.96667 1.0504 RWAS5 69.52 1.32936
RWAG 74.935 0.12021
RWA7 74.005 1.61927
RWAS8 72.66 0.69296

Table 9. Ratio of the radius of the edge-chipping area to stable process-pressure area Fig. 5.3a

Batch | r'R Standard Batch 11 r'R Standard
Sample deviation Sample deviation
RW1 0.53063 0.02786 RWAL1 0.55007 0.07586
RW?2 0.59541 0.04922 RWA2 0.67321 0.00224
RW3 0.63568 0.02154 RWA3 0.75591 0.01342
RW4 0.66224 0.02188 RWA4 0.75232 0.03788
RW5 0.64868 0.01003 RWADS 0.75473 0.011
RWAG6 0.78293 0.0142
RWA7 0.79854 0.00188

RWAS 0.79782 0.022

Table 10. Ratio of the bottom diameter of the stir zone to top diameter of the stir zone presented

with diagram in Fig. 5.3b

Batch I d/D Standard Batch 11 d/D Standard
Sample deviation Sample deviation
RW1 0.79033 0.01091 RWAL1 0.90128 0.01291
RW?2 0.7503 0.01027 RWA2 0.83936 0.01427
RW3 0.55658 0.01555 RWA3 0.79692 0.01055
RW4 0.46838 0.0047 RWA4 0.77638 0.01047
RW5 0.21316 0.01926 RWADS 0.63579 0.00193
RWAG 0.51614 0.01555
RWA7 0.52168 0.0047
RWAS 0.48569 0.01926
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D. Rupture load and maximum displacement variation as a function of the
rotational speed

Table 11. Maximum rupture load presented in Fig. 4.24a and b

Batch | Maximum Standard Batch 11 Maximum Standard
Sample rupture | deviation (N) Sample rupture load | deviation
load (N) (N) (N)
RW1 1162.0 37.83 RWA1 1096.7 33.5
RW2 1043.0 3.69 RWA?2 1040.3 1.9
RW3 1010.3 4.14 RWA3 1016.6 3.6
RW4 1030.2 58.01 RWA4 1021.3 23.3
RW5 1004.0 9.51 RWA5 1001.9 17.4
RWAG 1002.9 134
RWA7 991.9 5.7
Base material 1094.9 21.3 RWAS 957.2 10.3
Table 12. Maximum rupture load presented in Fig. 4.24aand b
Batch | Maximum Standard Batch Il | Maximum Standard
Sample displacement deviation Sample | displacement | deviation
(mm) (mm) (mm) (mm)
RW1 1.6588 0.0198 RWA1 1.70944 0.02528032
RW2 1.77288 0.02311838 RWA?2 1.720336 0.02052142
RW3 1.84412 0.01045196 RWA3 1.73411733 0.00788189
RW4 1.86922 0.02653702 RWAA4 1.77562733 0.03201788
RW5 1.84336667 0.01269444 RWADS 1.78767467 0.04733043
RWAG 1.95581333 0.23495208
RWA7 1.926736 0.12556167
Base material 1.70944 0.02528032 RWAS8 2.092816 0.11269081
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E. Estimated strain rate

Table 13. Estimated strain rate presented in Fig. 5.1

Batch | Strain rate Batch Il | Strain rate
Sample Sample

RW1 235.1357 RWA1 175.27404

RW2 354.20582 RWA?2 266.48173

RW3 394.48634 RWA3 405.25025

RW4 508.32622 RWA4 441.18444

RWS5 518.94264 RWAS5 508.66532

RWAG6 560.07385

RWA7 612.42165

RWAS8 642.00486

Raw data supporting the findings within PhD thesis are available from the author
Danka Labus Zlatanovi¢ at Email address danlabus@uns.ac.rs on request.
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