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ABSTRACT

The magnesium alloy MgAZ31 and titanium alloy F6AI-4V have physical characteristics and
mechanical propertighat makes it attractive forwide range of engineering applicatom the
aerospace and automotive industrie®wever, the differences in melting temperature and

coefficient of thermal expansion hinder the use of traditibrbnwelding techniques

Transient liquid phase (TLP)bding of magnesium alloy M§Z31 and titanium alloy FBAI-

4V was performeand differentinterlayertypes and configurations were used to facilitate joint
formation Thejoining of thesealloys using Ni foils was successfulabonding temperature of
515°C, bonding pressure 0.2 MPa, for bonding time of 5 minutes. At the NAE&1L bond
interface, the formation & eutecticliquid between Mg and Ni was observéde formation of
Mg.Ni and MgAINi, were identifiedalong the bond interface resulting in @&othermally
solidified joint At the Ni/Ti-6Al-4V interface,the solid-state diffusionprocess results in joint

formation

The use of double NCu sandwich joint resulted iiurther enhancement joint formation and
this produced joints with greateshear strengtlvalues The configuration of MgAZ31/Cu
Ni/Ti-6Al-4V or Mg-AZ31/Ni-Cu/Ti-6Al-4V influence the mechanism of bonding and the type
of intermetallics formed within the joinfThe application of thin Ni electrodeposited dngs
resulted in futter enhancements of joint quality due to better sutaseirface contacand a

reduction in the formation of intermetallics at the joint.

The effect of Cu nanparticles in the coatingsasfound to decrease tleitecticzone width and
this resulted iranincrease the shear strength of the @imhe highest shear strength of 69 MPa

was possible with bonds made using coatocw#ainingCu naneparticle dispersion.



PUBLICATIONS

. Anas M. Atieh, Tahir I. Khan (2013)nvestigating the process parameters orthe joint
formation of semisolid TLP bonding of Ti-6Al-4V to Mg-AZ31", Journal of Materials
Science, SpringeVolume 48, Issue 19, pp737-6745 DOI10.1007/s1085813-74756.

. Anas M. Atieh, Tahir I. Khan (2013)rtansient liquid phase (TLP) bonding ofMg-AZ31
and Ti-6Al-4V using Ni and Cu sandwich foils’; submitted to the journal science and
technology of welding and joining.

. Anas M. Atieh, Tahir I. Khan (2013)Effect of Interlayer Thickness on Joint Formation
between Ti6AI-4V and Mg-AZ31 Alloys", submitted to thgournal of Materials and
Design

. Anas M. Atieh, Tahir I. Khan (2013Effect of bonding pressure on joint formation by
diffusion bonding of Ti-6Al-4V and Mg-AZ31". Proceedings of the ASME 2013
International Mechanical Engineering Corgge& Exposition(IMECE2013, San Diego,
California, USA November 181, 2013.

. Anas M. Atieh, Tahir I. Khan (2013)ransient liquid phase bonding of Ti-6Al-4V and
Mg-AZ31 using eutectic forming interlayers". 24th Canadian Congress of Applied
MechanicsCANCAM 2013,SaskatoonCanadaJune 26, 2013.

. Anas M. Atieh, Tahir I. Khan (2013)ransient liquid phase bonding of Ti-6Al-4V and
Mg-AZ31 Using double sandwich Ni and Cu Foils' Proceeding ofLl3" international
symposium on advanced materjatdamabadPakistan23- 27 September 2013

. Anas M. Atieh, Mona Elbatanouny, Tahir I. Khan (201Rj)ffusion Bonding of Ti 6Al 4V
and AZ31 Using Ni Foil' Proceedingsof Materials Science & Technology 2012
Conference, Pittsburgh, Pennsylvania, U®&tober 0711, 202.

. Anas M. Atieh, Tahir I. Khan (2013)The Joining of a Titanium alloy to a Magnesium
alloy using Diffusion Bonding Technology® COMPDYN: Manufacturing 4" Annual
Mechanical Engineering Graduate Conferer€agary, Alberta, Canadilay 27, 2013



ACKNOWLEDGEMENTS

| would like to express my deepest gratitude and thanks to my supervisor, Dr. Tahir I. Khan, for
his endless support throughout my PhD program. His valuable guidance will always be
remembered. | would also like to thank my supervisory citeenmembers Dr. Simon Park and

Dr. Daniel Y. Kwok.

Acknowledgment is extended to the German Jordanian University (GJU) for providing the

financial support for this research.

| would like to thank Dr. Robb Marr, UCLEMA laboratory, and Dr. Michael Schoel,
Microscopy and Imaging Facility (MIF), at University of Calgary for their assistance in the
SEM, EDS and WDS analysis. Special thanks to Mr. Brandon FergusbMr. Daniel Forre

for their assistance in the setup of mechanical tests and helping with tif@menqt in the

department of Mechanical and Manufacturing Engineering.



DEDICATION

Qutgka | 3t¢
(SRR SRCeREC RS L g A R LR r
{Indeed, my prayer, my rites of sacrifice, my living and my dying are for Allah,

Lord of the worlds. No partner has He. And this | have been commanded and
| am the first [among you] of the Muslims }

To my parents, Mahmoud and Huda, my lovely wife Nada, my Son Mahmoud, my
brothers Suhaib and Obay, and my gorgeous sister Tasn&bank you for your
love, prayers, and sacrifices throughout my life.



TABLE OF CONTENTS

ABSTRACT .ttt ettt tnat bbb ettt et e et e et e e e e e e aans ii
PUBLICATIONS. ...t ee et enees bbbttt ettt e e e e e e e e s emme ettt e e e e aeaaeeeeeens iii
ACKNOWLEDGEMENTS. ... .ottt eees et e e e e e e e e s smmseeeeeeeeeeeaeeaaaaaeeassammmeaeeens iv
[ =1 1N I [ PP PP V.
TABLE OF CONTENTSéeéééeecééeceéeecéeceéeecéceeceéece.
LIST OF FIGURES........ciiiiiiiiiiiiiiiesieeesseeeetee ettt e et et e e e e e emmteeeaaaaaaaaaaaeaeesssssssmmneeeaaaeassssnnnnns Xi
LIST OF TABLES ...ttt e e e bbb XX
CHAPTER ONE: INTRODUCTION......cctttiiiiiiiieeeie e ee e 1
1.1  Background iNfOrMEATION...........uuuuiiiiiiiieiiieeeiiiiieeee et e e e e e e e e s emmmr e e e e e e e e e e e e e e e e e s e e anane 1
1.2 Research objectives and scientific contributions.............cccoovvieee e, 2
1.3 THESIS SITUCTUI...ceeiiiiiiiiee et e s e e e enere e ee e e e 3
CHAPTER TWO: LITERATURE REVIEW......couiiiiiiiiiiie e mene e 5
/22 A 1 1 £ To 1§ o 1o IR 5
2.2 THANIUM @lIOYS.. ..o eerrn e e e e e e e e e e e e e e e e e e aenneaaeaaaeeeees 5
2.2.1  TIANIUM OVEIVIEW. .. .uiiiiiie e e e eeeeeeeeeetenee e e e e e e e e eeeeeeeeteas s smmme e e e eeennnnnnaeeeeeeeeennns 5
2.2.2  Titanium ProdUCHION............ouuiiiiiiiiimre e e e e emmnaa e e e e e eaaaeeees 10
2.2.3  Titanium alloy: TEBAI-AV .......ooeriiiiiie e eeen e 13
2.3 MAgNESIUM @lIOYS......ceiiiiiiieeeiiiee e 15
2.3.1  MagNESIUM OVEIVIEW. ....uuuuiiieeeeeeeeeeeeeieeeia e e e e e e e eeeeeeeeeeeeesssinnneaeeeeseeeeeeesesannnans 15
2.32  Magnesium ProdUCTION..........cccoiiiiiiieeieeee e s 20
2.3.3  Magnesium alloy: MEAZ3L ..ot ieees e eeer e 23
2.4 Joining of titanium and magnesium allaysS.............coeoeiiiiiieeeiiii e, 25
2.4.1 Introduction to joiNiNG tEChNIQUES............cvvviiiiiiiiceeeeeeet e eeeeaaaaes 25
2.4.2  FUSION WEIAING......coi ittt e e et eeeeb bt e e e et e e e e e e e e e eemee s 26
2.4.3  AdheSIVE DONAING.......coooiiieeee e e e e e e e e 29
2.4.4 Soldering and Brazing.........ccocooeiiuiiiiiiiieees e 30
2.4.5 Solid-state DIffusion BONAING........ccoouiiiiiiiiiiiiiie e 31
2.4.6 Transient liquid phase (TLP) Diffusion Bonding............c.cooovviiiiccciiiiieeeeenns 33
2.5 Bonding Parameters for Transient Liquid Phase Bonding...............ccccvveeeerennnn. 43
2.5.1  BONUING PrESSUIE. .. .uuuiuiiiiiiieeeeieeetiaeesteseseeeeeeeeteaaaaeaaassmat et eeeaeeeaeaassaaaaaannnes 43
2.5.2 BoNnding teMPEratULe.........coovuuiiiiiiieiiecceeie e enme e e e 43
25.3  HOIdING tIME. ..o e s 45

Vi



2.5.4  SUIMACE FOUGNNESS. ....ciiiiiiiiiiiiie e s 45

2.5.5 Interlayer CharaCteriStiCS.........uuuuuuiiiiii i eeeer e a e 46
2.5.6 Interface wetting and capillary action..............ccoovvviiieee e 48
2.6 Modeling transient liquid phase (TLP) boNdiNg.........ccoovviiiiiiiiimaniiiiieeeee 49
2.6.1 Time and thickness of joint region estimation for Théhding stages.............. 50

P 1[0 ] 0=V PSPPI 26
CHAPTER THREE: EXPERIMENTAL PROCEDURE..........ccuutiiiiiiiiiiieeeiiieiieeeeeieneaaeens 57
G 20 R [ 11 70T [0 T i o PP PP PP PP PP PPPUPPPPRT 57
3.2 Materials CharaCterizatiQml..............uueeeiiiiiiieeeiiiiieiiiie e e e e e e e e e e 58
3.2. 1 Parent @llOyS....ooooiiiiiiiiieeeeeeee e 58
3.2.2 Interlayer material............ooorriiiiiiiiie e 61
3.3 Bonding Process and eqUIPMENT...........ooviiiiiiiiiimeme e e e 66
S0 I R S Y= 10 ] o] (=3 o] (=] oF=T = 11 [0 o NPT PP PP UPPPPR 66
SCTRC TZ = o To [TaTo J=To (U] 0] 4 =1 o) U URPPUPRSRR 66
3.33 Bonding parameters and ProCeAUIE..........ccceeeeeiiiiiieeeii e eeeeeeeeeeeevnane e 68
G0 S = o (o I 7= 11 T o 2 PSS 70
3.4.1 SEM, EDS and WDS analySIS..........ccccoiiiiiiiiiiieime e e eeeeeeeeeeees e eeeeennens 70

I N W o | | 1Y/ [ Tod (0 0] o ) PP 71
3.4.3  X-RaAY AIffrACHON.......uuiiiiiiiiiiiiiiiiie et e 72
3.4.4  Micro-hardness MeaSUrE€mMENLS.........ccceviiiieeieiirreeeeeeeeeeeeeeeeeeeenennnn e eeeeeneeees 72
3.45  Shear TESHNQ ..ot emrene ] O
CHAPTERFOUR: TRANSIENT LIQUID PHASE BONDING USING NICKEL FOIL........75
g R 1 1 0 T U Tox 1 o Y 4o
4.2 Effect of bonding time on joint formatian..................ccoiiiiiceceeiicee e, 78
4.2.1 Microstructural development and compositional analysis................cccccoeeee. 78
4.2.2  Micro-hardness evaluation.............ccooviiiiiiiieeer e 84
4.2.3 Shear strength evaluation................coiiiiiieeciiicc e 85
4.2.4  Fractography and XRD @nalySiS..........cuueiiiiiiiiiiieeniiiiieiieeeeeee e 86
4.3 Effect of bonding temperature on joint formation................eevvvvvreeeeeeeeeviiinnnnns Q1
4.3.1 Microstructural development and compositional analysis.................cccoeeeee. 91
4.3.2  Micro-hardness evaluation.............ccooeiiiiiiiieeeie e 97
4.3.3  Shear strength evaluation..............oooiiiiimr e Q9
4.3.4  Fractography and XRD analysiS..........ccooeeeiiiiiiiiccciiiii e 100
4.4  Effect of bonding pressure on joint formation..............ccccuvvvvimmmnniniiiiiiiiiieieeee 105

vii



4.4.1 Microstructural development and compositional analysis...................c..cee. 105

4.4.2  MiCro-hardness eValUation.............uuuiiiiiiiiiieeeiiiieeee e mmne e 111
4.4.3 Shear strength evaluation................uuuuiiiccceeeei e 113
4.4.4  Fractography and XRD @nalySiS..........ccuueiiiiiiiiiieemiiiiiiiieeeeeeeeeeeeemeee e 114
4.5 Mechanism of joiNt FOrMation..............uuuiiiiii e ereer e 119
4.5.1  SoOlid-State diffUSION...........uuuiiiiiiiiiiiiiireeiiiii e 119
4.5.2  EULECHIC TOrMAatION.....cceeiiiiiiiiiiiias ettt e e e e e e e e eeenaa s e e e e e e e e e e e eeeeeenees 122
4.5.3 Dissolution and WId€NING..........ccooviiiiiiiiiiiimmmre e ernene s 125
4.5.4  Isothermal SOlAIfICAtION..........ccviiiiiiiiiii e 127
S 10 1101 1 =T o PRSP PPPPPPPPPPPN 130
CHAPTER FIVE: DFFUSION BONDING USING DOUBLE NICKEL COPPER FOILS131
o0 A {11 70T [T i U P TSR PPP: 131
5.2 TLP bonding with coppenickel interlayers............cccuvvviiiiiiieeeiiiiiiiieeeeeeeeee e 133
5.2.1 Microstructural development and compositional analysis.......................... 133
5.2.2  Micro-hardness evaluation...............cooooiiiiiime e e e 138
5.2.3  Shear strength evaluation................uuuiiiiiieeeiiiiiiiiii e 139
5.2.4 Fractography and XRD analysis............couvuimiiiiiimmmreiiieeeeeeiiriee e e 141
5.3 TLP bonding with nickecopper interlayers...............oovvvviiiiccceeeeeeieeee e 146
5.3.1 Microstructural development and compositional analysis....................eeee. 146
5.3.2  Micro-hardness evaluation............cccoeveeeeeeieeeeeieieee e eee e eeeeeereee e e e e 151
5.3.3 Shear strength evaluation.................ouuiiiiiccciiieeee e 152
5.3.4  Fractography and XRD @nalySiS..........ccoouuiiiiiiiiiccce e eeee 153
5.4  Mechanism of JOINt FOrMALIONL...........uuuiiiiiiiiiiiieeeiiiiiie e 157
5.4.1 Heating, solid state diffusion and eutectic formatian....................cceeeeunnns 157
5.4.2 Dissolution and WIdENING..........uuiiiiiiiiiiiiiiieeeeee e 163
5.4.3 Isothermal SOldIfICAtION............uuurieeiiiis e rrrr e e e e e 164
LTS TS T U 11 0] 4 = 1Y PP 165
CHAPTER SIX: TRANSIENT LIQUID PHASE BONDING USING NICKEL COATING 167
G0 I 1 1o Yo [T £ P PSPPP 167
6.2 Effectof coat thickness on joint formation..............ccooovvviiciiii e 168
6.2.1  Microstructure development and compositional analysis...................coeceee. 168
6.2.2  Micro-hardness evaluation............ccooevieeeeeeeceeieiieee e eeeeeeeree e e e e e e e 178
6.2.3  Shear strength evaluation...............coouuiiiieeeii e 182
6.2.4  Fractography and XRD @nalySiS.........cccouuiiiiiiiiiiccc e eeeeeieeee 184

viii



6.3 Effect of bonding temperature on joint fOrmMation...........ccevvvviiiiiieeniiiiiieeeeeeen, 191

6.3.1 Microstructure development and compositional analysis................ccceeeueee. 191
6.3.2  Micro-hardness evaluation................oooiiiiiiicee e 196
6.3.3  Shear strength evaluation................uuviiiiiieeeiiiiiii e 198
6.3.4 Fractography and XRD analysiS............cuuvuruiiiuiimmmeeiiieeieiiiiiiiseee s smmmenneees 199
6.4 Effect of bonding time on joint formatian................ccooovviiieeei e 204
6.4.1 Microstructure development and compositional analysis....................ccceee. 204
6.4.2 Micro-hardness evaluation...............ooooiiiiiiicee e 210
6.4.3 Shear strength evaluation................ouuiiiiiiccciiiee e 212
6.4.4  Fractography and XRD @nalySiS..........ccoouiiiiiiiiiiccc e eeeeecieeee 214
6.5 Effect of bonding pressure on joint formation................cccceeivcceeeeeviiiiiceeeeenn. 220
6.5.1 Microstructure development and compositional analysis................ccceeeueee. 220
6.5.2  Micro-hardness evaluation............ccoouvieeeeeieeeeeiiieeee e eeeeeeeree e 225
6.5.3  Shear strength evaluation.................ouuuiiiiccciii e 227
6.5.4  Fractography and XRD analysis............couuurmiiiiiimmmreiiieeeeeeiviies e emmenneens 228
6.6  Mechanism of JOINt FOrMALIONL. ........eiiiiiiiiiiiii e 233
6.6.1 Heating and soligtate diffusion...............ccceviiiiiiee e 233
6.6.2 Eutectic formation and M@Z31 diSsolution..............cccceeeiiieiiceeccciee e, 236
6.6.3  Isothermal SOlIdIfICAtION............uvurieeiiiii e e e e 240
6.7  SUIMIMAIY ettt ettt e e e e e e ettt e et emrea e e e e e e et e eeeeeeeseanens s mmme e e e e eesnnnnnnnns 242
CHAPTER SEVENTRANSIENT LIQUID PHASE BONDING USING NICKEL AND
COPPER NANGPARTICLE DISPERSIONS.......cuttiiiiiiiiiiiiee ettt 243
4% T 1111 £ To [ Tox 1o I PP RPN 243
7.2 Effectof dispersed nanparticle coat on joint miCrostructure..............cccvvvvvunnee. 244
7.3 Micro-hardness MeaSUIEMENLS. ......ccuiieieeeeeeeieieeeias e e e e e e e e e e e eeeeeeeeeeemnmeeeeeeeeeenenees 252
7.4  Shear Strength evaluation................ooooiriiee e 254
7.5 Fractography and XRD @nalySiS..........ccceeiiiiiiiiiiieeie e mmme e 256
7.6 Mechanism of JOINE FOrMALIONL.........eiiiiiiiiiiiii e 260
7.6.1 Solid-state diffusion and eutectic formation..................uuvvviiccciiiieeeiiiiinnnnns 260
7.6.2  Dissolution and WIdENING.........cuuuiiiiiiiiiiiiceeeii e e e e e e aeaaaaas 264
7.6.3  Isothermal SOlIdIfiCAtiON............uuvvieiiiie e rrre e e e e e 264
A S 1 11 1] 1 0=V PP 266
CHAPTER EIGHT: CONCLUSIONS AND FUTURE WORK...........cooiiiiiiiiieeen s 267
8.1 CONCLUSIONS. ..o e e e e e e e e s amnnrenees 267
8.1.1 TLP bonding USING fOIIS.......ccooiiiiiiiiii e eeree e 268



8.1.2 TLP bonding using electrodeposited COatings............ccvvviiiiiieemireeeeeeeeeeenn.

8.2 Recom
REFERENCES

mendations and fULUIrE WOTK.........ooon oo



LIST OF FIGURES

Figure2.1: Unit cell for titanium (a)Jp h a s e  aphase [10P..).....D...c.ccooveeveieeernnee, 6
Figure2.2: Examples of engineering application for titanium: G&)90 aereengine; (b)
aircraft engine fan disk; (c) bulkhead for a twin engine military aircraft; (@®AT#4V seamless

£ 110 1 ¢ 0o | 1 0 ] SRR 9.
Figure2.3 Spongemaking production of titanium (low magnification) [10]....................... 11
Figure2.4: Diffusion coefficients for different elements in titanium [10]...............ccooevvnee 12
Figure2.5: Usage otitanium alloy by type in USA market in 1998 [1Q]............cccevvvvvvnnnenn 13
Figure2.6: Magnesium unit Cell [22]).........ccciiiiiiiiiii e 15
Figure2.7: Distribution of magnesium applications [22]............coooviiiiiimmne e 17
Figure2.8 Engineering component madermagnesiunalloys: (a) engine box; (b) seat frame
(c) door frame; (d) oil pan and (€) Wheel drf8 ...........ccuvviiiiiiiiiiiieeeee e 18

Figure2.9: Application of magnesium in engineering structural component (a) all Mg aircraft (b)
Missile with 100Kg Mg in sheet and casted (c) tail of satellite rocket (d) Mg in automotive VW

(o= U 122022 USROS 19
Figure2.10: Selection criteria for joining Process [22].......cccoeeeeiiiiiiiiiieeeie e, 25
Figure2.11Schematic showing the TLP bonding stages (a) start of bonding; (b)dissolution; (c
and d);isothermal solidification; (e and f) homogenization [60]-...............evveeiiiieeciiiinennne. 37
Figure2.12: Wetting principles: (a) surface tension balance; (bywetting and (c) complete
1= LU o TR OO PPPPPPPPPPPPPPRRPRPPRY” o
Figure3.1: SEM and XRD spectra for (a)-BAl-4V and (b) MgAZ31 as received.............. 59
Figure3.2: DSC analysis fOr MAZ3L[44]......eumreeeiieie ettt eeen e 60
Figure3.3: XRD spectra for Ni and Cu foils as received.............ccoovviviieemeeiieeieeeeiiiiiiinnnn 61
Figure3.4: Electredeposition equipment and SEt UP........ccooeeeeeeiiiiiiieeeiiie e 63
Figure3.5: Effect of deposition timenocoat thickness..............ooooiiiiiemn 64
Figure3.6.SEM micrograph showing crossection of Ni coat on T6AIl-4V substrate at 30
MINUEES COATING TIMuu ..o enee e e ene e 64

Figure3.7: SEM and EDS surface analysis for the: (a) pure Ni coat; (b) coat contairmagdi
particles; (c) coat containing €hano particles; (d) coat containing Cu anehisino particles65

Figure3.8: Diffusion bonding apparatUS............ccouuuiiiiiiiieieeee e eeeee e 67
Figure3.9: DIiffusion Chamber.............ooi i e e 68
Figure3.10: Light microscope and its attached external digital camera........................... 71
Figure3.11: Vickers micrehardness testing eqQUIPMENL..........ccouvveeieiiiiiccceeeeee e 73
Figure3.12: Shear testing fixture (dimension iN MM).............ueeeeiiiiiiieeriiiieeeee e 74
Figure4.1: MgNi phase diagram [29].........coooiriiiiiiiiiiiieee e 76
Figure4.2: Flow chart for experimental parameters tested in chapter.4.................c...e.. 77

Xi


file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949615
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949615
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949615
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949619
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949621
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949621
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949622
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949622
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949622
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949624
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949624
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949625
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949625
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949626
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949627
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949628
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949629
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949630
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949631
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949631
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949632
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949632
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949634
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949635
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949636
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949637
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949639

Figure4.3: SEM micrographs of AI-4V/Ni/Mg-AZ31 joint interface after bonding at 515

and 0.2 MPa for: (a) 5 min; (b) 10 min; (c) 20 min; (d) 30 min; (e) 60 min......................19
Figure4.4: Effect of bonding time increase on joint width at%®1,®.2 MPa..........cc............. 81
Figure 4.5: SEM micrograph and WDS line analysis for joint made al®1®.2 MPa for 20
UL, oottt ettt e e e e e e e e e e sennsa e e e e e e e e e e e eeeeeeeeeannneeeeeeeeeeeeeeeeeenernnnnnnne e e s 83
Figure4.6: Micro-hardness profile for joints made at 5€50.2 MPa for diffegnt bonding

L1 TS U 84
Figure4.7: Joint inerface shear strength as a function of bonding time for joints made®&t, 515
0.2 MPa for different BoNdiNg tIMES.........ovviiiiiiiii e rrrrr e e e e e e eees 85
Figure4.8: SEM micrograph and XRD spectra of fractured surface for bond made’@t 615
MPa, and 5 minutes: a) M§Z31 side; b) TI6AI-4V Side..........oovvviviiiiiiiiiiiceeecce e 87
Figure4.9: SEM micrograph ahXRD spectra of fractured surface for bond made atG16%.2
MPa, and 10 minutes: a) MEZ31 side; b) TI6AI-4V Side.........uvviiiiiiiiiiiiiiiiieenieeeee, 87
Figure4.10: SEM micrograph and XRD spectra of fractured surface for bond made€@t 615
MPa, and 20 minutes: a) MEZ31 side; b) TI6AI-4V Side.........uuviiiiiiiiiiiiiiiiieeeeeeee, 88
Figure4.11: SEM micrograph and XRD spectra of fractured sufiackond made at 526, 0.2
MPa, and 30 minutes: a) M§Z31 side; b) TI6AI-4V Side.........cceeeiiiiiiiiiiiiiiieeeiiie e, 38
Figure4.12: SEM micrograph and XRD spectra of fractured surface for bond mad€@t 615
MPa, and 60 minutes: a) M§Z31 side; b) TI6AI-4V Side.........cceeieiiiiiiiiiiiiiiceeiiie e, 89
Figure4.13: Schematic of fracture path for joint made at’618.2 MPa and A) 5 minutes B)
10-30 MNUEES C) B0 MINULES......coiiiiiiiiiiiieteeee st eeeess bbbt e e e e e e e e e e e e eeemeees 90
Figure4.14 SEMmicrographs of F6AI-4V/Ni/Mg-AZ31 joint interface after bonding at 54D
and 0.2 MPa for: (a) 5 min; (b) 10 min; (c) 20 min; (d) 30 min; (€) 60 MiN...................... 92
Figure4.15 Effect of bonding time increase on joint width at ¥3@nd 0.2 MPa................ 93
Figure4.16: SEM micrograph and WDS line analysis for joint made &t&4m2 MPa for 20
00T UL =P PSP PP PP PR 96
Figure4.17: Microhardness profile fgoints made at 54€, 0.2 MPa for different bonding
LTS PSPPI 98
Figure4.18 Joint interface shear strength as a function of bonding time for joints made at
540°C, 0.2 MPa for different bonding tiMeS............coouveeviiiiieceeeeee e 99
Figure4.19: SEM micrograph and XRD spectra of fractured surface for bond mad€@t 64D
MPa, and 5 minutes: a) MBZ31 side; b)Ti-6AI-4V Side..........ccoeviriiiiiiiiiiiieee e 101
Figure4.20: SEM microgaph and XRD spectra of fractured surface for bond made &E5a®
MPa, and 10 minutes: a) M&Z31 side; b) TI6AI-4V Side.........cccovveiiiiiiiiiiiiicceieie e, 102
Figure4.21: SEM micrograph and XRD spectra of fractured surface for bond madé@t 640
MPa, and 20 minutes: a) M&Z31 side; b) TI6AI-4V Side.........ccooviiviiiiiiiiiiicccicie e, 102
Figure4.22: SEM micrograph and XRD spectra of fractusarface for bond made at @0 0.2
MPa, and 30 minutes: a) MEZ31 side; b) TI6AI-4V Side.........uueiiiiiiiiiiiiiiiiieeeieeeeee 103
Figure4.23: SEM micrograph and XRD spectra of fractured surface ful bwade at 54C, 0.2
MPa, and 60 minutes: a) MEZ31 side; b) TI6AI-4V Side.........uueiveiiiiiiiiiiiiiieeeiieee 103

Xii


file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949640
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949640
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949642
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949642
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949643
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949643
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949644
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949644
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949645
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949645
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949646
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949646
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949647
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949647
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949648
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949648
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949649
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949649
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949650
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949650
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949651
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949651
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949652
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949653
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949653
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949654
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949654
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949655
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949655
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949656
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949656
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949657
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949657
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949658
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949658
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949659
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949659
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949660
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949660

Figure4.24: Schematic of fracture path for joint made at’640.2 MPa and A) 5 minutes; B)

10 to 20 minutes; C) 30 t0 60 MINULES..........ccoviiiiiiiiiieeee e e e e e 104
Figure4.25: SEM micrographs of \AI-4V/Ni/Mg-AZ31 joint interface after bonding at 515
and 0.7 MPa for: (a) 5 minb) 10 min; (c) 20 min; (d) 30 min; (€) 60 MiN.............cceeene.. 107
Figure4.26: Effect of bonding time changes on joint width at’€1®.7 MPa..................... 108
Figure4.27: SEM micrograph and WD#i¢& analysis across joint made at %150.7 MPa for
P20 0 1 1 (SRR 110
Figure4.28: Microhardness profile for joints made at 8C€50.7 MPa for different bonding

L1 1T PRSPPI 112
Figure4.29: Joint interface shear strength as a function of bonding time for joints made at
515°C, 0.7 MPa for different bonding times............coveieieeiiieeee e 113
Figure4.30: SEM micrograph and XRD syea of fractured surface for bond made at’&1%.7
MPa, and 5 minutes: a) MBZ31 side; b) TIBAI-4V Side..........ccoerriiiiiiiiiiiiieee e 115
Figure4.31: SEM micrograph and XRD spectra of fractured surface for bond mad€@t 615
MPa, and 10 minutes: a) MEZ31 side; b) TI6AI-4V Side.........uuviiiiiiiiiiiiiiiiieeeeeee 115
Figure4.32: SEM micrograph and XRD spectra of fractured surface for inawie at 51%, 0.7
MPa, and 20 minutes: a) M§Z31 side; b) Ti6AI-4V Side.......ccccoveeiiiiiiiiiiiiiieeeie e 116
Figure4.33: SEM micrograph and XRD spectra of fractured surface for bond mad€@t 615
MPa, and 30 minutes: a) M§Z31 side; b) Ti6AI-4V Side........ccccoveeiiiiiiiiiiiiiieeei e 116
Figure4.34: SEM micrograph and XRD spectra of fractured surface for bond mad€@t 615
MPa, and 60ninutes: a) MgAZ31 side; b) TI6AI-4V Side........uuueiiviiiiiiiiiiiiiieeeeee 117
Figure4.35: Schematic of fracture path for joint made at’619.7 MPa: A) 5 minutes; B) 10
MINUEES; C) 2650 MINULES.....eeeeeeeeieeeeieiiittiimmmr e e e eeeeeteee e s s s e e smmres e s e e e e e eeeeeeeeeennnaeees 118
Figure4.36 Al-Mg-Ni ternary phase diagram at #Z7120].........c..ccceevveirieirieieemireecreene, 123
Figure4.37: MgNi phase diagram by Okamoto [122]............ccoooiiiiiiiiieeee e 124

Figure4.38: Schematic of TLP bonding mechanism stages: a) initiaitammend heating stage;
b) eutectic formation; c) dissolution and widening; d) isothermal solidification; €) homogenized

o OSSP 129
Figure5.1: Flow chart for experimental parameters tested in chapter.5..............ccvvveee. 132
Figure5.2: SEM micrographs d#lg-AZ31/Cu-Ni/Ti-6Al-4V joint interface after bonding at
515°C and 0.35 MPa for: (a) 10 min; (b) &0n; (c) 30 min; (d) 60 MiN...........ccocovevennen. 135
Figure5.3: Effect of bonding time increase on joint width at §150.35 MPa.................... 136
Figure5.4 SEM micrograph and WDS line analysis for Joint of-RIg31/Cu-Ni/Ti6Al -4V
made at 51%, 0.35 MPa for 30 MINULES.........c..couriiuieeeieeeere ettt eeemeere e e evea 137
Figure5.5. Micro-hardness profile fgoint of Mg-AZ31/Cu-Ni/Ti6Al -4V joints made at 51€,
0.35 MPa for different bonding times...........oooiiiiiiiiiiiicc e 138
Figure5.6: Joint interface shear strength fdg-AZ31/Cu-Ni/Ti6Al-4V as a function of bonding
time for joints made at 526, 0.35 MPa for different bonding times..................ccccoveeen... 140

Xiii


file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949661
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949661
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949662
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949662
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949664
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949664
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949665
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949665
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949666
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949666
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949667
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949667
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949668
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949668
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949669
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949669
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949670
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949670
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949671
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949671
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949672
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949672
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949673
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949675
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949675
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949675
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949676
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949677
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949677
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949678
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949679
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949679
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949680
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949680
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949681
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949681

Figure5.7. SEM micrograph and XRD spectra for MgZ31/Cu-Ni/Ti-6Al-4V of fractured
surface for bond made 5X5, 0.35 MPa, and 10 minutes: a) M@31 side; b) Ti6Al-4V side.

Figure5.8 SEM micrograph and XRD sptea for Mg-AZ31/Cu-Ni/Ti-6Al-4V of fractured
surface for bond made 515, 0.35 MPa, and 20 minutes: a) M@31 side; b) Ti6AI-4V side.

Figure5.9 SEM micrograph and XRD spectra for M@31/Cu-Ni/Ti-6Al-4V of fractured
surface for bond made 5X5, 0.35 MPa, and 30 minutes: a) M@31 side; b)Ti-6Al-4V side.

Figure5.10 SEMmicrograph and XRD spectra for MgZ31/CuNi/Ti-6Al-4V of fractured
surface for bond made 5X5, 0.35 MPa, and 60 minutes: a) M@31 side; b) Ti6Al-4V side.

Figure5.11 Schematic of fracture patbservedor Mg-AZ31/Cu-Ni/Ti-6Al-4V joint made at
515°C, 0.35 MPa for: A) 10 minutes; B) 20 mites; C) 30 minutes; D) 60minutes........... 145
Figure 5.12: SEM micrographs &flg-AZ31/Ni-Cu/Ti-6Al-4V joint interface after bonding at
515°C and 0.35 MPa for: (a) 20 min; (b) 30 Min; (C) 60 MiN.........ccvveeierieeeieeeee e 148
Figure5.13 Effect of bonding time increase on joint width at 81%urd 0.35 MPa.............. 149
Figure5.14 SEM micrograpland WDS line analysis for joint of M§Z31/Ni-Cu/Ti-6Al-4V
made at 51%, 0.35 MPa for 30 MINULES.........c..coviiiuieiuieceeree et eere e et eeree e emeereeeae e v 150
Figure5.15 Micro-hardness profile for joint of M@\Z31/Ni-Cu/Ti-6Al-4V joints made at
515°C, 0.35 MPa for different bonding tiMes............cccoeeueeiuieeceee e 151
Figure5.16 Joint interface shear strendtr Mg-AZ31/Ni-Cu/Ti-6Al-4V as a function of
bonding time for joints made at 55 0.35 MPa for different bonding times................... 152
Figure5.17 SEM micrograph and XRD spectra for M@31/Ni-Cu/Ti-6Al-4V of fractured
surface for bond made 5X5, 0.35 MPa, and 20 minutes: a) M@31 side; b) Ti6Al-4V sde.

Figure5.18 SEM micrograph andRD spectra for MgAZ31/Ni-Cu/Ti-6Al-4V of fractured
surface for bond made 5X5, 0.35 MPa, and 30 minutes: a) M@31 side; b) Ti6Al-4V side.

Figure5.19 SEM micrograph and XRD spectra for M@31/Ni-Cu/Ti-6Al-4V of fractured
surface for bond made 515, 0.35 MPa, and 60 minutes: a) M@31 side; b) Ti6AI-4V side.

....................................................................................................................................... 155
Figure5.20:Schematic of fracture path observed for-Mg31/Ni-Cu/Ti-6Al-4V joint made at
515°C, 0.35 MPa and A) 20 minutes B) 30 minutes C) 60 MINLLES...........c...covvvrremenre... 156
Figure5.21 BSESEM micrographsfoMg-AZ31/Cu-Ni/Ti-6Al-4V joint interface after bonding
at 515C and 0.35 MPA fOrL10 Mill.......c..coouiiiieiieeceeee ettt eee et eaee s 158
Figure5.22: BSESEM micrographs of MAZ31/Ni-Cu/Ti-6Al-4V joint interface after bonding
at 515C and 0.35 MPA fOr20 MiMl.......c..cocueeiieeeeeeceeee e ee e et eseee e e ereeeaeeeaee e 159
Figure5.23: Liquidus projection with tempreture isotherms forMIigtNi ternary system [131].
....................................................................................................................................... 161

Xiv


file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949682
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949682
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949682
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949683
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949683
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949683
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949684
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949684
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949684
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949685
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949685
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949685
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949686
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949686
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949687
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949687
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949688
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949689
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949689
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949690
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949690
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949691
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949691
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949692
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949692
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949692
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949693
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949693
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949693
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949694
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949694
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949694
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949695
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949695
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949696
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949696
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949697
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949697
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949698
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949698

Figure5.24: Isothermal section at £Z7for Al-Mg-Ni ternary system [120Q]...................... 161

Figure6.1: Flow chart showing bonding pararars used to produce TLP bonds in chapt&6®.
Figure6.2:SEM micrographs of M@&Z31/Ni coat/T+6Al-4V joint interface after bonding at
540C and 0.2 MPa for 20egemin@tesd €m) (dEmé ¢ )

Figure6.3: Effect of coat thickness on joint zone width for-Mg31/Ni coat/T+6Al-4V joint

interface after bonding at 54D and 0.2 MPa for 20 minutes and different coat thicknes&72
Figure6.4: SEM micrographs and EDS point analysis of NEB1/Ni coat/Ti6Al-4V joint

interface after batingat546C and 0. 2 MPa for ..2.0...mi.n.utl®s and
Figure6.5: SEM micrograph and WDS line analysis for joint of-Mg31/Ni coat/T+6Al-4V

joint interface after bonding at 52Dand 0.2 MP4 or 20 mi nu.t.e.s...ant7/52 & m.
Figure6.6: M micrograph and WDS line analysis for joint of M@31/Ni coat/T+6Al-4V

joint interface after bondingat5%® and 0.2 MPa for ..2.0..mi.A76t es an
Figure6.7: SEM micrograph and WDS line analysis for joint of-Mg31/Ni coat/Ti6Al-4V

joint interface after bonding at 54Dand 0.2 MPafo2 0 mi nut e s....a.n.d....1187 & m.
Figure6.8: Micro-hardness profile for the MAZ31/Ni coat/Ti6Ak4V joints made at 54C, 0.2

MPa, 20 minutes as a function of coat thickness frefn 1 &.M.............eveveeviiiineniivineeeennn. 178
Figure6.9: Micro-hardness profile for the MAZ31/Ni coat/Ti6AF4V joints made at 54C, 0.2

MPa, 20 minutes as a function of coat thickness freld 8 m...............cccccciiiieenn s 179
Figure6.10: Micrahardness prat for the MgAZ31/Ni coat/Ti6Ak4V joints made at 54C,

0.2 MPa, 20 minutes as a function of coat thickness fro2 06 £.M...........c.cevvvvvvieeennnee 181
Figure6.11: Joint interface shear strength as a function of coat thickness AZBIgNi

coat/Ti6Ak4V joints made at 54C, 0.2 MPa, 20ninutes for coat thickness from210  £182
Figure6.12: SEM of fractured surface for bond made usieg11540C, 0.2 MPa, and 20

minutes: a) MEAZ31; D) TEOAI-AV.....uueiiee et 186
Figure6.13: SEM of fractured surface for bond made usieg4540C, 0.2 MPa, and 20
minutes: a) MEAZ31; D) TEOAI-AV.....eeeiiee oot 186
Figure6.15: SEM of fractured surface for bond made usiegn8540C, 0.2 MPa, and 20
minutes: a8) MEGAZ3L; D) TEOAI-AV . ... e 187
Figure6.14: SEM of fractured surface for bond made usiegn6540C, 0.2 MPa, and 20
minutes: a8) MEGAZ3L; D) TEOAI-AV . ... e 187
Figure6.16: SEM of fractured surface for bond made usingrhp540C, 0.2 MPa, and 20
minutes: a) MGAZS3L; D) TEBAI-AV ...t 187
Figure6.17: SEM of fractured surface for bond made usingrhi4540C, 0.2 MPa, and 20
minutes: a) MGAZS3L; D) TEBAI-AV ...t 187
Figure6.18: SEM of fractured surface for bond made usingrh654GC, 0.2 MPa, and 20
minutes: a8) MEGAZ3L; D) TEOAI-AV ... e 188
Figure6.19: SEM of fractured surface for bond made usingra054CC, 0.2 MPa, and 20
minutes: a8) MEAZ3L; D) TEOAI-AV . ...oooeiiiiieiie e 188

XV


file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949699
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949700
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949701
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949701
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949701
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949702
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949702
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949703
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949703
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949704
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949704
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949705
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949705
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949706
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949706
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949707
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949707
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949708
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949708
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949709
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949709
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949710
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949710
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949711
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949711
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949712
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949712
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949713
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949713
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949714
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949714
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949715
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949715
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949716
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949716
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949717
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949717
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949718
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949718

Figure6.20: SEM micrograph and XRD spectra of fraetlisurface for bond made usingra,
540°C, 0.2 MPa, and 20 minutes: a) M@31; b) TFBAI-AV......ccc.covvveeiiie e, 189
Figure6.21: SEM micrograph and XRD spectra of fractured surface for bond made using 12
540°C, 0.2 MPa, and 20 minutes: a) MZ31; b) Ti-BAI-4V........ccccovreieeieeeeeee e 189
Figure6.22: SEM micrographnd XRD spectra of fractured surface for bond made usirggnl8
540°C, 0.2 MPa, and 20 minutes: a) MZ31; b) TFBAI-AV........cccoeivueeieeie e 190
Figure6.23: SEM micrographs of M§Z31/Ni coat/T+6Al-4V joint interface made using 12
um, and 0.2 MPa for 20 minutes: (a) 809 (b) 516C; (c) 526C; (d) 530C; (e) 546C........ 193
Figure6.24: Effect of bonding temperature on joint zone width forAEB1/Ni coat/Ti6AI-4V
joint interface using 1am coat thickness and 0.2 MPa for 20 minutes at various bonding
(S]] 0 1] = LU= PSP 194
Figure6.25: SEM micrographs and EDS point analysis of AE81/Ni coat/T+6Al-4V joint
interface after bodingat536C and 0.2 MPa for 20 minutl®s and
Figure6.26: SEM micrograph and WDS line analysis for joint of-NMg31/Ni coat/TH6Al-4V
joint interface after bondingat5%®, 0.2 MPa for 20 minut.4% and 1
Figure6.27: Micrahardness profile for MA\Z31/Ni coat/Ti6AI-4V joints made at 0.2 MPa, 20
minutes, 12um coat thickness for bonding temperature from 500 t6G40....................... 197
Figure6.28: Joint interface shear strength as a function of bonding temperature-fZ3¢Ni
coat/T+6Al-4V joints made at 0.2 MP@0 minutes, 121m coat thickness for bonding
temperature from 50B4CPC. ........cc.oiiiiviiie et 198
Figure6.29: SEM micrograph and XRD spectra of fractured surface for bond made€@t 520
em, 0.2 MPa, and 20 minutes: a) M@ 31; b) TFBAI-AV. .....ooovvriiiiiiiieiee e 201
Figure6.30: SEM micrograph and XRD spectra of fractured surface fuwl btade at 51C, 12
em, 0.2 MPa, and 20 minutes: a) M@ 31; b) TFBAI-AV. .....ooovviiriiiiiieee e 201
Figure6.31: SEM micrograph and XRD spectra of fractured surface for bond madé€@t %20
em, 0.2 MPa, and 20 minutes: a) M@ 31; b) TFBAI-AV. .....oooovmriiiiiiiieee e 202
Figure6.32: SEM micrograph and XRD spectra of fractured surface for bond madé€@t %30
em, 0.2 MPa, and 2thinutes: a) MgAZ31; b) TFBAI-AV. .....ooovvviiiiiieie e 202
Figure 6.33: SEM micrograph and XRD spectra of fractured surface for bond made€@t 520
em, 0.2 MPa, and 20 minutes: a) M@ 31; b) TFBAI-AV. .....ooovviiiiiiiiiee e 203
Figure6.34: SEM micrograph and EDS point analysis of fractured surface for bond made at
53C, 12 em, 0.2 MPa -AZalnb)iTi6AB4V.mi..n.u.t..e.s........a203 Mg
Figure6.35: SEM micrographs &flg-AZ31/Ni coat/Ti+6Al-4V joint interface made at 12 um
and 0.2 MPa for 52C: (a) 1 minutes; (b) 5 minutes; (c) 10 minutes; (d) 20 minutes; (e) 30

MINULES () B0 MUNULES......coiiiiiiie e e e e et e e e e e e e aa e e e 206
Figure6.36: Effect of bonding time on joint zone width for M@31/Ni coat/T+6AI-4V joint
interface bonded at 12 um, QVBPa and 528C...........oooveiiiiieee e 207

Figure6.37: SEM microgaphs and EDS point analysis of M@31/Ni coat/T+6Al-4V joint
interface after bondingat520, 12 em and 0. 2...MP.a...f.a.r..208mi nut e

XVi


file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949719
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949719
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949720
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949720
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949721
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949721
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949722
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949722
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949723
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949723
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949723
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949724
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949724
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949725
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949725
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949726
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949726
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949727
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949727
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949727
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949728
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949728
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949729
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949729
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949730
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949730
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949731
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949731
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949732
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949732
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949733
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949733
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949734
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949734
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949734
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949735
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949735
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949736
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949736

Figure6.38: SEM micrographs and EDS point analysis of AEB1/Ni coat/T+6Al-4V joint
interface after bonding at 520, 12 & m d&on3D muted....MP.a.................... 208
Figure6.39: SEM micograph and WDS line analysis for joint of MgZ31/Ni coat/Ti6Al-4V

joint interface after bondingat520, 0. 2 MPa and 1.2..em..f.0.20920 mi n
Figure6.40: Micrahardness profile for M@\Z31/Ni coat/Ti6AF4V joints made at 0.2 MPa,

520°C, 12 um for bonding time from 1 t0 60 MINULES............cceeieiriiieeee e 211
Figure6.41: Joint interface shear strength &srection of bonding temperature for M&Z31/Ni
coat/Ti6Al-4V joints made at 52C€, 12 um, and 0.2 MPa for bonding time from 1 to 60
00T UL =T PP UPPUPP PP PR 213
Figure6.42: SEM micrograph and XRD spectra of fractured surface for bond madé@t %20

em, 0.2 MPa, and 1 minute: @) MZ31; b) TEBAI-AV.......oovviiiiiiiiii e, 216
Figure6.43: SEM micrograph and XRD spectrafrafctured surface for bond made at 82012

em, 0.2 MPa, and 5 minutes: a) M@31; b) TEBAI-AV. ... 216
Figure6.44: SEM micrograph and XRD spectra of fractured surface ful btade at 52T, 12

em, 0.2 MPa, and 10 minutes: a) M@ 31; b) TEFBAI-AV. .....oooviiiiiiiiiiiee e 217
Figure6.45: SEM micrograph and XRD spectra of fractured surface for bond mad€@t %20

em, 0.2 MPa, and 20 minutes: a) M@ 31; b) TFBAI-AV. ......ooovviiiiiiiiiiie e 217
Figure6.46: SEM micrograph and XRD spectra of fractured surface for bond madé€@t %20

em, 0.2 MPa, and 3fhinutes: a) MgAZ31; b) TFBAI-AV. ....cooovvviiiiiiiie e 218
Figure 6.47: SEM micrograph and XRD spectra of fractured surface for bond made€@t 520

em, 0.2 MPa, and 60 minutes: a) M@ 31; b) TFBAI-AV. .....ooovviiiiiiiiiieie e 218
Figure6.48: SEM micrograph and EDS point analysis of fractured surface for bond made at
52C, 12 em, 0.2 MPa-AZ3gk h)di6A-4Vni..n.u.t..e.s..:.....a..)21Mg
Figure6.49: SEM micrograph and EOf®int analysis of fractured surface for bond made at
5200C, 12 em, 0.2 MPa  -AZ3lnbiTiaAB4V.m.i..n.u.t..e.s.......a219 Mg
Figure6.50: SEM micrographs of M8Z31/Ni coat/Ti6Al-4V joint interface made at 520,

12 pm for 20 minutes: (a) 0 MPa; (b) 0.2 MPa; (c) 0.4 MPa; (d) 0.6 MPa; (e) 0.8.MPa222
Figure6.52: Effect of bonding pressura int zone width for MgAZ31/Ni coat/Ti6AI-4V

joint interface after bonding at 12 um and B20or 20 MINULES............ccceeeeueeeeeeeveeeeeeeanee 223
Figure6.51: SEM micrographs and EDS point analysis ofAEB1/Ni coat/T+6Al-4V joint
interface after bonding at 520, 12 em and 0. 6...MP.a..f.0r.228 mi nut
Figure6.53: SEM micrograph and WDS line analysis for joint of-Mg31/Ni coat/TH6Al-4V

joint interface after bondingat520, 0. 4 MPa and 1.2..em..f.0.22420 mi n
Figure6.54: Microhardness profile for M@\Z31/Ni coat/Ti6AF4V joints made at 52C, 12

pm, for 20 minutes and bonding pressure from 0 t0 0.8 MPRa...............ccevvvivemeeiivinnnnnn. 226
Figure6.55: Joint interface shear strength as a function of bonding pressure-faf 34gNi
coat/TFB6AI-4V joints made at 52C, 12 um, for bonding time 20 minutes and bonding pressure

L0 T T O (o T 018 T 1Y/ - SR 227
Figure6.56: SEM micrograph and XRD spectra of fractured surface fuwl btade at 52T, 12
em, 20 minute and 0 MPa bonding pressure: a)M§1; b) TE6AI-4AV. ... 230

XVii


file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949737
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949737
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949738
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949738
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949739
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949739
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949740
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949740
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949740
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949741
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949741
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949742
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949742
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949743
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949743
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949744
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949744
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949745
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949745
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949746
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949746
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949747
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949747
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949748
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949748
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949749
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949749
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949750
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949750
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949751
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949751
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949752
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949752
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949753
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949753
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949754
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949754
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949754
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949755
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949755

Figure6.57: SEM micrograph and XRD spectra of fractured surface for bond madé@t 20

em, 20 minute and 0.2 MPa bonding pressure: adA81; b) TE6AI-4V. .........covvvvrrrrnnnnns 230
Figure6.58: SEM micrograph and XRD spectra of fractured surface for bond ma2é@t 12

em, 20 minute and 0.4 MPa bonding pressure: aA81; b) TEGAI-4V. .......ccovvvvvirrinnnnnns 231
Figure6.59: SEM micrograph and XRD spectra of fractured surface ful brade at 52T, 12

em, 20 minute and 0.6 MPa bonding pressure: aA81; b) TEGAI-4V. .......ccoevvvviirinnnnnns 231
Figure6.60: SEM micrograph and XRD spectra of fractured surface for bond mad€@t 520
em, 20 minute and 0.8 MPa bonding pressure: adA81; b) TEGAI-4V. .........coevvvrrrrnnnnns 232

Figure6.61: SEM micrograph and EDS point analysis of fractured surfatmifar made at

52C, 12 em, 0.6 MPa  -AZalnbiTi6AB4V.m.i..n.u.t..e.s.......a282 Mg

Figure6.62: SEM micrographs of M§Z31/Ni coat/Tt6Al-4V joint interface made at 12 um

and 0.2 MPa for 52 and 1 MINULE...........cceeiviiiiiiiiieeee ettt eemaee e 234
Figure6.63: AFMg-Ni ternary phase diagram and isothermal section diG{p20]............. 235
Figure6.64: MgNi-Ti ternary phase diagram at £B0[144].........cccevveiieiieireeieemsieesreenees 235
Figure6.65: MgNi phase diagram [122,146]...........uueeriiiiiiiiiiieeeiieeeeeeeee e 237
Figure6.66: NiTi Binary phase diagram [132].......cccccoeeiiiiiiiiiiiiee e 238

Figure6.67: Relation between Experimental measuanad theoretical calculated joint wid2v0

Figure7.1: Flow chart showing experimental parameters tested in chapter..7............... 243
Figure7.2: SEM micrographs of ®AI-4V/Ni nano/MgAZ31 joint interface after bonding at
52(°C and 02 MPa for 20 min: (a) back scattered image (b) secondary image............. 244
Figure7.3: SEM micrograph and WDS line analysis foi6Rl-4V/Ni nano/MgAZ31 joint

made at 52T, 0.2 MPA fOr 20 MINULES........eeeee et e e e et e e emme e e e e e e 245
Figure7.4: SEM micrographs of 9AI-4V/Cu nano/MgAZ31 joint interface after bonding at
520°C and 0.2 MPa for 20 min: (a) back scatterdge (b) secondary image................... 247
Figure7.5: SEM micrograph and WDS line analysis for6Al-4V/Cu nano/MgAZ31 joint

made at 52U, 0.2 MPa for 20 MINULES.........c.ocoiviiirieiie ettt emeeaee e, 248

Figure7.6: SEM micrographs of 8AI-4V/Cu-Ni nano matrix/MgAZ31 joint interface after
bonding at 52%C and 0.2 MPa for 20 min: (a) back scattered image (b) secondary ima29
Figure7.7: SEM micrograph and WDS limmalysis for Ti6Al-4V/Cu-Ni nano matrix/Mg

AZ31 joint made at 52C, 0.2 MPa for 20 MINULES..........c.coveeeeeeeeieeeeeeeeeeeeee e 250
Figure7.8:Relation between coat tyad joint width.................oooooi 251
Figure7.9: Micro-hardness profile across joints made at’62@.2 MPa for different coat

(0 117 01T {0 1 1 PP 253
Figure7.10: Joint interface shear strength as a function of coat typgsnts made at 52C,
0.2 MP@ fOF 20 MINUEES.....uteiieie e eeeee ettt nnee e e e e et e eeeeeeeeebaa s smmeesenneee 255

Figure7.11: SEM micrograph and XRD spectra from fractured surface {6AIF4V/Ni/Mg-
AZ31 bond made at 526, 0.2 MPa, and 20 minutes: a) MZ31 side; b) Ti6AI-4V side..257

XViii


file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949756
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949756
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949757
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949757
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949758
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949758
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949759
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949759
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949760
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949760
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949761
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949761
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949762
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949763
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949764
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949765
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949766
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949767
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949768
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949768
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949769
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949769
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949770
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949770
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949771
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949771
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949772
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949772
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949773
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949773
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949774
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949775
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949775
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949776
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949776
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949777
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949777

Figure7.12: SEM micrograph and XRD spectra from fractured surface f6AIF4V/Ni
nano/MgAZ31 bond made atl%’C, 0.2 MPa, and 20 minutes: a) M@31 side; b) Ti6AI-4V
][0 [P PPPPPP 258
Figure7.13: SEM micrograph and XRD spectra from fractured surface {6AIF4V/Cu
nano/MgAZ31 bond made at 516, 0.2 MPa, and 20 mineg: a) MgAZ31 side; b) Ti6AI-4V
] 0 =PRI 258
Figure7.14: SEM micrograph and XRD spectra from fractured surface {6 AIF4V/Ni-Cu
nano matrix/MgAZ31 bond made at 526, 0.2 MPa, and 20 minutes: a) Mg31 side; b) Ti
Oy B AV o = PO PP PPPPPPPPPPPPPRP 259
Figure7.15: Binary phase diagrams for (a}Ni[132] (b) CuTi [133] (c) CuMg [29] (d) Cu
NI [L30] (€)MG-Ni [29]. ..ttt mnne e en e e nnnne 262
Figure7.16: Ternaryphase diagrams for (a) MOu-Ni [143] (b) Mg-Al-Ni [161] (c) Ni-Cu-Ti
[L62] (d) CHAI-MG [LB3]..uuueuerrrririiiiiiiieieeeiseeeereeerere et eeaaeeae e e e s e s s ammmaaaeeeeaeeessssssnnnnnnsennnssans 263

XiX


file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949778
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949778
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949778
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949779
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949779
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949779
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949780
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949780
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949780
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949781
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949781
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949782
file:///C:/Users/nada/Desktop/anas/complete%20thesis%20draft%20final%20V3.docx%23_Toc371949782

LIST OF TABLES

Table2.1: Different titanium alloy and its mechanical characteristics [12,15]....................I.
Table2.2: Comparison between Ti, Fe, Ni, and Al characteristics.[10]..............ccccvvueemnnend 7
Table2.3: Some physical characteristics for structural metal a®e\IF4V [10]................... 14
Table2.4: Physical properties and mechanical characteristics of magnesium [3,22]......16
Table2.5: Seltdiffusion coefficients irdifferent direction for magnisum [22]..................... 16
Table2.6: Effect of production methods on pure magnesium (99.9%) mechanical tigper
227 PP PP PP PP RSTPPPPRPR 20

Table2.7: Different magnesium alloys and its mechanical characteristics [21,22,27]......22
Table2.8: Mechanical properties of sheet Mg@31 at room temperture compared to aluminum
and cold rolled steel [22,35].. ..o 24

Table3.1: Composition of FBAI-4V and MgAZ31 alloys in wt. % using the WDS analysiE8
Table3.2: Mechanical and physical properties of6Fil-4V and MgAZ31 [10,12,15,22,44] 60

Table3.3: Parameters values for the diffusion bonding experiments................cccceeee.. 68
Table4.1: EDS analysis for reaction layers indicated in Fig. 4.2(D)..........cuvvveeiiiiicacnnnnee. 80
Table4.2: EDS analysis for reaction layers indicated in Fig. 4.2(8)..........uuveeeeriiiieennnnnnn. 81
Table4.3: EDS analysis for reaction layers indicated in Fig. 4.14(@)........cccvveiiriieennnee. 93
Table4.4:EDS analysis for reaction layers indicated in Fig. 4.14(€).........ccccccvviiiiieennnnn. 94
Table4.5: EDS analysis for reaction layers indicated in EiB5(2)............uuvrerereeiiiiirieennn. 106
Table4.6: EDS analysis for reaction layers indicated in Fig. 4.25(€)........cccceeeeeiieiicennnns 108
Table5.1: EDS analysis for reaction layers indicated in Fig. 5.2(h).............coovvvivvieennn... 134
Table5.2 EDS analysis for reaction layers indicated in Fig. 5.2(d)............coovvviiviieemnn... 134
Table5.3 EDS analysis for reaction layers indicated in Fig. 5.12(@)..........cccevveiiiiiieennee. 147
Table5.4 EDS analysis for reaction layers indicated in Fig. 5.12(C).........uuveeeeiiiiiiieennee. 147
Table5.5 Phase designation and composition inMgr-Ni ternary system [131]............... 159
Table5.6: ThreePhase and four Phase invariequilibria for CuMg-Ni ternary system [131].
....................................................................................................................................... 160
Table7.1: EDS point analysis (in wt%) as mentioned in figure.Z.6.................coovveeeeenens 249
Table7.2: Theoretical determination of isothermal solidification timgh .(t....................... 265

XX



CHAPTER ONE: INTRODUCTION

1.1 Background information

Magnesium has the highest strenggtweight ratio of all structural metals and due to its light
weight it has been aattractive choice for automotive and aerospace indugfri€d}. Titanium

has high strength to weight ratio and excellent corrosion resistance; hence it is an attractive
choice for aerospace industries. However, the cost of titanium compared to other metals (i.e.
aluminum and steglimit its use[4,5]. However, structures built using magnesium, titanium and
aluminum and their combinations is expected to have an increasing impact on future
developments especially where light weight structures are required in order to reduce fuel
consumption, greenhoesyases and improve efficiency of energy converting sysfgm3he

most commony used alloys of titanium and magnesium include théAlt4V and MgAZ31

alloys [719]. The developmenof joining methoddor these two dissimilar alloys will increase

their potential applications for the aerospace and automotive induktaegver, the joining of

these very dissimilar alloys which have significant differences in physical and mechanical
characteristics presents a great challenge. A variety of conventional joining techniques such as
fusion welding, adhesive bonding, solderiagd brazing are used in industry but cannot be
applied to join the FBAI-4V to the MgAZ31 alloys. Differences in the melting point and

composition of the alloys make the application of fusion welding techniques difficult.

Other methods commonly used fjoining dissimilar alloys such as adhesive bonding, soldering
and brazing offer some potential, but these two light alloys have been designed for use in

applications in which the temperature could exceed@@hd would be exposed to moisture,



alkaline ad acidic solutions. Therefore, adhesive bonding would not be suitable and for

soldering or brazing to be successful, a suitable filler metal is required.

However, other advanced joining methods such as-stdié diffusion bonding and transient

liquid phase (TLP) bonding could be suitable for joining these types of alloys because diffusion
bonding has been successfully applied to advanced metal |l@yi1]. In TLP bonding, a thin
interlayer is used to form a eutectic reaction at the joint region and this result in a metallurgical
bond. The TLP bonding process can be used to produce high temperature joints and has the
ability to bond dissimilar metals and complex alloys such as oxide dispersion strengthened

(ODS) alloyg[15].

1.2 Researchobjectives and scientific contributions

The aim of this study is to investigate the application of diffusion bonding techniques to join the
Ti-6Al-4V alloy to the MgAZ31 alloy. The first objective of this research work is to gttite

effect of bonding parameters (bonding time, bonding pressure, bonding temperature and
interlayer characteristics) on the microstructural developments and mechanical properties
(micro-hardness and shear strength) of TLP bonding. A systematic studyndastaken to
optimize the process parameters in order to minimize microstructural changes within the parent
metals and achieve optimum joint strength. Second objective was to investigate the effect of
interlayers and coatings on the mechanism of joimh&tion, and microstructural development.

The literature shows that among different available metallic foils, nickel and copper have been
successfully used as eutectic formers in TLP diffusion bonding of titanium alloys and
magnesium alloy$11,14,16 19]. In earlier stage, three different eutectic forming interlayers
(nickel, copper and aluminum) have been tested o®AT4V and MgAZ31l sysem.

Preliminary results showed that nickel resulted in higher shear strength and an evident of



eutectic formation inside joint region, as a result, eutectic forming thin foils (20 pum) of nickel
was investigated and the mechanism of joint formation wasi&eal. Copper foils resulted in
eutectic formation with magnesium at a temperature below the eutectic formation temperature of
nickel with magnesium. Therefore, and in order to take advantage of lower -copgeesium
eutectic temperature and to utilizeethetter joint quality achieved by nickel, a combination of
copper and nickel sandwich foils were tested. Thinner interlayers are expected to produce
thinner joint widths and this result in a smaller volume of liquid eutectic and less intermetallic
formation within the joint region. Therefore, thin nickel electroplated coatings were investigated

with and without Ni and Cu narugarticle dispersions.

This research work is a feasibility study in which diffusion bonding processes are used to join
these dissimilar alloys for the first time. Furthermore, the application of metallicpzatiole
dispersions in eutectic forming interlayers as a methodrifating the TLP bonding process is
investigated for the first time for this combination of alloys. The mechanism of joint formation is
investigated in order to understand the deviation of the bonding mechanism from the traditional

TLP bonding process.

1.3 Thesis structure

In chapter 2 the literature review describes the general properties of-@#d-2V and Mg

AZ31 alloys. The various joining techniques that have been applied to these alloys and the
advantages and disadvantage of each process are algssdiscThe TLP bonding process is

described and the important bonding parameters used in the TLP bonding process are discussed.

In chapter 3 the materials used in the research and the experimental work are described in detail.

The preparation of samplesfoLP bonding, the electroplating process to form coatings and the



microstructural analysis are explained. The metallographic analysis of joints using light and
scanning electron microscopies (SEM) and mechanical evaluation of joints using shear tests and

micro-hardness indentation across joints are described.

The TLP diffusion bonding using nickel foils is discussed in chapter 4. The effect of the bonding

parameters on joint microstructure, midrardness and joint shear strengths is discussed.

Chapter 5describes the application of double sandwich foils of nickel and copper, and
investigates the effect of interlayer arrangement on microstructural developments across the

joint, micro-hardness and strength, as well the mechanism of joint formation aresgidcu

The applications of thin coatings of pure nickel and nickel/copper-pariwles to facilitate the
bonding process are discussed in chapter 6 and 7, respectively. In addition to the bonding
parameters discussed in earlier chapters, the effectsadftlickness on microstructural and

mechanical property are also presented.

Finally, the conclusions of this research work and future work recommendations are presented in

chapter 8.



CHAPTER TWO: LITERATURE REVIEW

2.1 Introduction

Titanium and magreum alloyshave been used in aerospace, marine and automotive industry
because of their attractivenechanicalproperties andohysical characteristics. However, the
ability to join dissimilar alloys such titaniurto magnesium system may increase its use
aerospace, automotive and biomedical applicatibherefore in this chapter the different types

of titanium and magnesium alloys are discussed. The possible joining and weldingjues,
which can be applied t@in dissimilarmetals andalloys, arediscussedghowingthe ability and

limitation of eachtechnique to bond this system of titanium and magnesium alloy.
2.2 Titanium alloys

2.2.1 Titanium overview

Titanium and its alloys have a variety of excellent physical and mechanical characteristics,
which indude high strength to weight ratio, corrosion resistance and low thermal conductivity.
These properties make titanium very attractive for different engineering applications in the
aerospaceoil and gas industrieand biomedical industriesThe titanium ha been used in
aircraft manufacturing (high strength to weight ratiagyeengines (high strength, high creep

resistance) and chemical industry (corrosion resisti@2@e)l ]

Titanium, like iron, can exist in more than one crystalline seThpre are two crystal structures

of titanium, the closegp a ¢ k e d  h epasegaamatdmpddature and pressure, and a body
cent er e-phase whidh ¢s arballotropic transformation at°885and is stable up to the
melting point, The alloying elements have a great effect on the transformation temperature, and

some elements (e.g., ¥e, Cu, and Ni) decrease the transformation temperature and are known



as beta stabilizers. On the other hand, elements (e.g. Al, C, O) which increase the transformation

temperature arealled alfa stabilizer22,23]

Four categories of titanium alloys are recognizstj24}.

1. Alfa alloys; nonheat treatable, corrosion resistant, includes neutral alloying elements and

alfa stabilizers.

2. Nearalfa alloys; heat treatable, includes2¥% of beta stabilizers where remaining are
alfa stabilizers.

3. Alfa-Beta alloys; heat treatable, stable high strength, includes both alfa and beta
stabilizers.

4. Beta alloys; heat treatable, includes beta stabilizers.

0.468 nm

Figure 2.1: Unitcellfor t i t an-p mas ¢ a a-phdse[20p) b



The various titanium alloy grades and their mechanical characteristics are presenteit:table

Table 2.1: Different titanium alloy and its mechanical characteristics[22,25]

Chemical Hardness Yield Tensile Elonaati
Alloy Category| composition (VHN) Strength | Strength on g/o Remarks
wit% (MPa) (MPa)
Gradel | Alfa | Ti-02Fe010| 120 | 170310 | >240 | 24 | Corosion
resistant
TIMETAL Ti-6Al-2.7Snr High strength
1100 NearAlfa | 4Zr-0.4Mo 340 900950 |101061050| 1016 at elevated
0.4S temperatures
Ti-6AI-4V | Alfa-Beta| Ti-6AI-4V | 300400 | 8001100 | 9001200 | 1316 | UMversal
Ti-11.5Mo Cold
Beta IlI Beta 671-4.55n 250450 | 8001200 | 9001300 | 8-20 workable

Although titanium and titanium alloys are considered attracfveuse inmany engineering
applications, the cost associated with titanium production and market ljpnitats use to

critical components or functions in which its use is necessathidarequired performang20].

Table 2.2: Comparison between Ti, Fe, Ni, and Al characteristicf20]

Ti Fe Ni Al
Melting Temperature (°C) 1670 1538 1455 660
Allotropic Transformation (°C) B 882 o v 212 o - -
Crystal Structure bec — hex fee — bee fee fee
Room Temperature E (GPa) 115 215 200 72
Yield Stress Level (MPa) 1000 1000 1000 500
Density (g/cm’) 45 7.9 8.9 2.7
Comparative Corrosion Resistance Very High Low Medium High
Comparative Reactivity with Oxygen Very High Low Low High

Comparative Price of Metal Very High Low High Medium




In general titanium ands alloys are considered weldablesing fusion weldingtechniques

Howe\er, the alloying elements appear in titanium allsysh as aluminum and vanadiunay
prevent/hinder or at least affect the quality and the ability to produce a sound joint by fusion
welding. Another parameter affect the titanium allgldability by fusion welding is the
transition temper.@dhefunei dm omdIUd it o @ Bdi.ea MbA-E b oy

4V) resulted ina discontinuous microstructurgvhich affects thefinal mechanical propertiesf

the weldment$20,25,26] TheUt i t ani um al |l oys have betther wel
titani um @lloyshndtesearehrhasshownthatthe t it ani umaloys b t it
needa postweld heat treatment to redie the brittleness of the joidaused by the phase

transformatior27].



Ti compressor spool
(front part)

Figure 2.2: Examples of engineering application for titanium: (a)GE-90 aercengine (b) aircraft engine

fan disk; (c) bulkhead for a twin engine military aircraft ; (d) Ti-6Al-4V seamless rolled rin
[20].
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2.2.2 Titanium production

Titanium is the fourth most abundant metalthe Earthd s  rafter slaminum, iron, and
magnesium. Rutile (Tig) and ilmenite (FeTig) are the mainsourca of titanium. The
production ofpure titanium withhigh ductility was consideredifficult to attain due to the

tendency of titanium to react with atmospheric oxygéowever,a new extraction proces&s

invented by Kroll in Germanyn 194Q in whichaift i t ani um spongeodo was p
reduction of titanium tetrachloride and magnesium in inert gas atmoggbére
The production of titanium includeise following step$25,26,28]
1. Spongepelletsmaking: Mgreduction of Ti tetrachloride (TCT)
2. Melting: Induction, arc miéng, and electron beam melting (EBM)
3. Casting: high precision process cast as investment cgsting
4. Primary and final processing: powder metallyrgy
5. Alloying: alpha + beta stabilizers
A major component of titanium production is the alloying elements. Alloying elercantbe
classified based on the effébe alloying constituent haven titanium into The additionof the
alloys can affect the phase formed and shift in tthesformatio temperature ophases in
titanium. Examples of alpha stabilizers are: aluminumiirogen, carbon and oxygen. Hee
el ements result in more U stable phastmoveand he
882°C. Among all U st albxyden are widely usad i imdustry, whilea n d
aluminum has a high solubility in U and b pha

titanium.
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For b stabilizers, vanadium, molybdenum, iron

c o n t transformation temperature.

The transformation betwedh (PHC p h as e aphabsecdn occuB &ltiz) martensitically

or by diffusionand nucleation growth depending on the cooling. rat@vever, the hardening
mechanism (i.e. precipitation hardening,idaolution hardening, dislocation, and boundary
hardening) can be seen in commercially alloy

phaseg$20].

Figure 2.3: Sponge-making production of titanium (low magnification) [20].
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2.2.3 Titanium alloy: Ti-6Al-4V
Although there are over 100 different titanium alloys that have been developed, anB020
have been commercially available and the dominant titanium alle§AIF4V occupies about

50% of the total usage ihe aerospace industry.

Ti-BAI-4Y 56% —— 1t ~— BAlloys 4%

N Alloys 14%

Figure 2.5: Usage of titanium alloy by type in USA marketin 1998[20].

The chemical composi ti on o-S$tabilizériasweklds vaoagiumar c | ud
b-stabilizer. This combination leads to a great effect on the characteristics of the alloy based on
the percent fraction odhaeaesae hi 9 hlpssssbasedibantee tdhue t |
fact that the body centered cubic is less deghae hexagonalpackedand hexagonagbacked

planes allow more plastic deformatias it has more slip plan systeAn example of this effect

was given by Leyens and Peters (2003) thataddition ofluminum( {Stabilizers BCC crystal

structure) deteriorates the ductility evenenhances the creep resistance and the corrosion
resisance furthermorethis effect was also expected duedte f f usi on c o-phisei ci ent

istwooder s | ess -phabd22). t hat of b

The Ti6AI-4V alloy plays a significant role in a wide range of applications, including the

biomedical, aerospace, chemical, marine industries. This is due the excellent properties of this



14

alloy such as biocompatibility, corrosion resistance, high strength to weight rgierpkastic

formability [24,30]. However, the frame of Boeing 777 contains at least 10% titanium, where Ti

6Al-4V is the dominar20].

Table 2.3: Some physical characteristics for structural metal and TF6AI-4V [20].

Physical property Ti-6Al-4V | Al Ni
Linearcoefficientof thermal expansion (I&™) 9 23.1] 13.4
Thermal conductivity (W MK™) 7 237 | 90
Specific heat capacity (JK&™) 530 900 | 440
El ectrical resistivit 1.67 0.03 | 0.07

Comparing theTi-6Al-4V alloy with aluminum and nickel, it can be seen the titanium alloy has

less thermal expansiatpefficient and thermal conductivityhence Ti6AI-4V is considered a

good candidate for applications need high strength to low thermal conductivity. On the other

hand, the highvalue of electrical heat resistivity hindetle application of FBAI-4V in

electrical applications.
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2.3 Magnesium alloys

2.3.1 Magnesium overview

Magnesium is the lightest of all structural met@y and has some attractive properties over
other metals such as low density, highspecific strength, good formability, and corrosion
resistance. But on the other hand, there are few properties ofesnagn that limits its
application, such as low strength at moderate teriyreis high chemical reactivityith water

and oxygen,andlow toughnes$8].

However, recently magnesium and its alloys have received an increased attention for use of the
alloy in the automotive, aerospace and electrical applications where weight reduction is very
importart in parallel withhigh specificstrength[8,9,31] Furthermore, there is an interest in the

automotive industry to increase fuel efficiency and to reduce emissions to the envirf@jment

Magnesium crystal structuteas alattice ratioof 1.6236 which is close tan ideal value of
1.633 Therefore, mgnesium is considered asperfect hexagonallose @ckedstructure as

shown in figure2.6[32].

1
%

[1120]
a, (o001)

Figure 2.6: Magnesium unit cell[32].
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Table 2.4: Physical properties and mechanicalcharacteristicsof magnesium[9,32].

Property Magnesium Aluminum [ron
Crystal structure HCP FCC BCC
Density at 26C (g/cnt) 1.74 2.7 7.86
Coefficient of thermal expansion 2000°C
25.2 23.6 11.7
(x10°/°C)
Elastic Modulus (MPa) 44.126 68.947 206.842
Tensile strength (MPa) 240 for AZ91D | 320 (for A380) 350
Melting point C) 650 660 1536

Magnesium hsa density of 1.74 /gm® and when compared to titanium or aluminum, (density
4.51 glem®, 2.7 glen?®, respectively) itis 61% lighter than titanium and 35%ighter than
aluminum.Furthermorewhen it comes to specific strength (strength to weight ratio) esagm

has excellent characteristics over aluminum and[BE8].

Since magnesium crystal structure is uniaxial, the diffusion rates take different values based on
the direction, i.e. if the diffusion is parallel or perpendicular to the c axis (see figurE32].6)

Table 2.5 shows the sdtiffusion coefficient at different directions.

Table 2.5: Self-diffusion coefficients in different direction for magnisum [32].

Purity Do [crifs] Doo {igm Qy[kJ/mol] Q, [kJ/mol]

99.9% 15 1.0 136.1 134.8
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The weldability of magnesium and its alloys have been investigated since 1924. Tiumgsten
inert gas (TIG), metadrc inert gas (MIG), diffusion bonding (DB), amaser welding (LW)
have been used stessfully to weld magnesium. However, limitations still exist whase
formation ofcracksinside weldsoxide filmsat the joint interfacecavitieswithin weld poo and
broad nelting interval of magnesium (42620 °C) resulted inresearchtowards alternative
welding teclmiques br magnesium ands alloys [32,34] Recently TIG and MIG techniques
have been used to weld magnesium alldyswever, bothtechniques resulted in changes in
microstructure and mechanical properties, heat affect zone and resids§B4}r Furthermore,

the differences inthermal conductivity, melting energy, and thermal expansion between
magnesium and aluminum makes the comparison between magnesium welding to aluminum
welding not possible as an exampjeonly 60% of the energyis required to melt the same
volume of Mg compared to Al, furthermore, only 1/3 the required energy for welding Mg is
required to weld the same amount of Al as a result of lower thermal conductivity of Mg
compared to Al[32] (thermal conductivity of Mg is equal t66W-m' *-K'*, and for Al is equal

to 237W-m'L.K"™).

/ Others 10%

Aluminium alloys

45% _— Wrought products
(forgings, sheets, profiles)
1%
™ Desulphurisation
of steel
14%
Reference: Hydro Magnesium \\\— Mg-die castings 30%

Figure 2.7: Distribution of magnesium applications[32].
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Figure 2.8. Engineering component made omagnesiumalloys: (a) engine box; (b)eat frame (c) doo

frame; (d) oil pan and (e) wheel drivg9].
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Body parts (including outer skin)
(e.g. engine bonnet, door, roof)

Engine parts Interior
gine pa components
(e.g. oil pan, \/ (e.g. seat)
cylinder head cover) Q

¥

= Chassis
(e.g. wheels,
suspension)

C—_— Structural components
(e.g. door aggregate support, front bumper,
instrument panel, different pillars, beams)

Picture of VW-Lupo

Figure 2.9: Application of magnesium in engineering structural componet (a) all Mg aircraft (b)
Missile with 100Kg Mg in sheet and casted (c) tail of satellite rocket (d) Mg
automotive VW car [32].



20

2.3.2 Magnesium production

Magnesiums considered as thexth most abundant element foundtive Earthd srust[31]. The

main source of mgnesiumare magnesite (MgCeg), dolomite (MgCa.CaCQ) and sea water

[9]. Each one cubic meter of sea water contains 1.3 kg of magng&sjinMagnesium can be
produced by reduction of magnesium oxide using silicon (metallothermic) or from sea water
using magnesium chloride (electroly§i8). The mechanical property of magnesium is affected
by the production method; table 2.6 shows the effect of productidhotheon mechanical

propertesof pure magnesiur(99.9%)

Table 2.6: Effect of production methods on pure magnesium (99.9%) mechanical

properties [32].
. Tensile Tensile Compressive| Elongation Brinell

Production . .

ne strength yield strength| vyield stress % hardness

P MPa MPa MPa BHN
Sand cast 90 21 21 2-6 30
Extrusion 165206 69-105 34-55 5-8 35
Hardrolled 1 4550 115140 105115 2-10 4547

sheet
Annealed | 65195 90-105 69-83 315 40-41

sheet




21

The alloying of magnesium ften necessaryeforeit is usedn any engineering applicatipas
a result of the chemical reactivity of Mé¢dHowever, ten elementgecommonly used aalloys in

magnesium([32].

The addition ofaluminum, zinc and rare earth elemefits. Thorium, Yttrium and Zirconiun
can be used to enhantte mechanical characteristics amdend the use of magnesium alloy for
industrial applications. Recently,agnesium alloy$avereplaced stes| aluminum and copper

alloys in many engineering components especialtiéautomotive industry[9,33,36]

Magnesium is chemicallyery active, and theaddition of alloying elements modf its
characteristicby changing its chemical affinity and reactivity which lead to stable compounds
However, the addition ofalloying elementscan result in the formation ofintermetallic
compounds The main mechanismsif increasing the strength ofmagnesiumis by solid-
solution and precipitation hardenir{§1]. Although many elements are used to alleyth
magnesium, aluminum and zinc ahe most preferable choices. The addition of aluminum to
magnesium up té wt. % or less enhanedhe mechanical properties of magnesium (iensile
strength and hardnes3he use of aluminum alsenhances the castability and heat treatroént
magnesiumThe formation of MgAl;> was observed when aluminuwvas used as an alloying
element for magnesiuf®2]. The addition of zincwhenused with dber alloying elementsuch
asaluminum or ironcan further enhance when compared to the single elements addition. The
addition of zinc with aluminum resulted in enhancement of strength while maintaining the
ductility of the magnesium alloy. The addition of zinc with iron, enhance the corrosion
resistancecharacteristics of the magnesium all®L,37] . The addition of zinc to magnesium
aluminum alloy resulted in transformation of M#l1,t0 Mgs2AlZn)agwhen the ratio of zinc to

aluminum is more thath to 3[32].
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Addition of nickel and copper to magnesium resuft the formation of hardntermetallic
compoundsuch asMg,Ni andMg,Cu. However theaddition of nickel enhansghe strength of
the magnesium alloy at room temperature, wthieaddition of copper enhances the strength
both at room and elevated temperatyasove 178C). Addition of nickel and coppesan also

deteriorate the ductility and corrosion characteristics of magnesium EBIbRsi 39].

Table 2.7: Different magnesium alloys and its mechanical characteristic81,32,37]

Basic Tensile ) Shear
_ Elongation Hardness

Alloy alloying strength strength

% (HRB)

elements (MPa) (MPa)

AZ31 Al, Zn 260 15 130 49
AZ61 Al, Zn 310 16 140 60
AZ80 Al, Zn 380 7 165 82
HM31 Th, Mn 290 10 150 -
ZC71 Zn, Cu 360 5 - 70-80
Zk40 Zn, Zr 275 4 - -
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2.3.3 Magnesium alloy: MgAZ31

The magnesium alloyMg-AZ31 containsboth aluminum and zinc in order to enhance the
mechanical properties of the magnesium at room temperg@ur&dhe MgAIl-Zn systemhas
received the most attention automobileindustry because the alloy can be cast or formed by
extrusion, and the tensile strength and yield strength increased with addition of Al and Zn
[40,41]) Recently, automobile manufacturessich as Volkswagen haveised lightweight
magnesium alloys M@Z21 and MgAZ31 in the production ofariouspartsby deep drawing

[42].

The attractive strength to weight ratio of M@31 alloy in addition to its modulus ofasticity
which is comparable to the human bone modulus of elasticitp [4BR) as well its ability to

be abiocompatiblamplement, all of this makes it a very attractive choice for various biomedical
applications e.g. dental prostheti€sirthermoremagnesium is not harmful to human body and

it could be used as a healing for bone ti4d3é

Recently Jinand Khan (2012¥uccessfully applied TLP bonding to join Mg 31 alloy using
pure nickel interlayex A eutectic was formed between the Mg andaNd on joint formation a

maximum shear strength of 36 MPa was reported for a bonding time of 60 njitjtes

Table 2.8 shows the basic mechanical properf@salloys used irautomobile productignit

includeMg-AZ31, Aluminum (AIMg4.5Mn0.4) and cold rolledeel (DCO04).



Table 2.8: Mechanical properties of sheet MgAZ31 at room temperture compared to

aluminum and cold rolled steel[32,44]
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AZ31
. . AZ31 AZ31 AZ31 AlMg
Properties| Symbol| Unit Annealed Work- Experimental Commercial| 4.5Mn0.4 DCo4
hardened
Tensie | o |MPa| 221275 | 269 230280 | 220290 | 279 | 306
strength
Yield
Rpo2 | MPa -- 200 130200 125220 146 160
strength
uniform | ] o - - 10-18 - - .
elongation
Elongation 1 o | 12 6 10-23 8-21 26 40

at rupture
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2.4 Joining of titanium and magnesium alloys

2.4.1 Introduction to joining techniques

The integration ofjoining technology in themanufacturing process offerexibility in
fabrication and production of engineering componeHwever, the need to join dissimilar
alloys and metals in any engineering system requires a careful selection of joining techniques

The factorghat caraffect thetype of joining method chosen ashown in figure 2.10.

Environmental protection Design Function,

and work safety (Materials, configuration, generated properties
(Consumption of raw materials geometry, surfaces, (Mechanics, optics,
and energy, emissions, accessibility, weight) haptics, lifetime,

recycling, waste disposal, corrosion and ageing)
ventilation, extraction,
radiation protection,

risk of injury)

Economy
(Investment and
operating costs, pro-
ductivity, possibility
of automation,
personnel require-
ments, reworking)

After-sales
service
and repair
(personnel training,
stability of properties,
infrastructure, disjoining)

Manufacturing compatibility Process reliability
(Assembly and sequence of assembly, availability of (Quality, reproducibility,
working and ancillary materials, cycle times, tolerances, process monitoring,
distortion, subsequent manufacturing steps) non-destructive testing)

Figure 2.10: Selection criteria for joining process[32].
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2.4.2 Fusion welding

Fusion welding is considered as one of the most commonly used welding techniques in
manufacturing[45]. The fusion process brings about joint formation by melting and then
solidification. The joint region consists of different zones namely, weld pool with a cast
structure, a chill zone, and heat affected zone. During fusion welding there is a steep teenperat
gradient from a molten weld pool to the colder section of the parent metal which results in a
change in the joint microstructure and phase structure. The weld pool temperature is above the
melting point of the metal being joined and shielding is useprotect it and this is either in
gaseous or a solid flux. The fusion process includes gas welding, stick welding, submerged arc
welding, gas metal arc welding, tungsten inert gas welding, electron beam welding, and laser

welding.

Balasubramanian et aR@11) suggest that gas tungsten arc welding (GTAW) is the preferred
technique to join reactive metalsdaalloys such as T6AI-4V becauset is easy to apply and it
is not expensive compared to other joining techniguesh as laser welding or electrorabe
welding However, the GTAW technique also results in the coarsening of microstructure of the

Ti-alloy which detericates the strength of the allpi6].

Liu and Dong (2006) studied ttmitogeneoususion welding of MgAZ31 alloy, using GTAW

with and withoutthe aid offiller metal composedf Mg-AZ61 wire. Theresuls showed that the
grain size of the heat affected zone (HAZ) and fusion zone (FZ) varied significantly when the
filler metal wire used. Such that the grain size varied fre@8i6m when GTAW applied
without filler wire and from 1318 um with filler wire. This change in grain size resulted in

different strength and fracture location after tensile testugling a filler metal ofMg-AZ61
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wire resulted in enhancement in tensteength and fracture location949% strength of base

alloy was achieved with filler wire compared to 90% without the filler \i@g.

Sun and Karppi (1996) studied the Bggtion of electron beam welding for the joining of
dissimilar metals, the high density of energy and the high control of beam size and location
make this process very attractive, and the process shows great potential for joining dissimilar

metals.

Balasibramanian et al. (2011) suggested the applications of electron beam welding and laser
beam welding methods are considered more appropriate to jafloyj although these are
expensive alternatives. The literature shows a great interest in joini®gl-AV alloy using
electron beam welding, and the results show that higher tensile strengths at the joint is achieved
when compared with other welding techniques such as laser welding or gas tungsten arc welding

[46].

Scintilla et al. (2010) discussed the welding of-Mg31 alloy shet with thickness of 3.3 mm

using the YAG laser under the presentéelium and argon inert gasdsiree valusfor power

input were investigated; 1750W, 1875W, and 2000W. The lower heat input resulted with the
highest ultimate tensile strength (UTS) ab®b% of base alloy strength. The weld bead showed

less defects in case of 1750W, where surface defects appeared on the bead surface for higher

power inpus with less deep penetratip43].

Quan et al. (2008) discussed the use of [@€er for joiningthreedissimilarmagnesium alloys
namely; MgAZ31, AM60 and ZK60 The tensile strength value was very clésethose values
of parent metal alloy§90% of base metal alloysiligher welding speed of 3.5mm/min resulted

in shorter weld bead compared to welding spgfe@mm/min. Furthermore, heat affected zone
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was wider when weldindM60 and ZK60compared to M@AZ31. The hardness tests indicate a

sudden decrease at the heat affected zone (HAZ) compared to the base mé¢t#]alloy

In fusion welding the high heat input affethe parent metal microstructure i.e. coarsgroh

the grain sizedeterioration in the mechanical strengthicro-voids and hot crackimside joint
zone[50i 52]. The main concern about the application of fusion welding to the joinirGAIFi

4V and MgAZ31 is the difference in the melting point between these two alloys (i.e. liquidus
point for Mg AZ31 is 628C [17], where the meihg point of Ti6AI-4V is 1600C). This
difference in melting points makes fusion welding process not applicable for joiniregytihes
dissimilar alloys.In regards to joining dissimilar metadnd alloys other joining techniques
include diffusion bondingbrazing, and adhesive joining is mainly used in order to overcome the
difficulties faced in fusion welding techniques. This is because melting of the parent alloy is
avoided and the parent metal microstructure remains in-stalid format. Diffusion bating is
considered superior for dissimilar metal joining and is still the highest in publications among

other joining techniquegl5].
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2.4.3 Adhesive bonding

The use of adhesive bonding as another alternative to join dissimilar metals has been
documented in the literatu[g3]. Materials used fordhesive bonding can be classified either as
thermoplastic (which is water soluble and melt with heating) or thermosetting (which is not
water soluble and bunvith heating). The advantage of using adhesives includes no weight gain,
uniform distribution of stress, and provides bonding over irregular surfaess well the
application to complex shapes which reduces the amount of machining after.j@iméngrocess
includes surface preparation thie bondingmetak and applyinghe adhesive ithe form of a

liquid, and curing the adhesit@ achieve full joint strengtf54].

Joining metal to metal or metal to polymer is possible using adhbsinding The use of
adhesivenave an advantage of reducing the weight of the bormbngponents, also it does not
distort the joint region as in fusion weldinghe process include some limitations such as safety
because the adhesive material is flammable, emission is not controlled and time consuming for

curing[55].

The main disadvantage of adhesives is that the joint cannot be used in service temperatures
above 300C and is sensitive to environmental conditions (e.g. water moisture and humidity).
Joint design is critical forhie success of adhesive joints and joint design which uses shear for

adhesive applications must be encourd§&il
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2.4.4 Soldering and Brazing

Soldering and brazing processes involve joining using metal interlayer placed between two
parentmetal surfaces and the process includes heating the filler metal until it melts. The main
difference between soldering and brazing is the joining temperature, such that in soldering the
applied process temperature is less thaltf@s@here in brazing thapplied process temperature

is greater than 45C. Three steps can explain the mechanism of joining and involves surface
wetting, alloying with the surface and spreading through capillary action. The brazing process
can be carried out in vacuum or in air.

Soldering and brazing is considered as a possible joining technique to solve the joining problem
faced in fusion welding since the parent metals remain in the solidBtareng is considered as

one of the most widely acceptable techniques for joiniagiatilar metals and alloy56,57]

Chan and Shiue (2003) reported the brazing e8Al+4V to a molybdenum alloy (T2M) using

pure silver as an interlayer, and sound joints were achieved &\C1[H®).

Liu et al. (2002) studied the process of brazinggAi-4V to 304 stainless steel using three
different silver based alloys as interlayers. ThesAi-4V suffered from phasseparation at a
brazing temperature of 88D. It was suggested that the use of silver as braze material with
titanium based alloys, such that the formation of TiAg intermetallics enhanced the toughness of
the joint. The advantage of using silver as briaterlayer was that the melting point of silver
was | ess than the trapBigition temperature from
In both soldering and brazing the service temperatfréhe joint must bebelow the melting

point of the soldeng or brazingnaterias.
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2.4.5 Solid-state Diffusion Bonding

In the solidstate diffusion bonding processetsurface of the metale be joinedare brought
together and thigitimate contact allows for interdiffuen of elementsacross the bonihterface

and allows for micreplastic deformatiorwhich togetherform the bond[58]. The parameters
involved in solidstate bonding includes: bonding time, bonding temperature, contact pressure,
and surface roughness. It is suggested that the bonding time and bonding temperature are the
most citical parameters that can affect joint shear strenffiB§ Furthermore, in soligtate

diffusion bonding, an interlayer can be used to facilitate the joint form§@0n62]. The
bondingprocess takes place at a temperature betweer880%ocof the melting temperature of

the parent metal or the interlayer. Interdiffusion occurs betwée parent metal and the

interlayer, high pressure is required to achieve a sound§dht

Applying solidstate diffusion bonding atlevated bonding temperature and bonding pressure
resulted in change in the microstructure within in the bonding zone and at the joint interface
[64]. These changes affect the properties of the joint and can result in either the enhancement or
deterioration of the joint strength. Dissimilar metals can be successfully joined together using
diffusion bonding with minimuneffecton the joint region and farface. The bonding process is
performed so that the bonding temperature is less than the solidus temperature of the parent

metals in a dissimilar joining system.

The solidstate bonding of two dissimilar metals; Cu and Fe has been studied under elevated
temperaturegbove 808C) and high bonding pressure.15 to 3.85 MPh It was noticed that the
microstructure near the bond interface has changed. The mechanism controlled the bond
formation is assumed to be the interdiffusion across the bond intertaesebeCu and Fevhich

also decided the final joint properties. Two processes was also noticeestatdighrecipitation

























































































































































































































































































































































































































































































































































































































































































































































