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ABSTRACT

The ability to effectively join magnesium alloys to stedl facilitate increased application
and use of Mg alloys in the automotive and aerospace industries where joining Mg alloys to
steel in order to achieve light weight, versatile and tailored properties in one composite part
is highly desirable.The current thesis detail@) the developmenbf a laser brazing
technology for joining Mg alloy-interlayersteel dissimilar metal combinations,ii)
thermochemical analysis of phases formed at the interface of a Mgs#dlelyoint during
laser brazing(iii) the bonding mechanisms in the Mg aHloyerlayersteel joints using Al
12Si, Ni, and Sn interlayergind (v) the mechanism responsible for wettiof steé by
molten Mg alloyduring the laser brazing
Firstly, adiode laser brazing procedure has been developed for joining AB24B
Mg alloy sheet to aluminum coated steel sheet usig® Mg alloyfiller wire. The results
of this study suggest that feasibility of this process depends strongly on tbeigineg Al -
12Si coating layer on the steel sheet that promotes wetting 8fa92 Mg alloyfiller alloy
as wel |l as f or rmae(AliSk; mteretdllic @mplownd atong tiadion zone
steel interface. The averagent efficiency was29% with respecto the AZ31BH24 Mg
alloy base metaFailure occurred when cracks propagated along the intermetallic layer.
Secondlyto predict early stage phase formation in the Mg allhwgrlayersteelsystem
during the laser brazing procettse thermodynamic stdhy of precipitated phases at tig
alloy-Ni-steel interface during laser brazing has been evaluated using FactSage
thermochemical softwarédssuming local chemical equilibrium at the interface, the chemical
activity-temperaturecomposition relationshipef intermetallic compounds that might form
in the AZ92 magnesium alloi-steelsystem in the temperature range of -@AM0°C were
estimated. The addition of a Ni interlayer between the steel and the Mg brazing alloy was
predicted to result in the forman of the AINi, MgNi, and AkNi, intermetallic compounds
at the interface depending on the local maximum temperafthiess was confirmed
experimentally by laser brazing of AZ31&®4 magnesium alloy and steel sheet with a

micro-layer of electredeposited Ni using AZ92 magnesium alloy filler wire. Bonding
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between the magnesium alloy and the steel was facilitated by thationnof a transition

| ayer composed of a solid solution -Mgf+ Ni
Mg:Ni eutectic.A band of AINi with different morphologies also formed along the fusion
zonesteel interface, but was not directly responsibbe bonding. The average joint
efficiency wass6.3% with respect to the AZ31BI24 Mg alloy base metand 94.8% higher
than that of laser brazed joint using2Si interlayer.

Thirdly, to studyalow melting point temperature interlayer element, the ladaitiey of
AZ31B-H24 magnesium alloy sheet to -SBoated steel shedtas been investigated. All
tensileshear specimens fractured in the steel base metal well away from the brazed joint. The
results showed that while the Sn coating promoted good wettimgedetthe molten filler
alloy and the steel sheet, it did not play a role in forming the final bond. Its primary function
appeared to be in maintaining a clean, oxXrée steel surface until the molten Mg filler alloy
could come in direct contact with tisteel surfaceBonding between the magnesium alloy
and the steel was facilitated by the formation of two recade transition layers composed of
Fe(Al) solid solution on the steel followed by a layer ofhs phase on top of Fe(Al) in the
fusion zone along the interfaceHigh resolutiorTEM analysisshowed thatn orientation
relationships (OR) with low angle of rotation of the matching planes and low interplanar
mismatchexisted at the Fe(AlAlg(Mn,Fe) interface This was found to beesponsible for
the low interfacial energy dengjtgood wetting and strong interfacial bond observed in this
complex dissimilar metal system.

Finally, wetting has been characterized by measuring the contact angles of AZ92 Mg
alloy on Ni electreplated steel as a function ofeasured peatemperaturgeached during
laser heatingReactions between molten Mg and Ni led to a contact angle of about 8&° in th
peaktemperature range of 6480 °C (denoted as Mode |) and a dramatic decrease to about
46° in the temperature range of 8P#20 °C (denoted as Mode IlI). Scanning and
transmission electron microscopy (SEM and TEM) indicated that AINi +NWgeaction
products were produced between Mg and steelflj -Mg2Ni-Ni-Fe) in Mode |, and just
AINi between Mg and steel (MgINi-Fe) in Mode II. From high resolution TEM analysis,

the measured interplanar mismatches for different formed interfaces in Modes Ivaare |l

iv

n



17% pvg-ainiy -104% (aini -mgznip-114% pugoni-nig and 18%gmg-ainiy -5% (aini -re}, respectively.
Therefore, it is suggested that the poor wettability in Mode | was caused by the existence of
Mg2Ni since AINi was the immediate layer contacting moltenikigoth Modes | and 1l and

the presence of MYjli increases the interfacial strain energy of the system. This study has
clearly demonstrated that the lattice mismatching at the interfaces between reaction
product(s) and substrate, which are not in direota with the liquid, can greatly influence

the wetting of the liquid.



ACKNOWLEDGEMENTS

| would like to sincerely thank my supervisorspf8r Norman Zhou, David Weckmand
Patrice Chartrand. | would also like to thank my friends who have supportedangtbut
the years, especially the members of the Centre for Advanced Materials Joining (CAMJ).
This work has been supported Hlifzte American Welding Society (AWS) Graduate
Fellowship programand Magnesium Networkof Canada(MagNET) supported bythe

Naturd Sciences and Engineering Research Council of Canada (NSERC)

Vi



DEDICATION

To My LovingaNsa
&

My Wonderful and Loving family

vii



TABLE OF CONTENTS

AUTHOR'S DECLARATION . ...ciii ittt ettt e e e e e e e e e e e s snnnnanaeeeeaeens i
AB STRACT oettiiiiiiie ettt e e e e e e e e e e s st r et e e e e e e s e bbb e e e e e e e e e e e e nnbrarreaaes iii
ACKNOWLEDGEMENTS ... e e e e e Vi
[ ] = 9 1 1@ N I L vii
TABLE OF CONTENTS .. ..ottt ettt e et e e e e e e e e e e e e e e e e e e s s nnnnneeees viii
LIST OF FIGURES......ooiiii ittt e e e e e e e e e e e e e e e e enns Xii
LIST OF TABLES ... oo e e e e e e eans XViii
Chapter 1 INTRODUGCTION ....cooiiiiiiiiiee et e e ettt s e e e e e e e eeeaannnnn e e e e e e eeeennes 1
I I = = od (o {0 o U RRPPPRPPN 1

2 @ ] o] (=1 1= SRRPPRPN 3

1.3 Organization of the TheSIS ..., 3
Chapter 2 LITERATURE REVIEW ......ooiiiiiieie et e e e 5
V2 YT 1 1)Y= L1 [ o PP 5

2.2 Weldability of Magnesium AlIOYS ......ccoooeeiiiiiiiiiee e 6

2.3 Brazing of Magnesium AllOYS...........ccooviiiiiiiiiiiiiiiiieeeeeeeeeeeeeee e 8
2.3. L Filler MetalS.........uuuiiiiee e e e 8

2.3.2 FIUXES .ottt a e e e aaane 10

2.3.3 Surface Preparation before Brazing............cccooeeeeeiiiiiiiiiiiiiieeeeeeeeenns 11

2.4 Joining Steel t0 MagneSIUM ...........uiiiii e e e 11
2.4.1 Friction Stir Welding (FSW).........uuuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieiiineees 12

A B (U T[] g I =T €= V| T TN 13

2.4.3 Laser-GTA (Gas Tungsten Arc) Hybrid Welding ............ccccooeeeeeeen. 14

2.4.4 LasSer WeldiNg .........uoiiiii i e e e eeanes 17

2.4.5 Resistance Spot Welding (RSW) ........uvuuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiinenns 17

2.5 Factors Affecting the Joint Strength ... 17
2.5.1 Intermetallic CoOMPOUNAS ........ccoiiiiiiiiiiii e 18

2.5.2 TransitioNal ZONE ......coooiiiiiiiii e 19

2.5.3 Interfacial Strength..............uuiiiiiiiiiiii 20



2.6 WELLING .eeeeeeiiie et e e e e e e e et e e e e e e e e e e et a e e e e e e eeeaane 22

2.7 Summary and Concluding ReEmMarks ...........cccvvvviiiiiiiiiiiiiiiiieeeeeeeeeee 25
Chapter 3 EXPERIMENTAL METHODS AND CONDITIONS .......coovviiiiiiieeeeeeeeens 29
3.1 Laser Brazing EXPeriMENtS .........uuiiiiiieiiieieeie e 29
3L L MALEIIAIS ...ttt 29
3.1.2 Joint Design, Laser Equipment, and Process Parameters................ 32
3.1.3 Microstructural EXamination .............ccouuueiiieeeinieeeiiiiinnee e 33
3.1.4 Mechanical TeSHNG......cccvuuuiiiiie e e 34
3.2 Wetting EXPEriMENLS .....cooeeieeieeiee et e e e 35
Chapter 4 Laser Brazing of AZ31B to Al Coated Steel Sheet..........cccccoeeeerreen 38
4.1 Microstructures of the Brazed JOINTS .........ccovvviiiiiiiiiiiiiiiiiee e 38
4.2 Thermal Effect on IMC at Steel/Al-12Si Coating Interface......................... 42
4.3 The IMC at the Steel/Fusion Zone Interface...........ccccvvvvvviiviiiiiiininiinnnnnnnn. 45
4.4 MechaniCal ProPerties ...........uuuuuuuuuuuiiiiiiiiiiiiiiiiiiiiiiiiiiibsee e 50
4.5 Lattice Matching Analysis of the Interfaces .........cccccccceeiiiiiiiiieiicccie e, 55
4.6 Chapter SUMMANY .....ccccoiiiiiiiiiiiee e e e e e e e e e e e e e e e e e e e e e eeas 56
Chapter 5 Laser Brazing of AZ31B to Ni Electro-Plated Steel Sheet................. 58
5.1 The Thermochemical Model ..o 58
5.2 Thermochemical Analysis Procedure ............ccccvvvviieiiiiiiiiiiiiiiiiiiiiiiiieeeeee, 60
5.3 Experimental Results and DISCUSSION ............ceeiiiieeeiiieiiiiiie e, 70
5.3.1 Microstructural Evolution along the Steel-FZ Interface..................... 71
5.3.2 Solidification of the Remaining Melt between the AINi IMC Phase and
thE STEEI .. e 75
5.3.3 Comparison with the Theoretical ReSUltS .............oovvieiiiiiiiiiiiiiiiennn. 78
5.3.4 TranSItioN LAY .....cccovuiiieiiiiii e e e 79
5.3.5 Mechanical PrOPertieS ...........uuuuuuuuuummuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieiieeeneenenees 81

5.3.6 Sequence of Phase Formation along the Interface (Bonding
MECNANISIM) ...t 84
5.3.7 Lattice Matching Analysis of the Interfaces..........cccccooeeiiiiiiiiiennnnn. 88

iX



5.4 Chapter SUMMAIY .....uuuiie e e e e e e e e e e e e e e e e e e e e e eeeeanaaas 89

Chapter 6 Laser Brazing of AZ31B to Sn Electro-Plated Steel Sheet ................ 90
6.1 RESUILS ...ttt e e e e et e e e e a s 90
6.1.1 Microstructural Analysis of the Steel-FZ Interface.................ccceeeeen. 91
6.1.2 Measurements of the Crystallographic Orientation Relationships and
Lattice Matching at the Steel-FZ Interface ............ccccccvviiiiiiiiininnnnnns 97
6.1.3 Analysis of the Lattice Matching at the Steel-FZ Interface................. 99
6.2 DISCUSSION ..cceiiiiiiiiiiiiieeee ettt 99
6.2.1 Porosity Formation at the Steel-FZ Interface ..........cccccccceeeiiiieeennnnnn, 99
6.2.2 Sequence of Phase Formation along the Interface (Bonding
MECRANISIM) ...t 101
6.3 Chapter SUMMAIY .........uuiii it e e e e e e eeeaens 104
Chapter 7 The Effect of Interfacial Reactions on Wettability of Ni-plated Steel
by Molten Magnesium Brazing AllOY ............uuuiiiiiiiiiiiiiiiiiiiiiiiiiiiiine 105
7.1 Temperature VS. LasSer POWET ........coivuiiiiiiieiiie e ea e 105
7.2 Contact Angle vS. TEMPETATUIE .......ccovvviiiiiiiiiiiiieieeeeeeeeeeeeeeeeee e 106
7.3 Interfacial Reaction ProdUCLS .............ccuvviiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeee 107
7.3.1 MOdE | (B18-750 OC).....cueieveeeeeereeeeeeeeeeseeeeeeees e n e 108
7.3.2 Mode 11 (824-1020 OC).......coouieeereieeeeeereeeeeeees e en e 111
7.4 Lattice Mismatching between Reaction Products and Substrates ........... 115
7.4.1 Mode | (Mg-AINi-MgoNi-Ni-F€) .....ccoeeiiiiiiiiiiiiiie e 115
7.4.2 MOde Il (MG-AINI-FE) ... 121
7.5 Theoretical Edge-to-Edge Calculation ReSults ...........cccoevvvviiiiieiieneennnn, 125
7.6 Chapter SUMMAIY ........uuiiii it e e e e e e e e e e eeeaanas 127
Chapter 8 CONCLUSIONS AND OQUTLOOK ......cuuiiiiieeiiiiiiiiieieeee e 129
8.1 CONCIUSIONS ... e e e e e e e e e e e e eeannnnes 129
8.1.1 Laser Brazing of AZ31B to Al Coated Steel Sheet..........cccceevvvuennn. 129
8.1.2 Laser Brazing of AZ31B to Ni Electro-Plated Steel Sheet............... 130
8.1.3 Laser Brazing of AZ31B to Sn Electro-Plated Steel Sheet.............. 131

X



8.1.4 Wetting Mechanism of Ni-plated steel by molten magnesium alloy 133

S T2 10110 To | U 133
Appendix A Lattice Matching Calculations Using the Edge-to-Edge Model... 135
AL AlFL12ST INTEIAYET ... e 136
A.1.1 Mg (HCP)-FeAl3 (MonocCliniC) ........ccuuvuiiiiiieeeieeeeiciee e, 136

A.1.2 FeAl; (Monoclinic)-Fe (BCC) Interface ...........ceeevieieiiieieeiiiiieeeee, 138

A.2 Ni Interlayer (Laser Brazing ProCeSS) .....ccoviiiiiiiiiiiiiiiiieeeeeeeeeeeiiiinn e 139
A.2.1 Mg (HCP)-Fe(Ni) (FCC) Interface.........cc.ccceevvevvevveeiiiiie e, 139

A.2.2 Fe(Ni) (FCC)-Fe (BCC) Interface...........ccoevvvuriiiiiiiieeeeeeeecieee e, 141

A3 SN INEEIIAYET ... 143
A.3.1 Mg (HCP)-AlgMns (Rhombohedral) ..., 143

A.3.2 AlgMns (Rhombohedral)-Fe(Al) (BCC) ....coovvvviviiiiieieeeeeeeeiee e 146

A.4 Ni Interlayer (Wetting EXPeriment) ..........coiiieeeiiiiieiiiiee e 148
A.4.1 Mg (HCP)-AINi (BCC) Interface (Modes | & II) ....cooeeeeieiieiiinen, 148

A.4.2 AINi (BCC)-Mg2Ni (HCP) Interface (Mode 1)......ccooevveeeeieieieie, 150

A.4.3 Mg2Ni (HCP)-Ni (FCC) Interface (Mode 1) .......ccceveeeeeiiiiiiiiiieeee, 152

A.4.4 AINi (BCC)-Fe (BCC) Interface (Mode Il) .......uvveeeeieeeiiiiiiiieeeeee, 154

e N L 157

Xi



Figure 21:
Figure 22

Figure 23:

Figure 24:

Figure 25:

Figure 26:

Figure 27:

Figure 31:

Figure 32:

Figure 33:
Figure 34:

Figure 35:

Figure 36:
Figure 41:

LIST OF FIGURES

Structural applications of Mgheet for transportation [14]...............coevvvnnnen 5

Magnesium sheet has been used iriA&Lupo for automotive lightweight

CONSEIUCHION T4 ...t e e e e ean 6
A schematic of the FSW process (taken from Chen and N&@}a [........... 13
Schematic of laseGTA hybrid welding (taken from Liu and Zhad]]. ........... 15

SEM images of transverse sections of the joints and the FZ:-éade€d joint,
(b) Cuadded joints, (c) from region A of (a), (d) from region B of (b) (taken
FroOmM Lit €1 Al [37]) ..ot 19
Mismatch strain along the substragaction product interface in their adjoining
LI CES. oottt e e e e e e e e e e et r e e e e e e e as 21
RPC model for reactive wetting (stages of reactive wetting of liquid aluminium
on vitreous carbon substrates) (taken from Eustathopoulos.[53))............. 24
Transverse section of the original steel sheet showing: (a) th2SAlcoating
layer and (b) the prexisting FeAl-Si IMC layer at the steel/coating layer
(=] = o =PRSS 30
(a) Schematic of the Ni electdeposition process on steeld (b) transverse
section of theNi electradeposited layer on the steel substrate.................. 31
Transverse section of the 8actro-plated layer on the steel substrate....... 32
Schematic of the laser brazing system used for joining AZ31 Mg and-({@SAl
and Ni plated steel sheets in a sinfigee bevel lap joint configration showing
the position of two thermocouples used for temperature measurements and (b) Sn
electroplated steel sheets in a lap joint configuratian.....................c.c.eeee... 33
Schematic of the 5 mm wide tensile shear test specimen using-{&SAbnd Ni
plated steel and (b) Sn plated steel sheets..............ccccceeiiiccvveiiiiiiicienn, 35
Schematic of the wetting teSt...........cccciiiiii e 36
Cross sectional view of laser brazed31B to bare steel sheets made using

8 mm/s travel speed and X%V laser beam power............ccccooeeeiiiiiieecennnnnn. 38

Xii



Figure 42: Laser brazed AZ31B to steel sheets made using 8 mm/s travel speedldid 2.2

laser beam power: (a) top bead appearance and (b) transverse section with using

F A W oo = 11T 1 =T ] 39
Figure 43: Photomicrographs of different microstructural regions in the laser brazed
AZ31B/StEEI JOINT. .. uuueiiii e 40

Figure44: SEM i mage of the f usi onMgaihrdigorcedh o ws
e ut e -phaseatinberdendritiC r@QIONS.........cooviviiiiiiiiiie e 42
Figure 45: Thickness and morphology variation of IMC layer in different positions of the
steel/coating layer interface indicated in (a): (b) upper side, (c) middle side, and
(d) bottom side Of the JOINL..........uuviiiiiiiiiiiie e 43
Figure 46: Al-12Si coating layesteel interface of a laser brazed AZ34tel joint: (a)
SEM image of IMC layer along interface demonstrates locationsBidth
analysis and (b) Xay diffraction pattern of the interface...........................: 44
Figure 47: SEM images in different positions of the steellif&rface in (a): (ke) IMC
layer in Be zone SNOWN IN (B)- . .vviiiiiieiieeee e 47
Figure 48: X-ray diffraction pattern of theteelfusion zone irgrface of a laser brazed
AZ31IB-StEEI JOINL......iiiiii e 48
Figure 49: EDS composition line scans at the FZ/steel interface: (a) SEM image of
interface and (b) line scans of Al, Fe and Mg...........ccciiiiiieeniiiiniinnnen. 49
Figure 410: Micro-hardness profile of a laser brazed AZ3dtBel joint................ccceeee. 50
Figure 411: Fracture location of the tensile shear test specimen, (a) fractured specimen, (b)
crack propagation in bottom sief the joint, and (c) crack propagation in upper
SIde OF The JOINT......uiiiiiiiiiii e 52
Figure 412: SEM images of typical fracture surface wdibn zone side after tensile shear
test, (a) fusion zone side including: (b) top of the surface indicated by B, (c)

middle of the surface indicated by C, and (d) bottom of the surface indicated by

Xiii



Figure 413: SEM images of typical fracture surface of steel side after tensile shear test, (a)

Figure 51

Figure 52:

Figure 53:

Figure 54:

Figure 55:

Figure 56:

Figure 57:

Figure 58:

Figure 59:

Figure 51

steel side including: (b) top of the surface indicated by F, (c) middle of the
surfaceindicated by G, and (d) bottom of the surface indicated by .H......54
: (&) Schematic of the interface between the Ni plsteel sheet and the AZ92 Mg
brazing alloy and (b) ste®i-Mg alloy ternary system defined in this study59
Predictd steelNi-AZ92 Mg alloy ternary system at (a) 873 K (600 °C), (b)
973K (700°C), (c) 1073 K (800 °C), (d) 1173 K (900 °C), (e) 1273 K (1000 °C),
and (f) 2373 K (LL00C).......uuuiiieeeeiiiiiiieeeesmme e eiiieeee e e e e e s enmn e e e nnnreeeeas 61
Predicted AZ92 (filler metallNip oStee} 1 pseudebinary phase diagram showing
the phases that might form along the stéeMg alloy interface.................... 64
The activitycomposition diagrams for AINi, ANiy, AlsNis, AlsNi, and MgNi at
(&) 873 K (600 °C), (b) 973 K (700 °C), (c) 1073 K (800 °C), (d) 1173 K (900
°C), (€)1273 K (100CC), and (f) 1373 K (1100 °C).....vvvvvivreeeeciiirieeeeeen 68
Phase stability or pseudhinary phase diagram showing the phgmeslicted to
precipitate first from the liquid at different temperatures and compositions during
the laser Drazing ProCESS........cooviiiiiieiieeee e 69
A laser brazed Ni electqplated steel/AZ31B joint made using 8 mm/s travel
speed and 2.RW laser beam power: (a) top bead and (b) transverse section of
LA =28 [o][| SRPPPP PP T PP PP PR SPPRPPPPRY
Transverse sections of a laser brazed joint: (a) optical micrograph of the entire
joint and SEM images in different positions of steglinterface shown in (a):
(b) position A, (c) position Cdj position E, and (e) position E.................... 72
Typical temperature versus time profiles measured during laser brazing gt the to
and bottom side of the JOINL.............iiiiiiii e 73
AINi particle characterization at position B shown in Figure 4a: (a) and (b) TEM
images, (c) SADP in the [011] zone axis of this particle, and (d) EDS
composition line scans across an AlNi particle indicating line scans of Ni, Al,
AN MO e e e et ——————————— 74
0: X-ray diffraction pattern of the steBE interface..............cc.ccoovvviiiiicceiennnnn. 75

Xiv



Figure 511: SEM images otie steelFZ interface show the solidification morphology of
remaining melt between IMC layer and the steel side: (a) position A in Figure
5-7a near bottom side, (b) position B in Figurédh and (c) MgMg:Ni eutectic
PRASES. ..t e ———————————— 76

Figure 512: (a) TEM sample attached to a copper grid, (b) and (c) TEM images of the
lamellar phases formed along the steglinterface............cccccccviiiiiiieeen. 77

Figure 513: (a) TEM image of the stetlsion zone interface, (b) higher magnification of
the selected square area in (a), (c) SADP iffGh#&] zone axis of the interfacial
phase, and (d) EDS line scan analysis of Fe, Ni, and Mg at thdusteel zone
(=] = Vo] =R 80

Figure 514: SEM images of typical fracture surfaces after the tensile shear test, (a) and (b)
fusion zone side at different magnifications, (c) and (d) steel side at different
MAGNIFICALIONS..........coiiiiieiiiiei oo e e e e e e e e e e e aeas 83

Figure 515: X-ray diffraction pattern of the fracture surface of the steel side............. 84

Figure 516: Formation of transitional layer and intermetallic compounds during the laser
brazing of Niplated steeAZ31B with Mg-Al filler metal: (a) wetting of the Ni
plated steel by molten filler metal and dissolution and diffusibNi into the
FZ and steel substrate, (b) formation of the transitional layer and aggregation of
Ni along the interface, and (c) nucleation and growth of AINi IMC, and growth
of the remai ni ng-My+MgNiedteciicontathe¢ehinf or m o f
FEMINI) INTEIIAYET ... et e e e e e e e aaaaes 85

Figure 61: (a) a typical fractured specimen after tensile shear test of the laser brazed joint

and (b) transverse section of a laser brazed Sn elgletiedsteel/AZ31B joint

made usin@.2kW laser power, 8 mm/s travel speed, andnfn2 beam offset to

the STEEI SIAE. ... e 91
Figure 62: SBM image along the ste€lZ interface.........cccccooeiiiiiiiiccc, Q2
Figure 63: (a) STEM image of the ste&lsion zone interface and (b) higher magnificati

of the selected square area in (@)........cccevveiiiiiiiiieeer e eree 93

XV



Figure 64: (a) STEMEDS concentration maps and (b) STEWS composition line scans
acrass the stediusion zone interface shown in FigureBb, indicating scans of
Mg, Fe, Al, MN, @Nd SN e 94

Figure 65: (a) Bright field TEM image of the Fe(Al)/A¥In/Mg (substratgusion zone)

interfaces and (b) SADP of the Fe(Al) phase ingEaal zone axis of this

PRASE......eeeee e e ———————————————— 96
Figure 66: HR-TEM image of the (a) Fe(AlAlsMns interface and (b) AMnsi Mg
(=T = o =R 98

Figure 67: Schematic of interfacial layers formation durthg laser brazing of Sn
electroplated steedZ31B with Mg alloy filler metal: (a) lab joint desig
configuration prior to the laser brazing process at room temperature, (b) melting
of Sn electroplated layer during heating, (c) melting of the filler metal and
dissolution of liquid Sn into the FZ, (d) formation of Fe(Al) phase containing
Kirkendall poraities on top of the steel substrate, and (e) nucleationgbfmal
IMC on top of Fe(Al) phase and solidification of the FZ during cooling..102

Figure 7#1: The peak temperature of the wetting tests versus laser beam power is $86wn.

Figure 7#2: The contacangle as a function of the peak temperature during wetting
eXperiments iS SHOWI.............coooiiiiiiieee e 107

Figure #3: The SEM micrographs of the Mdjoy-steel interface of the wetting sample at
peak temperatures of (a) 618 °C, (b) 655 °C, (c) 700 °C, (P 5e) TEM
image of AINi particle, and (f) SADP in the [011] zone axis of AINi partiti@9

Figure 74: (a) and (b) TEM images of the Mg alldlf coated steel interface at different

magnifications, (c) the SADP of the Ni grain substrate, when incident beam was

parallel to[122], and (d) the corresponding SADP of the formed-Nghase

at the interface, when the incident beam was parall@&ﬁO},,g_ Niveereeenseens 110

Figure 75: The SEM micrographs of the fusion zeswéstrate interface of the wettability
samples at peak temperatures of (a) and (b) 824 °C, (c) and (4},8&2 and (f)
888 °C, (g) and (N) 94TL.......cccoe e eeeeieeeeeeeeeee et 112



Figure 76: (a) STEM image of Mg allogteel interface showing grains of the iféeral
phase, (b) representative concentration maps of Mg, Al, Ni, and Fe elements
across the interface, and (c) STEHADS point analysis results across the shown
[INE TN Dl 113

Figure 77: (a) The SADP of the AINi grain, when incident beam was parallg1a)

AINi ?
(b) the corresponding SADP of the MdNi interface, (c) the schematic
representing OR between Mg aliNi grain at the interface, and (d) HREM
image of MgAINI interface.........ccccccoeeeeeiiiiieiieeee e, 117
Figure 78: HR-TEM image of the AINIMgzNi interface..........cccvvvvviviiiiiiiieeciiiiieeeee, 118
Figure 79: (a) SADP of the MgNi-Ni interface, (b) the schematic representing OR between

Mg,Ni phase and Ni grain at thetémface [§3001wgzNi /1[122},), and (c) HR

TEM image of MgNi-Ni interface showing the matching planes and crystal
orientation at the INterface.............oovvviviiiiieeee s 119
Figure 710: (a) HRTEM image of MgNi phase and (b) schematic illustration showing a
structural relationship between the HER|,Ni (2H-type) and long period
ordered MgNi observed in this study, together with the corresponding
computed SADPs. The MiJi atomic structure model was constructed using
Mg2Ni lattice parametersafcp = 0.518 nm andycp = 1.324 nm).............. 121
Figure 711: HRTEM image of the MeAINi interface in Mode Il.............ccccceiieinnee. 122
Figure 712: (a) TEM image of the AINi and Fe grains at the interface of Mg-aliegl, (b)
SADP of Fe grain, (c) the corresponding SADP of AINi grain, @B of the
AlINi-Fe interface (incident beam was parallel to [QL1}[011]r), and (e) the
schematic showing the OR between AINi and Fe grains at the interfac&24
Figure 713: HRTEM image of the AINiFe interface..............ccccoeeiiiiiiiieemeciiie e 125

Xvii



Table 21;
Table 22:
Table 31:

Table 32:
Table 33:

Table 34:
Table 41:

Table 42:

Table 43:

Table 71

LIST OF TABLES

Properties of pure magnesium, aluminum, and iron (taken ftériq)). ............ 7
Conposition and physical properties of commercial brazing filler metals.[29)].
Measured chemical composition of the AA324 Mg alloy sheet and TiBraze
Mg 600 filler metal (WE.20).....cooeeeeeeeeeeeeeieeeeeeeee e 29
Measured chemical composition of the aluminum coatetissteet (wt.%).....29

Measured chemical composition of the Ni and Sn elgated steel sheet (wt.%)

Composition of Ni electroplating solution and electroplating parameters...31
EDS analysis results of IMC layers at the original steel/coating layer interface
T TP EPPRSPR 44
EDS analysis results of fusion zone at the middle part and at steel/coating layer
INTEITACE (WE.00) - ettt eeer e e e e e e e e e e e e e e 50
EDS analysis results of different locations on the fracture surface shown in
Figure4-12a and Figure-43a (WE.90).........ccevvurruuiniiiie i e e e e e e e e e e e e 54

: Wetting behaviour of the Ni plated steel by the Mg alloy in the different wetting

Xvili



Chapter 1
INTRODUCTION

1.1 Background

Automotive manufacturers are coming under increasing regulatory pressure to improve the
overall fleet mileage of their automobil&his has created need talevelop andgsessnew
advanced materials and manufacturing technologies that will allow fabrication of lighter
weightautomotive bodies and structural componéinéseby increasinfuel efficiencies and
lowering environmental impaabdf vehicles While magnesium alloys, with thetiombination

of low density anchigh specifictensile strengths, could potentially be used to advantage to
reducethe overall weight of vehicle [L,2,3], sheetsteet remainthe most commonly used
material in the automote industry,due totheir consistent properties, excellent ductility, and
their lower material and fabricationoss [4]. Thus, he ability to make hybrid structures of
magnesium alloy and steel sheet wolaldilitate the increased use of magnesium alkmyd
light-weighting of automotive structures. This will require tdevelopnent of new
techniques and processes that can be used to rekdiele and low cost dissimilar metal
joints between magnesium alloy and steel sfi6f7,8].

It is difficult to join magnesium alloydirectly to steel by conventiai fusion welding
technologiesdue to the large difference in their melting temperatures and the nearly zero
solubility of magnesium and irdi7,8]. The melting point of stedl & 1 6)%4s@vell above
the boiling pointof magnesium (1107C), and this can cause catastrophic vaporization of the
molten magnesiunduring a fusion welding processn addition, the maximum solid
solubility of Fe in Mg is 0.00044at.% Fe J]. There is also clear evidence that magnesium
and steel do noteact with each other and do netix in the liquid state at ambient
pressurg8]. Thus metallurgical bonding between these two metals will only be possible
provided another element that can interastd bondwith both of themcan be applied
betweertheMg and Fe aan ntermediate interlayer elememt alloy.

The existence of intermetallic phases or solid solutions between Mthamderlayer

and also the interlayer and Bean indication thametallurgical bonding between Mg and Fe
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using the interlayer may be podsibintermetallic compoundare solid phases containing
two or more metallic elements, with one or more -nwtallic elements, whose crystal
structure differs from that of the other constitueriisey are generally hard and brittid.[
Formationof thick, brittle intermetallic compounds along the interfaetweenMg andsteel
can causssignificant deterioration of mechanical properti€serefore when choosing the
joining processthat will be usedminimization ofthe thickness o&ny brittle intermetallic
compoundghat might formalong the interfaceof the Mg alloy-interlayersteeljoint and
also minimiation of intermixing betweerthe Mg and Fe in the liquidstateare themain
factors that must be considerdfdmelting of the steel and intermixing with liquid Mgccur
during the welding processveld cracking and porosity formatioare inevitableat the
interface due tohe rapidvaporizaion of the magnesium anthck of lubility of magnesium
and stee|9].

Brazing of metals differs from fusion welding in that brazing temperatures are
generallylower than the melting points of the base metats. ths reason, brazingan bea
superior choice in joining dissimilar metaguch as magnesium and stéeladdition,very
fast heating and cooling ratecan beapplied during the brazing process tminimize the
thickness of intermetallic compounttgt might formalong the interfaes [10].

The benefits of using laser brazing and laser welbnaging technologies for joining
dissimilar materials are becoming increasingly recognized due to the combined attributes of
furnace brazing and laser weldifil]. With a more localized energgput and more precise
control of the laser beam energy, high joining speeds and accompanying high cooling rates
can be realized with minimal heating of the parts. Also, laser brazing and laser welding
brazing can prevent or minimize excessive formatiodeifimental intermetallic phases.
intermetallic layers can be limited ticknesse®elow 10um, acceptable joint strengths and
mechanical propertievay be obtainefb,12].

The CQ laser and Nd:YAG laser have been widely used for welding and cutting, but
high power diode laserare normally usedor metal brazing due ttheir short wavelength,
high absorptiity in metals, and uniform beam intens|8]. The lbwer intensitydiode laser

beamcan be used tprovidecontroled heaing without meltingthe steel B]. In this process,
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the filler wire and surface of the Mg alloy base material are melted simultaneously by the
high power diode laser, wkithe steel remains unmelted.

As there is aesire inthe automotive and aerospace industiee®in Mg alloy to steel
in order to achievédighter weight, versatileand tailored propertiesn one compositepart
development of a laser brazing technolofflyr joining of steelinterlayerMg alloy
combinatiors with a strong metallurgical bond between the steel and Mg alloyewédite
increased application and use of Mg alloythiese industries

1.2 Objectives

The aim of tle currentwork is to conduct an@erimental and theoretical sty of the
brazeability ofmagnesiurrsteeldissimilar metal joints using the laser brazing process. The
main objectives of this research are as follows:

1. To develop a laser brazing technology for joinMg alloy-interlayersteeldissimilar
metal combinations.

2. To predict early stage phase formation in kg alloy-interlayersteelsystem during
the laser brazing process. Formation of any phases along the interface between the
magnesium alloy and steel can affect not onlywvilegtability of the steel by molten
magnesium, but also bonding between these two metals.

3. To study bonding mechanisms in tiflg alloy-interlayersteeljoints and identify the
key factors responsible for formation of a metallurgical bond between the magnesiu
and steel.

4. To understanthe fundamental mechanisms and reaction characteastatay during

the reactive wetting dteels by molten magnesium alloys.

1.3 Organization of the Thesis

This thesis is subdivided int@ight chapters Chapter 2 providessane background
information on themotivation forjoining Mg alloys to steels based on the properties of the

Mg alloys and alsopreviously used joining processes for Mg alkigel dissimilar metal
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combinationln particular, the factors affecting the joint strength are detdtledso provides
the readewith some fundamental understanding of the wetting in metalétallic systems.

Chapter 3 provides details on experimental methods and condits&as thraghout
this studyincluding materials, test equipment and procedures.

Chapter 4 reports the microstructure and mechanical properties of laser brazed AZ31B
Mg alloy to steel usingn Al-12Si interlayer. It shows the microstructural analysis results of
the fusion zone, stedlsion zone interface, and al$be mechanical performance of the
joints.

Chapters describesitermochemicadnalysis ofphasedormed at thénterface of a Mg
alloy-Ni platedsteeljoint duringlaserbrazing The results provided bettenderstanding of
the phases that might form at the interface of the dissimilar metal joints during the laser
brazing processlhis chapteralsodocuments investigations on thmterfacialmicrostructure
and mechanical propertied diode laserbrazed AZ31Bmagnesium tcsteel sheetusing a
Nickel interlayer More specifically, he macre andmicrostructure, element distribution, and
interfacial phases of the joints were studied by optical microscopy (OM), scanning electron
microscopy (SEM)transnission electron microscopy (TEMand Xray diffraction (XRD).

The results enabled a correlation between the thermochemical (temperature and composition)
properties of the system and the observed interfacial microstructtiveMg alloy-Ni plated
steeljoint.

Chapter 6 contains the study on thenterfacial microstructure and mechanical
properties of theidde laserbrazed AZ31Bmagnesium tasteel sheet whena Sninterlayer
was used.

Chapter 7 describethe mechanisnresponsible for wetting of thMi-plated steel by
molten magnesium alloyn particular, the effestof interfacialreaction products anettice
mismatchingon wettabilityarediscussed.

Finally, Chapter8 lists the conclusions and provides recommendations for future

research.



Chapter 2
LITERATURE REVIEW

2.1 Motivation

In order to achieve further reductions in the weight ofath®motivebody, efforts are being

made in the field of car design to replace structural elements with magnesium
component$13]. Theincreasedntegration of Mg componés into vehiclestructureswill be
facilitated by development of new techniques jmining Mg alloys and dissimilar metal
combinations, such as Mg to steEigure 2-1 shows a few examples from the past where
magnesium sheet has been used successfully for complex structural applications in different
fields of transportatione.g, cars, tucks, aeroplanesyr satellites[14]. As early as the late
1930s, a smabkeries bus completely constructed out of magnesium extrusions and sheet
metal of MgMn alloy was reported1f]. Car body applicationhave demonstrate the
outstanding design potential of magnesium shEer example, the ultrfight magnesium

sheet metal construction ah early French sports car weigld only 64 kg/14]. Mercedes

also used body components fileir competition racing cars in the 1950s3][ Another
premier application has been deep drawn Samsonite suitcase sides formed from 1.0 mm

AZ31B magnesium allogheet 13].
111 ' i

Series sports car Allard (1955)
Car body out of Mg-sheet (thickness: 1.3 to 2 mm);
Global weight (including doors and bonnet): 64 kg

Competition sports car
Mercedes-Benz 300 LR

Le Mans (1955)

Car body components out of
Mg-sheet metal, pressed at
about 200 °C and planked on
a steel tube chassis
Reference: Daimler-Chrysler

Figure2-1: Structural applicatiomof Mg-sheet for transportatiori4].
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Potential applications of magnesium alloys inaatomobileare shown irFigure 2-2.
Theseinclude the interior€.g, bracket carrier, seat components); the body (large-bang
parts like doors, roof, bonnets, as well as bwdwhite and front end parts); the drive system
(cylinder head cover, oil pan), as well as the chassts (vheels)[14]. It is expected that
development ohew technologes for joining of Mg alloysteelcombhnations with a strong
metallurgical bond between timewill facilitate increased application and use of Mg alloys in

the automotive industr

Body Parts (including outer skin,
e.g. engine bonnet, door, roof)

Engine Parts
(e.g. oil pan,
cylinder head cover)

Interior Components
(e.g. seat)

Chassis
(e.g. wheels,
suspension)

Structural Components (e.g. door aggregate support,
front bumper,instrument panel, different pillars, beams)

Figure2-2: Magnesium sheet has been used ilf\& Lupo for automotive lightweight

construction 14].

2.2 Weldability of Magnesium Alloys

Magnesium puts high demands on the welding process beoautsephysical properties.
Magnesium alloys can have a relatively large freezing range of about 420 to 620 °C. Thus
there is considerable risk of hotacking during any fusion welding proceqdd5. A
comparison betweethe physical properés of pure magnesium, aluminuand iron is shown

in Table2-1[16,17,18,19]. Magnesium alloys show inherent characteristics, such as strong
tendency to oxidize, low absorptivity of laser baarhigh thermal conductivigs high

coefficiens of thermal expasion, low melting and boiling temperatures, wide solidification
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temperature range high solidification shrinkage, a tendency to form low meHpagnt
constituents, low viscosity, low surface tensions, high solubility for hydrogen in the liquid
state, anébsence o& color change at the melting point temperatdss. [

Table2-1: Properties of purenagnesium, aluminum, and iron (taken frat6-[L9]).

Properties Magnesium Aluminum Iron
lonization energy (eV) 7.6 6 7.8
Specific heat (JKK™) 1360 1080 795
Specific heat of fusion (J/kg) 3.7x10 4x10° 2.7x10
Mel ting point (eC)B650 660 1536
Boiling point (eC)1090 2520 2860
Viscosity (kgm's™) 0.00125 0.0013 0.0055
Surface tension (N 0.559 0.914 1.872
Thermal conductivity (Wik™) 78 94.03 38
Thermal diffusivity (nfs™) 3.73x10° 3.65x10° 6.80x10°
Coefficient of thermal expansion #  25x10° 24x10° 10x10°
Density (kgn) 1590 2385 7015
Elastic modulus (N/ff) 4.47x10° 7.06x108° 21x10°
El ectrical resisti0.274 0.2425 1.386
Vapour pressure (Pa) 360 10° 2.3

Comparedwith aluminum alloys, some important differences exist so that it is not
alwayspossible to transfgrocedursfor welding aluminum alloyslirectly to the welding of
magnesium alloyd-or example, magnesium only requi of the energpeededo melt
the same volume of aluminumig]. The energyrequired for welding is reduced to 1/3
because of the lower thermal conductivity of magnesium. Furthermore, magnesium alloys
have only half the vapaation temperaturef aluminum that is, about 1100 °CL$]. The
vapourpressureof Mg in the relevant tempature interval for welding is 3 td orders of
magnitue higher than that of aluminuni¥. The low vaporization temperature and very
high vapour pressure of magnesium compared with aluminam resultin excessive
vaporization rates argpatter formationvhen welding Mg alloys17].

As a consequence of the high thermal expansion coeffi@8mtL0° K™) of Mg, which

is more than twice that of mild steel and still 10% higher than that of aluminum, allwg/s



has to consider high welding distortion and clamping forté8ks The electrical conductivity
is similar to mild steel and so the use of resistance welding for magnesium alloys is possible
[14].

2.3 Brazing of Magnesium Alloys

The increaseduse of magnesium alloys in the 1990s caused new interest in brazing
magnesium and its alloys. Before that, furnace, torch and dip brazing processes have been
used successfully without significant chan§#&@g]. Increased production of magnesium and

its applications inthe last few decades, especially for new higbrformance magnesium
alloys, havecreatedechnical and scientific challengts the brazing communitylQ].

High temperature brazing processesduce the properties of workardened
maghesium alloys to the annealed leveAs an example, the extruded and tempered
AZ31B-Fmagnesi um all oy aft e2 milh togeg abaug 8%atensilds 95 e C
strength, 22% vyield strength, ant$ elongation increase85% [16]. This reduction of
strengthduring torch brazing happens locally in areas heated for brazing, whereas furnace
and dip brazing cause the reduction of properiethe entire brazementThis significant
loss of properties during conventional brazing processes is the main motivation for
developing new brazing processes with localized energy input and verkefatitg and

cooling and also lowmeltingtemperaturdrazing filler metals.

2.3.1 Filler Metals

Commercially available filler wirgfor brazing magnesium alloys are: BMg(AZ92A),
BMg-2a (AZ125), and MC3 allof20]. All of these alloys can be used for torch, furnace and
dip brazing[20]. Table2-2 shows the nominal composition and physical properties of these
alloys. Tre standard filler metal MC3s more commonly used in Japarand has a

composition close to BMd [20].



Table2-2: Composition and physical properties of commercial brazing filler metdls [

Nominal Composition (wt.%)

. . o
Designation (Balance Mg) Temperatures (°C)

A5.8 _ o Brazing

AWS ASTM Al Zn Mn Cu | Solidus| Liquidus | Range

(Recommended)

B-Mgl AZ92A | 8.39.7 | 1.7-2.3 | 0.150.5 | 0.05 443 599 502616
B-Mg-2a | AZ125A | 11-13 | 4555 --- --- 410 565 570595
MC3 --- 8.39.7 | 1.62.4 0-0.1 | 0-0.25| 443 599 605615

Alloying elements, such as AZn, Mn, Be, Si, Zr, Ca, Ag, Th, Y, and rare earth
elementsare used in magnesium filler metal&luminum enhances room temperature
strength and hardness and also fluidityrafalloy, but excessive aluminum causesreased
formation of brittle intermetlc phases in the fusion zone and as a result, ductility of the
joint decreases2[l]. Also, the solidification range othe alloy increases with increasing Al
content ofthefiller metal [21]. This increases the propensity for solidification crack2d.[

Zn improves fluidity and increases strength of magnesiumsatlog to solidsolution
strengthening. Corrosion caused by Fe or Ni impurities in magnesium alloys can be
prevented by addingrZ However, when the content of Zntime filler metal is more than
2wt.%, hot crackingcan occur[21]. Zinc may not cause hot cracking probkenm
combination with aluminum and manganese. For example, the cast alloy AZ88, which
contains 8 wt.% Al, 8 wt.%Zn, and 0.2vt.% Mn exhibits good resistance to hot
cracking[22]. Low manganesecontent (<0.2 wt.%) increases corrosion resistance of
magnesium allay; especially in saltwater, but it does not affect mechanical prope2tgs [
Beryllium is added to magnesium alin amouns < 0.002 wt.%in order to decrease
excessive oxidation of molten metal and to reduce the risk of ignition during torch brazing
[10].

Masudaet al [23] studied simple binary M@n and AlZn systems as brazing filler
metals for AZ91A cast magnesium alloy in argon. All binary-Efgfiller metals showed
poor spreading behaviour along the base metal surface for brazing times from 0 to 110 min
anda brazing temperature range of 386 0 ThkeQrength ofthesebrazed joints was not



reported. It is doubtful MgZn binary systems areuitable as brazing filler metals for
magnesium alloy due tosusceptibility of MgZn alloys to hot cracking.

Silicon not only improves fluidity of magnesium alloys, but also increases the creep
strength due to formation dfie Mg,Si phase in some alloysuch as AS21 and AS424).
However, corrosion resistance of magnesium alloys deadaseadding silicon in the
presence of iron impuritie24].

Silver improves the strength for both cast and wrought magnesium alloys due to age
hardening 21]. Addition of rareearth metalelementsproduces stable grain boundary
precipitates and the result is improvement of creep resist&iteZirconium is also an
effective grain refiner for magnesium alloy, but it should not be used in alloys containing
both Al and Mn, because they form an intermetallic with Zr and remove nt Bolid
solution R1].

The elements Si, Ge, Pb, Sb, and Bi from IVA and &&mentgroups form stable
intermetallic phases with magnesiu24]. These elements came added to Mg\l based
filler metals for precipitation strengthening.

Erosion ofthe base metal during brazing occurs for @lithe Mg alloyfiller metals,
especially those with aluminum content more than 9 wt.%. Therefore, those filler metals are
not suitable br joining thinwall structureg21].

Based on the previous discussitiee BMg1 filler metal alloy is most likely to be a
good candidate for a filler metal for laser brazing of AZ31B alloy sheet to steel sheet.
With 9wt.% Al, it has improved strength, hardness, and fluidity of the Mg alloy without
excessive erosion ohé base metals, thew?.% Zn provides solibolution strengthening
without risk of hot cracking and the 0.2 wt.% Mn increases the corrosion resistance of the

Mg alloy.

2.3.2 Fluxes

Fluxes promote formation of brazed joints. They may be used to surround theewadude

reactants, and provide active or inert protective atmospheres, thus preventing undesirable
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reactions during brazing. For some materials, such as Mg alloys, fluxes may also reduce
oxides that are present. Flux must be capable of dissolvingxéahy @maining on the base
metal after it has been cleaned, and any oxide films on the liquid filler ra8kal [

Fluxes are classified according to their performance on certain groups of base metals in
rather specific temperature ranges. For successfulauigx must be chemically compatible
with all base metals and filler metals involved in the brazement. It must be active across the
entire brazing temperature range and throughout the time at brazing temp@%jture |

Fluxes for brazing of magnesium alloys a@mally based on halide salts of alkali
and alkalearth metals with LiCl and/or NaF as active compong2@26]. Type FB2A
(ANSI/AWS A5.3192) is used for brazing of magnesium alldg®]. These fluxes are
corrosive, which is why complete removaltbe flux after brazings vital to achieve good
corrosion resistancef the brazed parf0,26]. Also, these fluxes must be completely dried
before the brazing process in order to prevent formation of magnesium hydroxide on the
brazed surface. Therefore, these flurasstbe used in the fon of a paste with an alcohol
binder for torch brazing or dry powder form for furnace braz

2.3.3 Surface Preparation before Brazing

The Mg componentdo be brazed should be completely clean and free from oil, dirt, oxide
layer and chromate coatif@0]. Alkaline cleaning baths can be used for degreasing of
speimens and surface films, such as oxide or chromate conversion coating, should be
removed by mechanical or chemical cleaning prior to the brazing pr@dgss [

Abrading with aluminum oxide cloth or steel wamistainless steel wire brushing can
be usedfor mechanical cleaning. Chemical cleanimyolves a5-10 min dip in a hot

alkaline cleaner followed by a 2 midip in a ferric nitrate bright pickle solutid20,21].

2.4 Joining Steel to Magnesium

Review of the literature reveals that a successful joint between Mg and Fe may be made by

inserting a third metal at the interface. Different joining processes have been used to joint Mg
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alloys to steel sheet27-29,33-39], but the key factor for getting a metallurgical bond
between Mg and steel in all of those studies was the use of an interlayer. In this section,
different joining processassed for Mgsteel dissimilar joints are discussed.

2.4.1 Friction Stir Welding (FSW)

Friction stir welding (FSW) habeen shown to havie ability to join Mg alloys to steel
[27,28,29]. FSW is a soliestate welding technique invented by Thomeasal [30] at The
Welding Institute TWI). FSW has the added advantage of minimal oxidation because of the
solid-state nature of the process.

Chen and Nakata2},28] studied the effect of tool geometry on microstructure and
mechanical properties of friction stir lapelded AZ31 Mg alloy and steelA schematic of
the FSW processs shown inFigure 2-3 [27]. The magnesium alloy sheet was put oa th
steel sheet and a rotating tool with a 1.5 mm long probe was inserted into the magnesium and
steel sheets moving along the joint lilBased on their results, the AZ31/zinc coated steel
joints showed higher failure loads than the AZ31/brushed finishedl gbins, which
suggesd that the presence dhe zinc coaing significantly improved the weldability of
magnesium alloy and stee?q. However, poor mechanic@roperties of the joints were
observed due to oxidation of theterfacial zone between the steel and magnesium alloy
sheets and also formation of brittle intermetallic compounds, such ,&$3Falong the
interface R7]. Fracture of tensile shear test specimens was reported to occur always along the
Mg alloy-steel interface, not in the stir zone (SZJ][
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Figure2-3: A schematic of the FSW process (taken from Chen and N&kgja [

A similar study of FSW of AZ31 Mg alloy to steel in a lap configuration was carried
out by Janaet al [29] based on the idea that a successful joint between Mg and Fe may be
made by keeping a third metal such as Zn at the interface. They used two types of steel
sheetse.g, hotdipped galvanizedHDG) high strength steel and electyalvanized mild
steel R9]. However, neither the original Zn layer nor any new phases were observed along
the bulk of thegint interfacg29]. In generaltheabsence of any new Avig phase along the
Mg-steel interface indicatithat the top Zn layedid not actas a brazing materi§29]. Also,
failure of all jointswas reported to occtinrough interfacial separation and all the joints were
found to be mechanical in nagusince the Mesteel banded interface was mostly free from
any new phasef29]. Therefore,evenwith the existence of a third metal as the interlayer,
such as Zn in the form of zinc coated steel, keeping the interlayer at the interface between
steel and magnesium alloy is very difficult during FSW, due to the stirring action of the pin

and materiaflow with high plasticity along the interface.

2.4.2 Diffusion Brazing

Diffusion brazing methods have been used to join advanced al®y3?], and can offer an

alternative method for joining Mg alloysgteeldissimilar metalsElthalabawyand Khan 33]
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studied tle effect of bonding parameters on microstructural developments and joint strength
properties ofdiffusion-brazedAZ31 magnesium alloyo austenitic stainless steel using a
nickel interlayer.They reported thathe shear strength of the joints reatlae maxmum

value of 46MPa for a bonding time of 20 mirat 510 °C 33]. However, joint strengths
decrease with an increase in bonding time to 60 métueto theformation of intermetallics
within the jointduring isothermal solidificatiof33]. The long hermal cycleof diffusion
welding/brazing process promotes formation of brittle intermetallic compounds along the
interface of dissimilar joints. This process is not classified amss production proces¥2]

33.

2.4.3 Laser-GTA (Gas Tungsten Arc) Hybrid Welding

LaserGTA hybrid welding process, which is a modern welding technique with high
efficiency, can be used for Mg allegseeldissimilar joints. The high energy bedatilitates
high speed weldingith full penetration in materialfiowever, tie absorption of laser energy
in some materials is rather low causing high consumption of electric q@jveAfter an
electric arc is incorporated into the laser welding process in an appropriate way, the
efficiency ofthelaser beam is enhanced and the arc and laser together cause improvement of
laser welding characteristid§]. The high energy intensity of lasemakesthe steel and
magnesium alloy melt simultaneoudi$4]. In this praess, molten magnesium and steel
should be completely mixed due to fast stir action in the molten gpol [

Liu et al [7,34,35,36,37] haveused the laseGTA hybrid welding for Mg alloysteel
joints withoutand with using an interlayeelementbetweenthem. More detai of these

studiesare discussed in this section

LaserGTA hybrid welding of steel and magnesium alloy without an interlayer

Liu et al [7] havestudied the welthg of AZ31B magnesium alloy and 304 steel in a lap
joint design. The maifocusof this study was on the interface of M@ joins to determine

the weldability of MgFelap joints by laserGTA hybrid welding[7].
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A schematic diagram of their las&TA hybrid setup was shown inFigure 2-4 [7].
The steel sheawas notplaced on top, because it needs more power to melt and this may
cawse the magnesium to vaporizesulting information oflarge poresin the fusion zone
[7,34].

laser A

tungsten
Welding direction
_—>
| 1M
Fel 1 ?

Figure2-4: Schematic of lase&TA hybridwelding (taken from Liu and Zhad]).

As there is no interaction between Mg and Fe, the interfacé® dg alloy and steel
were reported to be clear withoattransitional zone 7). A series of discrete gaps were
produced at the interface of Mg alloy and steel, suggesting that the bonding between Mg
alloy and steel lthnot formed T].

The problem with the las€BTA hybrid welding of steel and magnesium alloy is the
high temperature at the interface of the Fe matrix that calnedguid magnesium alloy to
evaporateT]. In addition, the oxidation of unprotected steel occurs. In a lap welding process,
the interface between Mg and Fealifficult to protect. The result was heavy oxidation of the

interface and all the joints were fractured along theRdinterface [].

LaserGTA hybrid weldingf steel and magnesium alloy witheusd an interlayer

Steel and magnesium do not interact with each othberefore,to obtain a reliable joint
between these twmetals an intermediate element that can interact with both Mg and Fe

shouldbeinserted Liu and Qi B4] studied GTA hybrid welding oAZ31B magnesium alloy
15



to mild steel Q23%n the lap joint configuration witkhe addition ofa copper interlayerin a
form of 0.1mm thick99.9wt.% Cusheet The schematic of the process was simildfigure

2-4 [34)]. It was found that the additiasf Cu improved the wettability of molten magnesium
alloy on steel and facilitateits nucleation on stedl34]. However, no detailed study on
wettability of molten magnesium on the steel was repoitedias also reported that the
addition ofa Cu interlayer not onlwllowedjoining between th&lg alloy and steel, buslso
contributed to the improvement of strengtid effectivelyled to a metallurgical bon®B4.

The tensile shear strength of the joint wagarted to be 170 MPa. The same behaviour was
observed using a Ni interlaydn further study byQi and Sond36], 0.1 mm thickNi sheet
was usedas anintermedige element betweethe steel and AZ31B Mg alloy durinthe
hybrid lasetGTA welding process. It was reported that the interaction of Ni with both Mg
and Fefacilitatedjoining of the AZ31B Mg alloy andsteel[36] and the result was formation

of a joint with 166 MPa tensile shear strength. Compared with the Cu interthger,
strengthening effect of joints was simile&86]. The reason for these similarities between
microstructure, mechanical properties, and wetting properties oflagexGTA hybrid
welded Mg alloysteeljoints using Cu and Ni interlayers wast reported and further studies
are required.

Using the same hybrid procedsu et al [35] have investigategining of AZ31B Mg
alloy to Q235 steel with thaddition ofa 0.3 mm thickSn interlayer The main reason for
choosing Sn in this study wasised on examination bfnary phase diagrams of Mgn and
SnFe that showsSn can interact with both Mg and Fe. Formation of intermetallic ghase
between Mg and Sn and solid solubility of Sn into Wwere observed in their binary
systemg35]. It was found that the addition of Siminated the gaps distribed along the
fusion zonesteel interfacesbecause the Sn improves the wettability of the Mg to the steel.
However, no detailed studies on the fusion zsteelinterface and wetting mechanism
between the steel and fusion zone were reported. Furthetigates is needed to find the
real bondingmechanism when Sn is used as an interlayer between magnesiunaralloy

steel

16



2.4.4 Laser Welding

The laser lap welding d mm thick AZ31B magnesim alloy to1.2 mm thickZn-coated
steel was recentlgtudied by Wahband Katayama3g]. An unstable welding process was
reported due tohe difference in the physical properties betweabe two materials
(particularlyin a keyhole modevhen the laser beam penetrated it steel specimégh3§].

The fracture strength of 6000 N was reported for a 25 mm wide speeintghe
joint failed in the AZ31B fusion zonf88]. Formation of brittle MgZn eutectic pase in the
fusion zone degraded mechanical properties of the joint and caused the fracture to occur in
the fusion zone rather thahe steelMg alloy interface[38]. Formation of @450 nm thick
layer of FgAI intermetallic compound on the steel surfagas alsoobservedas a result of
the interactiorbetween Al from the AZ31B alloy and Fag].

2.4.5 Resistance Spot Welding (RSW)

Liu et al [39] studied the resistance spot weldif@SW) of AZ31B magnesiumalloy to
DP600steel using Zn interlayer in the form of Zoated steel sheefhey found that a pre
existing transition layer of LAl between the Zn coating and the steel improved wetting and
bonding between the steel and the magnesium By

The main limitation of this technique is the inherent limitation of the RSW process. It
can create only localized joints, which may not be particularly strong. In additibe sifeel
surface is covered by high meltingmperature oxide layers, such as@lfor Al-coated
steels, ND for Ni-plated steels, GDs; for stainless stegl breaking the oxide layer and
providing the conditions for wetting of the oxide free steel surface by molten Mg alloy and as
a result formabn of a metallurgical bond betwedhe steel and Mg alloy would not be

possible since the lap joint configuration of this process lirthis effectivenesef the flux.

2.5 Factors Affecting the Joint Strength

The strength othe Mg alloysteel dissimilametal jointis mainly affected by the following

factors:
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2.5.1 Intermetallic Compounds

Formation of intermetallic compounds (IMCs) in joints is closely related to the elements
present in the base metals, filler metal, and interlayer. These IMCs may formraedcstgel
fusion zone interfaceghe Mg alloy-fusion zone interface, avithin the fusion zone. Liet al

[34] reported that with the Cu interlayer added, thergran the fusion zone became very
fine as a new phase was generated along the grain bourassieswvn inFigure 2-5b and
d[37]. This IMC (MgCu) with thin rodlike morphology could block movement of
intergranular cracks during tensile testidd][ This IMC phasewas found tqlay a key role

in strengthening the Mg allesteeljoint [34].

In a similarstudy, Liuet al [35], reported formation of Mgn IMC homogenously
distributed in the fusion zone of AZ31B Mg allsyeeljoint when using a Sn interlayer. It
was found that the formation of Mgn provided nucleating sites for the molten Mg alloy
[35]. As a result the grains of the Mg alloy were refined by these nucleating sites
accompanying the rapid coolingherefore the mechanicaktrengthof the joints are closely
related to the morphology and distribution of microconstitue34s3[7], especially to those
of intermediate phases formed in the FZ of the joint, such a€MdMgNi andMg,Sn

In some cases, formation of IMCs can be detrimental for mechanical properties of the
joints. For instance, it was reported that the formatioaMg-Ni-Al intermetallic compound
along the interface of AZ31Bli-316L steel during a diffusiobrazing process detrimentally
affected the mechanical properties of the final joints due to the brittle nature of this IMC
[33]. In an other study, Wahba and Kgwma[38] reported formation of brittle Mg-Zn
phase in the fusion zone of the laser welded AZ31B Mg atigdn-coated steel joint, which
degradedhe mechanical properties of the joint.

Formationof an IMC of FgAl 3 at the lap interface of FSWed AZ31B Mg alloy sheet
to low carbon steel sheet was reported to be the key factor for bonding of Mg alloy to the
steel[27,28]. In laser welding of AZ31B Mg alloy to Znoated steel sheetgrimation of a
450nm thick layer of FeAl IMC on the steel surfaceas also observeds a result of the

interactionbetween Al from the AZ31B alloy and &g].
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Figure2-5: SEM images of transvee sections of the joints and the FZ: (ajaNded joint,
(b) Cuadded joints, (c) from region A of (a), (d) from region B of (b) (taken fromeLial.
[37)).

From the above studies, it was concluded that the formation of intermediate phases in
joints is related to the materials selection for the joining process, mainly filler metal and
interlayer compositions Formation of these IMCs along the stbtd alloy interface can
facilitate metallurgical bonding between the Mg allagd steel, but they can also be
detrimental for mechanical performance of the joints

2.5.2 Transitional Zone

Formation of atansitional zone mostly composed of a solid solution of an interlayer element
in Fealong the Mgsteel interfacas the key for bonding of the interlayer tthe steelfrom

one sideandto the Mg from the other sidgiu et al.[34] reported formation of a transitional
zone (TZ) composed of a solid solution of Cu in Fe at the interface e€Mgterlayersteel

(seeFigure2-5b). The formation of a TZ in the form of Ni solid solution in Fe along the edge
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of the weld pool on the steel side was also reportedZ&1B Mg alloy-Ni interlayersteel
joints asshownin Figure 2-5a[37]. Specially the part of the TZ in circteregionsshown in
Figure2-5aand b was reported to wrap around the FZ and prevent it suffesmgexternal
load directly during tensile shear test. This was reported to significamctreasethe joint
shear strength3[7].

In a study ofdiffusion brazing ofaustenitic stainless steel all@L6L to magnesium
alloy AZ31B using a pure nickel interlayer I@thalabawyand Khan 83|, the increase in
joint strength was #ibuted to the formation of a solgtate NiFe reaction layer at the 316L

steelNi interface.

2.5.3 Interfacial Strength

In dissimilar metal combinations, thetrength of thenterface between two solid phases,
where the lattice planes of each phase raaeh otheris critical in terms ofbond strength.

As mentioned in previous sections, formation of a reaction product (in the form of solid
solution or intermetallic compound) along the interface between theaMl steelis
responsible for formation of a metallurgical bond between thEne. formation of the
reaction product(s) is associated with the formation of new interfdt¢es.formed bond
strength is not just dependent on the properties of the reaction producte drasd¢hmetals,
such as their elastic modulus or brittleness, but also the reliability of the formedaalid
interface itself is vital.

The solidsolid interfaces are classified as coherent interfaces, semicoherent
interfaces, and incoherent interfag¢d§]. In coherent interfaces two crystals match perfectly
at the interface plane4{)]. Disregarding the chemical species, coherent matching can be
achieved whenhe interfacial planes from both sides have the same atomic configuration
(crystal structure), orientation, and interplanar distad€ A slight difference in th lattice
constants along the interface can cause a deviation from the perfect coherence and
deformation of the lattigewvhich results in a reduction in work of adhesion and bond strength
[40].
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When there is no perfect match between two crystals lattices (semicoherent interfaces),
due to different lattice parameters between the substratehane@action product or the
reaction product and the solidified regiom, iatrinsic strain in the reaction produaises
(seeFigure 2-6). This strain (mismatch strain) can cause fracture of the interface during
tensile loading41,42]. The magnitude of this extensional strainpioportionalto the lattice

. : d.- d
mismatch between the reaction product and the subsﬂ{ate—%, whereds anddg are
S
the lattice parameters of the substrate and reaction product, respeetstigwn inFigure
2-6). Schematic shown iRigure2-6 has been maday the autbr.

y
—HdRH—
Reaction Product
— — » X
Substrate
—Hdsu—

Figure2-6: Mismatch strain along the substragaction product interface in their adjoining

lattices.

The free (strain) energy densifyy associated with isothermal lineglastic straining

of a crystalline reaction[d4garoduct (as given
E, =S ef(y) 2.1)
° 1-n

whereG and 3 are shear modulus arRbisson's ratio of the reaction product, respectjvely
and f(y) is the unit step functionTherefore, the strain energy is always positive, and
proportional to the squaref the strain. The strain, in turn, is proportional to the lattice
mismatch between the substrate and the reaction product. This strain energy will increase the

total interfacial energj4Q].
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Unless the mismatch between the interplaner spacings is small, the mismatch strain
would develop between the substrate and the reaction protBjctHereby decreasing the
strength of the interface and degrading the total dracstrength of the bond. Let al. [44]
reported formation of semicoherent interfaces and a good bond with less than 5 % interplanar
mismatch between the #Ads (reaction product) and the steel and NIgus lattice matching
at the interface between thsa dissimilar phases one of the major factors governing the
characteristics of interfaciadtrength Zhang etal. [45 used an edg®-edge matching
crystallographic model to predict all the orientation relationships between crystals that have
simple hexagonal close packed (HCP) and boehtered cubic (BCC) structures and they
found that the lattice mismatching of HCMId) and BCC (Fe) is very largdhis causes
immiscibility between Fe and Mg that results in an atomically or compositionally sharp
interface, without any intermixing or transition lay&hus,poor wetting and weak bonding
will occur when the lattice misnthing of the twoimmiscible elements or compounds is
large @4].

2.6 Wetting

A comprehensive study of the factors responsible for the wetting of a solid by anfigtatl
is not only of scientific interest, but also of significant technological importance. This
information is particularly valuable for manynetallurgical processes, for instance
fabrication of metateramic composites, thin film materiahgt dip meallic coating of steel,
soldering in microelectronicand brazingprocesse$46]. The basic process of brazing or
soldering depends on wetting for the formation of brawesoldefto-base metal contact.
Solidification of molten braze or solder after wegtiresults in a permanent bond. Therefore,
the brazeable/solderable surfaces must allow the molten braze to wet and spread within the
available time47].

Wetting or spreading can be broadly classified into tategories, viz., nereactive
wetting and reactive wetting [48]. A liquid spreading on a substrate with no
reaction/absorption ahe liquid bythe substrate material is known as A@active or inert

wetting[48]. Spreading of molten magnesium on steel igxample of nofreactive wetting,
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which has been reported to beery poor [/]. On the other hand, the wettimgocess
influenced bya reaction between the spreading liquid and substrate mateikalowsn as
reactive wetting48]. Using an appropriate interlayer between Mgy and steetan provide
the conditions for reactive wetting and improvement of wettabAilieration oftheinterface
and formation of intermetallic compounds are the important feabfiresctive wetting48].

In reactivewetting, the wetting is followed by material transport at siéd/liquid
interface. A chemical reaction generally ocdoesween the mating surfaces and the resultant
chemical bonds are responsible for wetting. Hence, according to conventional
thermodynamis, reactivewetting should be possibbnd occur spontaneousiyheneverthe
change in free enerdyr the interfacial reactiqrp G, is negative 48].

Eustathopoulos and emorkers 9,50,51,52,53] carried outextensive work in the field
of reactivewetting. They studiedvetting behaviouusing thesessile drop technique im
number ofreactive system#ncluding systems with good wetting asell as nornwetting
behaviour in order to analyze the mechanism of wettifige following equation was

proposed fothesmallest contact angle inr@active system with limited/moderate reactivity:

Dg I 2.2

C0Sq,, = COSE
gLV g

wheredqi, is the smallest contact angle in a reactive systenis the surface tension of the
liquid, dyisthecontactangle n t he substrate in ttewesadbsence
thechange in interfacial e ner giythecchaage indreei nt er
energy per unit area released by the reactiothefmaterial contained in thenmediate
vicinity of the metal/substrate interfad®2]. Therefore,the interfacial energychange
affected by interfacial reactisrcould be a majocause for erdnced wetting in reactive
systems$2].

EustathopoulosH0] proposeda reaction product control (RPC) model to explain the
reactive wetting behavioursée Figure 2-7). According to this model, th&nal degree of
wettingand contact anglel, and the spreading kinetics are controllgtthe new compound

formed at the interface and not by frerent basenetal[53].
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Figure2-7: RPC model for reactive wetting (stages of reactive wetting of ligluichinium

on vitreous carbon substes) (taken fromEustathopoulo§53)).

In reactive systems#he steady contact angle between solid and liquid is nearly equal to
the contact angle of the liquid on the reaction product jtdedf generally acceptadactive
wetting mechanism in metallimetallic systera [50]. As a result, the final contact angle is
given by applying Yo uveagid prodeayapaut system indtead of he | i g
liquid-solid substraterapour p0]. Therefore, it has been accepted that the lige&ttion
productinterfacial energy haadominant effect on wettind he effects of other factors, such
as thereaction produesubstra¢ interfacial energy or otheeaction productsvhich are not
in direct contact with the liquid phase have ryat been studied. An examplehich
highlightsweakness ofhe reactive wettingnechanisnproposed above is thwetting of Sn
3Ag-xBi solders on E-42Ni alloy substrate studied [8aizet al [54]. Their results showed
different contact angles of 57° and 77° when the temperature was 250 °C and 450 °C,
respectivelyMoreover they showed different reaction product(s), which was Fe (substrate)
FeSn (reaction productsn (solder) at 250 °C andFeSnFeSn-Sn at Howdver,e C.
the underlying mechanisiimehind varying contact angles was not provided and cannot be
simply explained using the proposed mechanism for reactive wetting in metattdlic
systens, since the immediate reaction product in contact with Sn solder was ireSaoth
cases.

As mentioned in the prious section, the mismatch strain energy along the substrate
reaction product interface, whichpsoportional to the square of the strawill increase the
total interfacial energy{40]. This energy will increase the total free energy needed to
overcome the wettingarrier Thus the interfacial energy and wetting can be dependent on
the crystallographic digsegistry and lattice matching in between the reagbiduct(s) and
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the substrate-dowever,no detailed study on the effect of the lattice matching on wettability

in multi-component metallic systems has been reported.

2.7 Summary and Concluding Remarks

Review of the literature reveals that joining Mg to ktieg conventional fusion welding
technologies is impossible. Also, using sedidte joining techniques, such as FS@sulted
in formation ofa mechanical bonding between the Mg and steel with low joint strength, since
no metallurgical bonding forms between these two elements. Thenefaneler to keep the
steel inthe solid-state and avoid evaporationtbe magnesiumthe remaining option tywin
Mg to Fewill be the brazing techniquerovided another element that can interact and bond
with both of them can be applied between the Mg and Fe and act as an intermediate
interlayer elemenor alloy. The product of thisnteractionis either the famation of a solid
solution or a layer of an intermetallic compoumtie formation of thick, brittle intermetallic
compounds is not favourable due to degradation of mechanical properties of the joint as
failure of the joint will occur at relatively low lois due to fast fracture of the brittle
intermetallic layer. Laser beams with high localized energy input and precise control of the
beam energy can provide high joining speeds and accompanying high cooling rates. The
resulting limited reaction time minimizs the formation of unfavourable intermetallic
compounds at the joint interface. Therefore, using a laser beam for joining magnesium alloys
to steelis recommended. Since thevasno study available in the literature on the brazing of
Mg alloys to steellseet,the feasibility oflaser brazing of Mg alloy to steel shdwts been
studiedin thiswork.

Using Ni, Cu, and Sn as an interlayer between Mg and steel were suggested during
laserGTA hybrid welding of steel to Mg alloy sheets. However, more fundarnstudies
are needed to find the strengthening mechanism of these interlayers. In addition, the
strengthening mechanism of these interlayers might be different in the laser brazing process
relative to the laseGTA hybrid welding, since steel stays in siditate in the laser brazing

process, but Mg alloy and steel are melted simultaneously in thedagehybrid welding.
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Further investigations are required to understand the fundamental metallurgical phenomena
responsible for bonding between Mg and stesdl &0 study strengthening mechanisms
associated with using an interlayer between Mg and steel during the laser brazing process.

Selection othe besttype of the interlayeto usebetween Mg and steel will be another
issuethat must be considered duringstaudy of the feasibility of usinghe laser brazing
processto join these two metalsAs an alloying element, Al improves ftlity, room
temperature strengtéind hardness of the Mg alloy. As an interlayer between Mg and Fe, Al
with FCC (facecentered culg) structure is more favoured than having a BCC phase along
the interface 45]. It is alsoworth noting that formation ofan intermetallic compoundiong
the interface can be helpful for formation of a metallurgical bond between Mg andchgs. It
been reportethat FeAl IMCs/Fe interface has a lowmterfacialenergy with good match of
lattice sites $5]. A recent study by Liet al [44], showed that a nadayer of FgAls on
steel can be a transition layer to bond Fe to Mg dubeddow energy interfaces and good
matchng of lattice sites between Fe and,&k as well as Mg and RAls. Therefore, Al is
expected to act wells an interlayer allopetween Mg alloy and steel during laser brazing
process.

Anotherpossibleinterlayerelements Ni. With a FCC crystal structure, unlimited solid
solubility with Feat the laser brazing temperatures, and having the same valence as Mg and
Fe Ni is a good candidate to be applied and studied between Mg alloy and Fe during the
laser brazing process. Having the same crystal structure (FCC), very close electronegativity
(1.91 and 1.90 for Ni and Cu, respectively), the same atomic radius (135 pntheasaime
valence (two) can cause similar behavitor Ni and Cu as an interlayer between steel and
magnesium alloy during joining processes, such as-@&$ér hybrid welding B7] or the
laser brazing process. As a result of these similaritiethénMg-Cu-Fe and Mg-Ni-Fe
systemspoth Cu and Ni react with Mg via eutectic reaction and the products of these
reactions are Mgcu and MgNi, respectively 87]. Therefore, froma microstructure and
mechanicalstrengthpoint of view, using Cu and Ni showed the same behiesias an
interlayer between magnesium alloy and st8@].[Sn was also reported to react well as an

interlayer between Mg and steel during |a&drA hybrid welding. However, no detailed

26



studies on the sted@lision zoneinterface vere reported. Therefore, using Aj, and Sn
interlayes between Mg and steel in the laser brazing process and also studying the
strengthening mechanisms of the jomesreproposedand investigated in this work

Identifying and evaluating amappropriate interlayer between steel and Mg alloys
experimentally can be costly and time consuming. This process can be shortened with the use
of computational thermodynamics, which provides a convenient way for predicting the
phases most likely to forrmicomplex multielement alloy systems at the interface as a
function of alloy composition and temperature with greater accuracy than is possible using
the binary or ternary phase diagrams of the constituent elements. Prior knowledge of these
phases can beeneficial as they can affect the mechanical properties, the temperature of the
joint interface, the wettability of the steel by the magnesium alloy and the overal brazeability
of the joint.

In the last decade, several different commercial thermochenodaschave become
available for the calculation of the phase stability in rredinponent system&6-59]. These
codes can be used to predict the free energy of competing phases as a function of
temperature, pressure and composition, and the phaséseancbmpositions that lead to the
minimum free energyi.e., phase equilibrium. The key to all of these computational tools is
the database that contains all relevant thermodynamic model parameters required to describe
the functional behaviour of the Gib free energy of all phases, including solutions. The
unique feature of these computational thermodynamics tools is that phase equilibrium and
thermodynamic properties of multomponent systems corresponding to real commercial
alloys with ten or more coponents can be readily modelled and assessed with reasonable
accuracy.

Predicting early stage phase formation along a-gtémllayerMg alloy interface can
be used to choose the appropriate interlayer between the steel and magnesium alloy.
Simulation ofthe phase formation and thermodynamic properties of the phases during
different joining processes, such as laser brazing, can be an important tool when developing
high temperature joining processes. In this studyputational thermodynamics used to

examine the effect of using a 5 um thick Ni interlayer between steel and AZ31B Mg alloy
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sheet on the phases formed along the fusion -gteedinterface during a laser brazing
process using AZ92 Mg brazing alloy.

The basic process of brazing depends strongly on wetting for the formation of braze to
base metal contact and the brazeable surfaces (steel and Mg alloy) must allow the molten
braze to wet within the available timEhere is a need for an-gtepth investigtioninto the
molten magnesium allegteel interfaceutilizing detailed and well controlled wetting
experiments This need arises due to the rmnstence ofstudieson the fundamental
mechanisms and reaction characteriséitsplay during the reactive weng of steels by
molten magnesium alloy3ypically, magnesiundoes not wet or bond to stdél0] because
of the nearly zero solubility of magnesium in irofvetting can however be improvel in
immiscible alloy systems using an interlayer dodning of a continuous layer o new
solid compoundreaction productat the interfac§61,62].

In this study, a reactive system including Ni eleciptated steel and AZ92 Mg alloy
(liquid) using a laser as the heat source is studied to understand the effeattminre
products, especially lattice matching betwettse interfacial phase(sformed and the
substrate on wettability in highly reactive metallicmetallic system.Understanding the
relationship, if anypetween interfacial phases and wetting charadesigt the Niplated
steetAZ92 Mg alloy couplewith a strong metallurgical bond between the steel and Mg alloy
will facilitate increased application and use of Mg alloys in the automotive and aerospace
industries

Since Al was found to have characteristiof an appropriate interlayer between Mg
alloy and steelin the present studyjevelopment of laser brazing process for joining Mg
alloy to steelwas started usinguminized steel. This type of steel sheet is coated by2di

layer and is already uséuthe automotive industry.
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Chapter 3
EXPERIMENTAL METHODS AND CONDITIONS

3.1 Laser Brazing Experiments

3.1.1 Materials

The laser brazing process was carried oub@x60 mm specimens sheared from 2 mm thick
commercial grade twhnoll strip cast AZ31BH24 Mg alloy sheetind three types afold

rolled steel sheets includinggy mm thick Al-12Si coated(aluminized)stee] 1 mm thick Ni
electroplatedstee| and 0.6 mm thick Sn electpated steel shestwere sed as the base
materials A 2.4 mm diameter TiBraze Mg 600 fillerire (Mg-Al-Zn alloy) with solidus and

|l i quidus temperat grCes refspé4bi e€l mndwi@d0chos
chemical compositions of the ba®aterials are given imable3-1, Table3-2, andTable3-3.

The commercial flux used in the experiments was Superior No. 21 manufactured by Superior
Flux and ManufacturingCo. This powder flux was composed of LiCl (3® wt.%), KCI (30

35 wt.%), NaF (125 wt.%), NaCl 8-13 wt.%), and ZnGl(6-10 wt.%)[63].

Table3-1: Measured chemical composition of the AZd24 Mg alloy sheet and TiBraze
Mg 600 filler metal (wt.%)

Al Zn Mn Si Mg
AzZ31B-H24 3.02 0.80 0.30 0.01 Bal.
TiBraze Mg600 9.05 1.80 0.18  --- Bal.

Table3-2: Measured chemical composition of the aluminum coated steel sheet (wt.%)

C Mn P S Fe
0.01 0.6 0.010 0.0¢ Bal.

Table3-3: Measured chemical composition of the Ni and Sn elqatxted steel sheet (wt.%)

C Mn P S Fe
0.00. 05 0.010 0.005 Bal.
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Prior tolaserbrazing, the oxide laysmon the surfaceof the magnesium sheevere
cleaned by stainless steel wire brughi All specimens were ultrasonically cleaned in
acetone to remove oil and other contaminants from the specimen surfaces.

Figure 3-1 shows a optical microscopic image of the steelSi coating layer
interface before the brazing proceshe Al-12 wt.% Si coating layer on the steel sheet was
20+2 pm thick.In Figure3-1b, a 3.5um thick Fe-Al-Si intermetallic compound (IMC) layer
is clearlyshown at the interfaceThis IMC layer was confirmed by-Xay diffraction to be
thed-Fe(Al,Si); phase.

oK .
g Layer

ALl

Figure3-1: Transverse section of the original steel sheet showing: (a) th&3ilcoating

layer and (b) the prexisting FeAl-Si IMC layer at the steel/coating layer interface.

A custom manufactured Ni electpbated steel sheet was mafie this study For this
purposethe baresteelspecimensvith the compositions shown ifable3-3, were cleaned in
acetone and then ground1600grit using SiCabrasivepaper and again were ultrasonically
cleaned in acetoneThe pepared surfaces werthen immediatelyelectroplated with
electrolytic pure nickelln the Ni electreplating process, the clean steel sample thas
cathode andgraphite waghe anode. The composition tifie electroplating solution and the

electroplating conditions are listed Trable 3-4. Figure 3-2a shows a schematic of the Ni
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electredeposition processsed.In order to get a uniform 5 pum thick Ni layer on the steel,
different cathode currerdensites and plating time were tested Electrodeposition ofNi
using acathode current density of 12@/cn?’ for 10 minwas found tgprovidea 5.5 + 0.9
pm thick pure Ni coating layer ctme steelwith a defect free interfac&igure 3-2b showsa
SEM micrograplof the cross section of the kiel-coated steel. Thehite layer on top of the
steel isthe Nicoating layerThe coating wasf uniform thicknessvith a void free interface.
EDS analysis of the electdepaited layer on the steel showegwe Ni coating layer.

Table3-4: Composition of Ni electroplating solution and electroplating parameters

Plating Solution Composition (g/I Electrodeposition Parameters

NiSO416H,0 263 Cathode Current Density ~ 45-120 mA/cnt
NaSO, 215 Time (min) 5-20 min
HsBO3 31 pH 3
Temperature 25 eC
Anode Graphite (8 crf)
Cathode Carbon Steel (6 cth
-+
(a 1l
N |

) &
¢‘Cathode Anode 55+009 um
Ni electro-plated Layer
—v
“ SO,” 0,and CO,
N

(]
> ,
o T e T i ,,_.._,_?*'"‘.__W* o
» Bubbles

| Steel - 10 um

Figure3-2: (a) Schematic of the Ni electaeposition process on steel and (b) transverse
section of theNi electredeposited layer on the steel substrate.
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Figure3-3 shows a SEM micrograph of the cross section of the Sn elgletied steel
The brighter layer on top of the steel is the Sn coating |18yer.electreplated Sn coating
layer on the steel sheet was 3.7 + 0.7 um tH&EXS analysis oSn layer on th steel showed

apureSncoating layerThe coating wasf uniform thicknessvith a void free interface.

3.7 £ 0.7 um Sn layer

Figure3-3: Transverse section of the Blectreplated layer on the steel substrate.

3.1.2 Joint Design, Laser Equipment, and Process Parameters

In this study, two different joint designs weaapplied For theAl-12Si and Ni coad stees,
the edge okachsteel sheet was beit order to makea singleflare bevel lap jointafter
clamping aganst themagnesium sheet, as shownHigure 3-4a. When Sn electreplated
steelwas usedthe AZ31B sheet was clamped on top of the steel sbhamake a lap joint
configuration as shown iRigure 3-4b. The filler wire was cut into pieces and fwet on tle
work-piece at the joint line with soe flux before heating and brazing by the laser beam.

An integrated Panasonic 4xis robot and Nuvonyx diode laser system with a
maximum powenf 4.0 kW and &.5x 12 mm rectangular laser beam intensity profile at the
focal point was used for laser nag. This energy distribution is more suitable for brazing
processes compared with the ngmform Gaussiaistributed circular beams generated by
CO, and Nd:YAG laser$64]. The beam was focused on top of the filler wire.

In order to limit oxidation, haim shielding gasvas provided in frontof the molten
pool with a flow rate of 30min from a 6 mm diameter soft copper feeding tubaser
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brazing was performed using a range laser powes, travel spees) and beam offset
positiors.

(@)

Traversing Speed ‘ (b)

/ s oz
/ He Shielding Tranversing Speed
 Gas Tube

4

~_Laser Beam

T.C. #1
T.C. #2

Mg600

Filler Metal Laser Beam

Flux

s
Al-12Si or Ni-coated

steel Mg600 Filler Metal

Figure3-4: Schematic of the laser brazing system used for joining AZ31 Mg ardd-EDSi
and Ni plated steel sheetsadsingleflare bevel lap joint configuration showing the position
of two thermocouples used for temperature measurements andglec8aplated steel

sheets iralap joint configuration

3.1.3 Microstructural Examination

After laser brazing, transverse creassctions of the brazed specimens were cut and mounted

in epoxy resin. The samples were then mechanigatiyndusing 300, 600, 8QA00Q and

1200grades of SiC grinding papers followed by polishing using a 1 pum diamond suspension.

The polished specimensere etched to reveal the microstructure of the braze metal and

AZ31B base material. The etchant was comprised of 20 ml acetic acid, 3 g picric acid, 50 ml

ethanol, and 20 ml wat¢65].
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Macro- and microstructure of the etched joints were examinedusing anoptical
metallographic microscope. The microstructure and composition of different obrilbe
joint cross section were determined using a JEOL-83BD scanning electron microscope
(SEM) equipped with an Oxford INCA&nergy dispersive Xay spectrometefEDS). Phase
characterization of the phases formed in the dtestbn zone interface and on thacture
surfaceswas carried outising Xray diffraction (XRD) phase analysis a Rigaku AFGS
diaractometer with Cu target, Y acceleration voltage, a mA current

Transmission electron microscope (TEM)ls were prepared using the focused ion
beam (FIB) (Zeiss NVision 40 [Carl Zeiss, Chicago, IL] FIB/field emiss$&M) and an
in situ lift-out techniqueg 66]. A carbon coating was deposited prioR&®B milling to protect
the sample surface and the area of interest upon exposure to‘thea@a Once the TEM
foil was attached to a Cu grid, final thinning was performed on the lamella, initially at an
acceleration voltage of 30 kV, and finally at a lgaltage of 1 kV because the milling of the
Mg-Al fusion zone is much faster than that of-plated steel substrate. Details of this
procedure can be found in Ré6. The TEM studies were performed withJEOL 2010F
TEM operated at 200 k¥quippedvith an Energy Dispersive-Xay Spectrometer (EDS).

3.1.4 Mechanical Testing

Vickers microhardnesgrofiles across the brazed joim&remeasured using a 50 g loading
force and 10 s holding timé&s shown inFigure 3-5, the brazedc mm width rectangular
shapedspecimensvere cutand sibjected to tensile shear tests with a crosshead speed of
1 mm/min. Shims were used at each end of the spesitweensure shedoadsin the lap

joint while minimizing induced couplesr bending of the specimen&verage tensile shear
strength was calculedl from tensilespecimengo estimate the static mechanical resistance

and efficiencie®f the joins.
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Figure3-5: Schematic of the 5 mm wide tensile shear test specimen usiAdr-{&Si and Ni

plated steel and (b) Sn plated steel sheets.

3.2 Wetting Experiments

Spreading of a homogeneous alloy droptetormally performedunder fully isothermal
conditions using transferred drop (T®)/] or dispensed drop (DDB] types of sessile drop
techniques.However, these isothmal conditions differ from real practical applications
which have inherent neequilibrium thermodynamicconditions. In the present study,
wetting experiments were performed using the classic veddithe sessile drop technique in
which a piece of thé&Z92 Mg alloy was placed on thsteelsubstrate and the systemswva
heated to the experimental temperatureorder to simulate and characterize the wetting
behaviar close to the laser brazing condits a4 kW diode laser was used to heat and melt
theMg alloy.

In this work 30 x 40 mm coupons were cut from 0.@8n thick Ni electreplated steel
sheet and used as the substrate. The Ni coating layer on the steel shegimwtisck. A
5mm length ofMg alloy (2.4 mm diameter around 0.3 g) specimen was cuttlamaxide
layer on the surface of the specimen was cleaned by grinding using SiC abrasiv& ipaper.
chemical compositions of the steel sheet andMiealloy were exactly the same abose
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usedin laser brazing experimenfgiven in Table 3-1 and Table 3-3). All specimens were
ultrasonically cleaned in acetone to remove oil and other contaminants from the specimen
surfaces. TheMg alloy specimen was then placed in the middle of the steel substrate as
shown inFigure3-6. The flux provided enough shielding during the wetting; tiestrefore, a

shielding gas was not necessary.

Diode Laser
Head e

Laser Beam -Focal Plane
Mg Alloy
Specimen

Ni Coating Layer /¥

Flux |Defocusing
Distance

Steel Sheet

Thermocouple

@
&
3
&
s
O

Drop Base Diameter

Figure3-6: Schematic of the wetig test.

The wettability test was performed using #@snediode laser systeras the used laser
for the brazing experiment3o obtain alaser beam intensity distributicall over the Mg
alloy, 30 mm defocusing of the laser bearas applied The diode laser beam was used for
1.6 s to melt théMg alloy specimeron the substrate using different laser powers. Also, to
measure the temperature profile versus time at different process parameters a thermocouple
was attached to the bottaahthe center of the steel substi@eeFigure3-6).
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Each test was repeated five times. After each test, the flux was washed off immediately
using hot water. The samples were crgsstionedusinga high speeavafer cutting machine
and mourtedin epoxy. The mounted samples wgreundandpolished with silicon carbide
coated paperand diamond suspension, respectivelyie cross sectioned samples were
photographed and the contact angles were meaaaiegl CoreIDRAW software

The macrostructure of samplerosssections producetbr the contact angle variation
measurementand themicrostructure and compositiahanalysiswere determined using a
JEOL JSM6460 SEMequipped with an Oxford INCA&nergy dispersive Xay spectrometer
(EDS). For TEM analysisof the Mg alloysteel interface, TEM foilsvere prepared using the
FIB and insitu lift out techniqug66]. The Mg alloy-substratenterface was observed with
Titan 8G300LB, a high resolution HRTEM/STEM made by FEI Compamperated at
300KkV.
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Chapter 4
Laser Brazing of AZ31B to Al Coated Steel Sheet

A diodelaser brazingrocedure has beatevelopedor joining AZ31B-H24 Mg alloy sheet

to aluminum coateccold rolled carbonsteel sheet in the single flare bevel lap joint
configurationusing a AZ92 Mg alloy filler wire This included determination of the laser
brazing process conditions required to make the brazed joints, detailed microstructural
evaluation of the brazed joint, Al coatisteel interface, and steklsion zone interfacand

the mechanicaberformanceof the joints The work presenteand describenh this chapter

has been previous publishedMgsiriet al [69].

4.1 Microstructures of the Brazed Joints

Using bare steel resulted in no bonding between steelhendraze alloyusion zone (FZ)

and the wetting fothe steel bythe braze metal wasery poor (seeFigure 4-1). The top
surfaceappearance dlaser brazed joirand typical cross sectional vies laser brazediig

to Al coatedsteel areshown inFigure4-2. Whenusing2.2 kW laser power8 mm/s travel
speedand0.2mm beam offst to the steel side,uiform brazed area with good wetting of
both base materials and some partial melting of the AZ31B basewastabservedThe Al

Si coating on the surface of the steel significantly improved the wetting of the steel by molten

Mg-Al filler metal resulting in metallurgical bonding with the fusion zone.

AZ31B

Figure4-1: Cross sectional viewf laserbrazed AZ31B tdaresteel sheets made using

8 mm/s travel speed and X%V laser beam power
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e 3 \ ——————————————
Figure4-2: Laser brazed AZ31B to steel sheets made using 8 mm/s travel speed lahd 2.2

laser beam powe(a) top bead appearance g transverse section with using-A2Si
coaedsteel.

The typical microstructure of a laser brazed AZ31B/steel joint transvectiers and
higher magnification images of various locations are showhigure 4-3. Grain growth
toward the fusion boundary occurredthe AZ31B Heat Affected Zon€HAZ), as shownn
Figure 4-3b. In the Partially Melted Zone (PMZ), localized melting or liquation of
intergranular regions occurred as indicatedrigure4-3c. This was also confirmed by SEM
analysis.The thickness of the PMZ layer was not uniform around the fusion zore (20
100um) due to the temperature gradient resulting fromlaser brazing procedsispection
by optical and scanning electyramicroscopy suggestl that thesmall extent of the liquated
region did notresult inintergranular cracking upon cooling.

As shown in Figure 4-3d, the solidification microstructureadjacent to the fusion
boundarywas initially planar,but changed teellular, then columnardendritic, andfinally
equiaxeddendritic morphologies with ioreasing distance from the fusion boundariie
black arrow orFigure4-3d is the same arrow dfigure4-3a and identifies the orientation of
Figure4-3d in Figure 4-3a. As indicated irFigure 4-3d, the planar, cellular, and columnar
grainswereonly found in anarrow zone adjacent to the fusion boundary while the equiaxed
dendriteswere dominant in the fusion zon&he microstructuren the cente of the fusion
zone washomogeneous and characted by numeros equiaxed dendrisewith fine

precipitates dispersed the interdendritic regiongasshown inFigure4-3e andFigure4-4.
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Figure4-3: Photomicrographs of different microstructural regionthlaser brazed

AZ31B/steel joint.
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Figure 4-3f shows the microstructure of the fusion zone adjacent to the steel side,
which was mainly equiaxed dendritic. Planad aallular structures were not obsenatdhis
interface due to low temperature gradient and cooling rate in this interface compared to the
AZ31B/fusion zone interfac&his isa result of laser beam offset to the steel side during the
laser brazing proas and also thkigh thermal conductivity of AZ31B magnesium allay
compared to steespecifically96 and 30 (WritK ™), respectively70].

A SEM image of the filler metal fusion zone microstructure is showsngare4-4. An
intermetallic phasavaspresent at the equiaxed dendrite boundafibss intermetalligphase
appeaedas the dark phase in optical microscopic images and as the white phase in the SEM
images of the fusion zone. This phase had an average composition of 73.3£3.8 wt.% Mg,
24.5N3.7 wt.% Al, and 2.2N0.1 wt-M&wAIZNn, anc
intermetallic phase with zinas a substitutional element. This was confirmed by XRD
resuls. The intermetallic phasevas surrounded by supersaturatedtectic Mg solid
solutionthat containedn average 92.7+0.5 wt.% Mg, 6.6£0.4 wt.% Aldapproximately
0.7+0.2 wt.% ZnT h e e u4Mg antti e Up r-Mgroendite (85.2+1.2 wt.% Mg,
4.3t1 wt.% Al, and 0.5+0.2t.% Zn) are outlined in the SEM micrograph Bigure 4-4.

Each interdendritic region consisted of a singi®g;7Al 1, particle surrounded by eutectic
super s a-Mggraavh feoch prithary’-Mg dendrites. This type of eutectic is called a
divorced eutectic,sincet he t wo eut &gt iacAvbpAhls sre somgletely
separated. This divorced eutectic morphology has previously been reported in
microstructures of Mg cast alloys either with high content of zinc or high cooling rates
during solidfication [71,72]. In this study, the high cooling rate of the laser brazing process
and also 2 wt.% Zn content of filler metal promoted formatiothetlivorced eutectic shown

in Figure4-4.
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4.2 Thermal Effect on IMC at Steel/Al-12Si Coating Interface

In order tosee the thermal effect of the laser brazing process on the IMC layer on the steel,
the opposite steel surface that did not come into contact with the brazing filler metal was
examined (se€&igure4-5a). As shown inFigure4-5b to d growth ofthe IMC layer at the
interface of the steel/coating layer occurdesk tothe high temperatureexperienced during

the brazing process. At the upper part of the interfaapife 4-5b), the IMC layer showed

two morphologies. The firshorphologylabeled as IMC | irFigure4-5 adjacent to the steel

was a compact pladike phase thicker than the original IMC layer. The second morphology
labeled asMC Il in Figure4-5 shows long needikke crystals, which grew from IMC I.

It was observed that upon moving from the locatiorrigire 4-5b to the location of
Figure 4-5d, the needkike crystals of IMC Il gradually disappeared due to theer
temperature experienced during the process. Also, the average thickness of IMC | layer
changed significantly from 8 um at the upper location to abquih 4t the location ofFigure
4-5d compared to the original pexisting IMC layer between coating layer and steel, which

had an average thickness of Arh.
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Figure4-5: Thickness and morphology variation of IMC layer in different positions of the

steel/coating layer interface indicated in (a): (b) upper side, (c) middle side, and (d) bottom

side of the joint

43



Figure4-6 shows a SEM image and XRD result of the IMC layer between the steel and
Al-12Si coating near the top side of the joint. EDS analysis was carried out for the IMC |
layer at locabns P1 to P4 irFigure4-6a, and for IMC Il at locations P5 to P8. The EDS
results are summarized Trable4-1. According tothe XRD profile of the interface iRigure
4-6b and also composition of IMCs ifable4-1, the IMCs were determined to baixtures
of the d-Fg(Al,Si); and-Al 7 JFe ¢Si phases. From the #d-Si ternary alloy phase diagram
and typical chracteristics of FAIl-Si systems[73,74,7576], the IMC | layer was
deter mi ned t oFe@ldiphaset andotlie needike IME 1l layer was (-
Al7Fe gSi. These layers dissolved 10.4 and 16.1 wdf%i in solid solution, respectively,
and Si atoms substituted for Al atoms in IREC phases.
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Figure4-6: Al-12Si coating layesteelinterface of a laser brazed AZ3XB=el joint:(a)
SEM image of IMC layer along interface demonstrates locations with EDS analysis and (b)

X-ray diffraction pattern of the interface.

Table4-1: EDS analysis results of IMC layers at the original steelifcgdayer interface
(Wt.%)

IMC Al Si Fe
| (P1-P4) | 56.6£1.4 10.4+0.1 32.9+1.3
I (P5P8)| 62.6£2.6 16.1+1.6 21.3+1.2
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The rationale for having 12 wt.%i in composition of coating layer is explained as
follows. According to previous work on hot dip aluminizifi€y], the solubility of Fe in an
aluminum bath increases from 5.3 wtté612 wt.% with the conterdf Si increasing from
Owt.% to 10 wt.% at 80@C. With Al-12Sicoating layer on the steel in this studyore Fe
atomswere able todissolve into thecoating layer to form a thicker & IMC layer.
According torecent studief75,76], the solubility of Si in AlFe IMC phase is 0-8 wt.% as
substitut e -FaAkphase. When up to €0 wi.% of Si atoms parétapin the
intermetallic phase for mat i o-ReAhbphegsete foriia at o m
supersaturated solid solution during rapid cool{f®|, but this does not change the
brittleness of this compound. According to Pegteal [78], the same values of hardness
were obtained for pure F&l IMC and FeAl IMC containing up to 8 at.%si (1200 *
100HV20mnN).

4.3 The IMC at the Steel/Fusion Zone Interface

In the laser brazing procesmostof the AlSi coating was melted and diffused into the FZ
leaving only a IMC layer of nonuniform thickness aseen at the steel/braze interface in
Figure 4-7. Based onEDS analysis resultsthis IMC layer was found to contain
54.746.1wt.% Al, 40.1+7.7 wt.% Fe, ard 5.2+3.7 wt.% Mg Based on thesmeasurments
and an XRD profile of the steeHusion zone interface shown Figure 4-8, the IMC was
identified asp r e d 0 mi -Red\lnwith somedMg dfused into the IMC layer during laser
brazing.

As shown inFigure4-7, the thickness of the IMC layer at the FZ/steel interface varied
along the intface. At the topclosest to the heaurce ofthe laser, the IMC layer largely
dissolved into the FZ leaving a very thin layess than 2 unf{seeFigure4-7b andFigure
4-7c). However, &rther down and away from the heat of thser beam, the IMC hapglown
to approximately8 um in thickness (seé&igure 4-7d). The change in the thickness the
intermetallic layers is controlled by two simultaneous phenomena: the diffusitmlt=ah
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growth of intermetallic layers arttieir dissolution by moltemlloy [79,80]. Roulinet al [81]

studied the furnace brazing of stéélalloy dissimilar joins with Al-12Si filler metal. It was

reported that the first formed phase aldhgsteelAli nt er f ac was aternaby~F@ ¢ C

Al-Si IMC with a parabolic growthateindicating a diffusion contrtéd mechanismAt this

temperaturgdissolution ofthe IMC was negligiblg81]. In contrast, Vialat al [80] reported

theformation ofaFe-Al-S i | MC at 780 eC duri ng -7Bialtoy.di ppi ng
It was reported that this IMC remaid very thin (23 Om) at 780 eC due

dissolution[80Q]. It can be concluded that with increasing temperatheedissolution rate of
Fe-Al-Si IMC increases more rapidly than the growth rate (diffusabe)r

From theseobservationsthe following mechanism can be proposed for change in IMC
thicknessalong the steelfusion zone interface from top to bottom portion of the joint.
According tothe binary phase diagram of Ai, the melting temperature ofetheutectic
composition coating layer (AL 2 wt . % Si ) i s approximately
brazing temperature of the filler metal used in this study (600€620 , -$i koatingA |
layer experienced temperatures higher than its melting point gdutfre process.
Consequentlythe high temperature of the process led to the meltint@Al-Si coatingand
also promoted dissolution of the peristing IMC layer between the Al2Si coating and the
steel At the top side of the interface, the dissolutimechanism of prexisting IMC was
more dominant thathe diffusion growth mechanism due tbe rapid temperature increase.
However,with decreasing temperatur®m top towards bottom of the interfadbe IMC
dissolutionrate in the fusion zone decread and its growth rate increased (decreasing
temperature faurs the diffusion controlled growth mechanism more than the dissolution

mechanism).
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Figure4-8: X-ray diffraction pattern of theteelfusion zone interfacef a laser brazed
AZ31B-steel joint

Representative concentrations profiles of Al, Mg, anddfess the interface between
the fusion zonand steebre shown irFigure4-9. Fe and Al atoms diffused into the fusion
zone as a result of high temperature experienced during the laser brazing process. As a result,
a diffusion or transition layer formed in front of the IMC layer the fusion zone side.
According to element distributions of Fe, Al, and Mg ($égure 4-9b), in the diffusion
layer| with the thickness of almost 1.5 um, from the FZ side to IMC side, Fe and Al contents
increased gradually while the Mg content decreased rapidly. As showimgume 4-9a,
diffusion layer | is part of the IMC, thus the formation of this diffusion layer led to growth of
the IMC layer from 5 pm to 6.am. The latteroccurred at the bottom of the brazed joint.
The main mechanism that controls the composition of this area is the time and temperature
dependent diffusion process.

Another diffusion layer (diffusion layer II) is shown Figure4-9a on the steel side of
the IMC layer between the fusion zone and the steel. The thickness of this lay@Bwas
and thus was wider than the diffusion layer I. In thislagelid-state diffusion is believed to

control the overall thickness. During diffusion of an element, the composition gradient is the
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driving force that allows an element to diffuse to a place of lower concentration. As a result,
for diffusion layer |, tle elements Fe and Al diffused from the IMC layer to the FZ, but the
diffusion direction for the Mg would be the opposite. In diffusion layer I, the IMC layer
showed a higher concentration of Al and Mg as compared to steel. Consequently, the
diffusion direction changed from the IMC layer to the steel side (for Al and Mg). But, Fe
atoms diffused into solid solution of the IMC layer (from the steel side). The same type of

diffusion layer has been observed by Metoal [82] after laser penetration brazing Mgy

alloy to steel dissimilar joints.
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Figure4-9: EDS composition line scans at the FZ/steel interface: (a) SEM image of the

interface and (b) line scans of Al, Fe and Mg.

It is worth noting that melting of the All2Si coating layer during the laser brazing
process not only promoted the growth of the IMC layer in the bottom portion of the interface,
but also caused formation and growthAdiMg eutecticin the form ofthe divorced eutectic
b-Mg17Al 12 phase Regional gantitative analysis of the chemical compositions by E&&®
Table 4-2) from the middle part of the fusion zone and also near the steel/FZ interface

showed that the area near the interface contaledwt.% Al, which is more than the
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11.4wt.% Al in the middlepart of the FZ. This difference is the result of the codrse

Mgi7Al 12 phase near the interface as compared to the middle part of FZ.

Table4-2: EDS analysis results of fusion zone at the middle part astéelfcoating layer

interface (wt.%).

Location Mg Al Fe Zn
R1 (Near the interfacel 79.5 15.7 1.9 2.9
R2 (middle part) 86.1 114 - 25

4.4 Mechanical Properties

A Vickers microhardness profile across a brazed joint was measured using 5Ggddetls

holding time. The microhardness distribution profile is showfkigure 4-10. The average

hardnesss of the AZ31B Mg alloy and steelere 62.42.3 HVN and 116.3+3.4 HVN,

respectively. In théusion zonethe average hardness increhtge85.7+8.5 HVN due to the
strengthening effect o f -Mu;fAk, phasecpariclessie the Al cor
intergranular regions. The size of the microhasinindentewas too largdo measure the

hardness ofhethin IMC layeis formed at tle interface. Howevehigher hardness values are

expected for the IMC layer, sinceetreporteda v er age h a rFeApmaseisd® t he d

800 HVN[83], which is muchhigherthan the hardness of the base metals.
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Figure4-10: Micro-hardness profile of a laser brazed AZ34iBel joint
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Four 50 mmlong by 5 mm widetensile specimens were cut out of each sample and
testedat a tensile crossead speed of 1 mm/mirA schematic of the tensile shear test
specimen is shown iRigure3-5a. Due to the norsymmetric configuration of the tensile test
specimena combination of shear and tensile forces exisdt the interfaceConsequently,
the joint strengths were reported eacture load, since it is impossible to separate tensile and
shear stresses

The averagefracture loadof the laser brazed AZ31Beeljoints using MgAl filler
metalwas767+138 N If only the shear plane is considered, the averagar stieength of the
joints was 86.4+8.1 MPa, or29+5% joint efficiency with respect to thaZ31B-H24 Mg
alloy base metalThe joint efficiency values were obtained diyiding the shear strength of
the laser brazed spaciméy shear strength of the AZ31B24 Mg alloy base metal~
160MPa). The hgh standard deviation of the tensile shear strength in this study indicates
that this laser brazing process for¥2Si coated steédZ31B joints has inherent instability.
This instability caused variation in the brazed defl&fined inFigure 4-2b) at different
locations along the joint line, which &ssaiated withchangingactualload carryingarea of
the joint resulting in differenttensile shear strength along the joint lik@wther study is
needed to improve the process stability for this dissimilar metal combination.

All tensile shearspecimensfractured at the Fateel interface.The macro and
microstructure profile of the joint after fractureare shown inFigure 4-11. In each case,
fracture initiated inthe IMC layer at the bottom of the joint where timometry of the joint
created a high stress concentration area and the thickness of brittle IMC layer was also at a
maximum. Then, the crack continuedo the brazed FZ at the uppeorpon of the joint
where the IMC layer was thinnefhe thick layer of brittle intermetallic at the FZ/steel
interface can significantly reduce the strength of the joint as any crack initiating in the layer
can easily propagate through this continuous sheet of brittle maf@4dial From these
observations, théype and thickness of the IMC layer determined the jsirgngth At the
bottom of the joint, the thickness thfe IMC layer wasmore than 8 pnwhich significantly

degradd the mechanicastrengthof the joints. At the uppegportion of the joint, the crek
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deviated into the FZ angropagatedalong the grain boundas of the brazd metal due to
e xi st e-Ng-Al,phise im the grain boundaries. Therefore, the tensile shear properties
and the thicknessf the IMC layer appeared to dictate theerallstrength of the joints.

Figure4-11: Fracture location of the tensile shear test specimen, (a) fractured specimen, (b)
crack propagation in bottom side of the joint, and (c) cpgokagation in upper side of the

joint.

Figure 4-12 and Figure 4-13 show SEM images of typical fracture surfacestto#
fusion zone andteel sides after tensile shear testing, respectiVaky fracture morphologies
indicate mixed characteristics of britd ductile fractureAt the upper side of the joints

(region 1 inFigure4-12a for the FZ side and region 1 kigure4-13a for steel side), where
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the crack propagated into the fusion zone,-aoifiorm ductile fracture was observdeiqure
4-12b andFigure4-13b). Meanwhile, at the bottom side of the fracture surface (regions 3 in
Figure4-12a andFigure4-13a), where therack formedin the IMC layer, evidenceas seen

of morebrittle cleavage fracture as shownFigure4-12d andFigure4-13d. In the middle of

the fracture surface (regions 2 kigure 4-12a andFigure 4-13a), an area was observed
where the fracture surface contained both ductile and brittle fracture charactéssgcs
Figure4-12c andFigure4-13c). This area is called the transition zone from ductile to brittle

fracture modes.

Figure4-12: SEM images of typical fracture surfacefogion zone side after tensile shear
test, (a) fusion zone side including: (b) top of the surface indicated by B, (c¢) middle of the
surface indicated by C, and (d) bottom of the surface indicated by D.
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Figure4-13: SEM images of typical fracture surface of stedésafter tensile shear test, (a)

steel side including: (b) top of the surface indicated by F, (c) middle of the surface indicated
by G, and (d) bottom of the surface indicated by H.

Table4-3: EDS analysis mults of different locations on the fracture surface shoviigare

4-12a andFigure4-13a (wt.%)

Element Fu;ion Zone Side Steel Side
Top (B) Middle (C) Bottom (D) | Top (F) Middle (G) Bottom(H)
Mg, Ka 90.18 68.88 18.05 90.01 32.69 -
Al, Ka 9.82 21.00 59.96 9.99 29.57 20.98
Fe, Ka - 10.12 21.98 - 37.74 79.02
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EDS analysis results of the fracture surfaces of both steel and FZ sides are shown in
Table4-3. At the top of the fracture surface (region BHRigure 4-12a for the FZ side and
region F inFigure 4-13a for the steel sidethe compositiorwas similar to the FZ This
implied that the crack propagated into the FZ in the upper portion of the joint. In contrast, at
thebottom area of the fracture surfacegionsD in Figure4-12aand H inFigure4-13a), the
compositiors correspondetb the Fe-Al IMC layer indicating that therack in this region
propagate@long the IMC layer adjacent to the steel.

4.5 Lattice Matching Analysis of the Interfaces

The importance of lattice matching along the adjoining lattices ofddgtion product(s)

steel interfaces in the interfacial energy, which affects both bond strength and the wetting,
was discussed irbections 2.5.3 and 2.6To corelate between lattice riwhing and
mechanical strength of tHaser brazedoints, the lattice matching between two sides of
different observed interfaces in this study was theoretically investigated arsiedgeto-

edge crystallographic matching mogi&b,86)].

For each of the observed interfaces in this study, one interface, iwkhehintersection
plane of the matching planes, forms in between the phase and the substrate. This plane
consists of a series of matched atom rows. In order to minimize the sty et the
interface, the interatomic spacing misfit along the matching direction should be minimized
[89]. The strain energy at the interface is also affectethb interplanar spacing-{alue)
mismatch between the matching plan8§].[ During phase formatione(g, formation of
FeAl; between Mg and Fe), to minimizeettiree energy of the system, the system tries to
find matching planes with smaltvalue mismatch.

To further study the interatomispacing misfit along matching directions and the
interplanar spacing mismatcletveen matching planes for tdéferent interfaces, the edge
to-edge crystallographic modeleveloped by Zhang and Kelly3,86] was used In this
matching model, the matching directions and matching planes are the closarlgrclose
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packed directions and plang¢85,86]. The interatomic nsfit and interplanar mismatch
between two phases can be calculated by:

- Ioay

2

w h e ragis dfference between interatomic or interplanar spacings of the two phasas and

(4.1)

is the interatomic or interplanar spacing of the substrate for a specific direction or plane
[85,86]. The calculation procedure and the results of the interatspacing misfi along
matching directions and interplanar spacing misnesdietween matching planes for
differentformedinterfacesn this study are given in the Appengd8ection A.1

Usingan Al-12Si interlayer betweetine Mg alloy and steel resulted in formation abf
FeAl; IMC layer at theMg alloy-steel interface afterthe laser brazingprocess[69].
Thereforethe theoretical analysis of the lattice matching in the Rdé\ls;-Fe system using
the edgeio-edge matching model was perfad(seeSection A.1). Thecalculatedmninimum
interplanar mismatas werel6.2% pg-reaizy-1.5% freaiz-re). These results showed thao
possible pair of planes between Mg drelAl; was foundto form anOR with low mismatch
strain in their adjoining lattice Therefore, high mismatch strain energy along theRdgl;
interface andrery low misnatchstrain energywlongFeAls-Fe interface were foundespite
low interfacial strength of the MBeAl; interface, thelow fracture toughnessf FeAk

reaction product dictated the fracture of the jp&4i.

4.6 Chapter Summary

The current chapter detailed development of a diederl brazingorocedure for joimg
AZ31B-H24 Mg alloy sheetto aluminum coatedold rolled carborsteelsheet in the single

flare bevel lap joint configurationsing a MgAl based filler wire In this process, the M4l

based filler metal anda shallow surface layer of the Mg alloy she¢ were melted
simultaneouslyby a diode laser beanwhile no melting of the steel sheet occurred. The
results of this study suggest that feasibility of this process depends strongly on-the pre

existing AF12Si coating layer on the steel sheet that promotes wetting of th&l Kiter
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alloy as well as formationfo a | a-fe€Al,Si)yontermefallic compound along the
braze/steel interfac&romthe middle part of théoraze/steel interfad® theroot of the joint,
the Al-Si layer melted and mixed into the braze alloy Hmintermetalliclayer grew up to
8 um thick. From the middle part of thieraze/steel interfac® top of the joint both the Al
Si and the intermetallic layer were dissolv@étiese two simultaneous phenomena led to an
intermetallic layer with notniform thickness ranging from 0 to 8 um alathg braze/steel
interface. The average fracture load of the joint was 7G2esentin@9% joint efficiency
with respect to the AZ31Bi24 Mg alloy base metalFailure occurred when cracks
propagated along the intermetallic layer starting at the rotbteobevel joint and moved into
the braze metal at the upper part of the joira. further study theinterplanar spacing
mismatch ltween matching planes for the fornatferent interfacesn this studyanedge
to-edge crystallographic model was usAdcording to the obtained results from this model,
when FeA} phase forms as the reaction product along thestgl interface, an interface
with high mismatch strain energnd low bond strengtiill form between the Mg anithe
FeAl; reaction layer

Laserbrazing of AF12Si coated steel sheet to AZ31B Mg alloy has been successfully
performed. Howevera pree x i st i ng | aReAlkralong the razateeltintedaced
was found to degrade the mechanical properties of the joint as failure of the joint always
occurred by fracture of this brittle intermetallic layérherefore, further studiewere
required to improve the joints efficiensidBased orthe data available in the literature, Ni
was chosen as another potential interlayer alloy between the steel and Mg alloy to improve
mechanical strength of the laser brazed dwghlloy joints. The llowing chapter includes
the theoretical mults of a thermochemical analysis of the phaséely to form at the
interface of a Mg alloyNi-platedsteeljoint duringlaserbrazingas well aghe experimental

resultsof the laser brazing of AZ31B Mg alloy to Ni eleciptated steellseet
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Chapter 5
Laser Brazing of AZ31B to Ni Electro-Plated Steel Sheet

In order b predict early stage phase formation in the Mg ailhdgrlayersteelsystem during

the laser brazing procesbe thermodynamic stability of precipitated phases at the Mg-alloy
Ni-steel nterface during laser brazing of-Niated steel to AZ31B magnesium sheet using
AZ92 magnesium alloy filler wire has been evaluateing FactSage thermochemical
software[87]. Ni interlayer was chosen with the purpose of the joint strength improvement.
Theresults will provide better understanding of the phases that might form at the interface of
the dissimilar metal joints during the laser brazing process. To confirm these theoretical
results, he brazeability of AZ31BH24 magnesium alloy and steel she@hva microlayer of
electredeposited Ni in a single flare bevel lap joint configuration has been invest[g&ted

The macreand microstructure, element distribution, and interfacial phases of the joints were
studied by optical microscopy, scanning dleat microscopy, transmission electron
microscopy, and ay diffraction[88]. The work presentkand describeth this chaptehas

been previous published Masii et al [87,89].

5.1 The Thermochemical Model

It is well-known that welding conditions are far from equilibrium conditions. However,

useful estimations can be obtained from thermodynamic models provided that one looks at

Al oc al equilibriumo. Thi s assumpt,iwghnhigh s suppc
rates ofmasstransfer, is present in most weldipgpcessesin this study, prediction of early

stage phase formation along the stdeMg alloy interfacewas done in two steps. In the

first step, with the assumption of full local equilibriuduring cooling after the local

maximum temperature has been reacldldphaseghat could possibly fornm the steetNi-

Mg alloy system for a range of temperature and composienepredicted It was assumed

that the timeis very shortdue to fast heatg and cooling rate during the laser brazing

processso mass transfer is constrained to short distances. In the second stest alinibray

phases that couldossiby form, thephase most likely to precipitate first from the liquit
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one specific tempature and composition wadentified by finding which phase has the
highest driving force to form from the liquid phase

A schematic diagram of the thermochemical model domain that includes the interface
between the Nplated steel sheet and the AZ92 Bigzing alloy is shown ifigure5-1a.In
order to find the phasethat might formin this steelNi-Mg alloy systemat different
temperatures durinigser brazing, géernary systenconsisting of thesteelalloy, Ni interlayer
and Mg alloy (filler metal compositionyas definedlts composition field is presented on a
Gibbs triangle inFigure5-1b. Since the temperature of the laser brazing process is less than
the melting temperature dahe steel B, the steel stays in solidtate during this process
Therefore, it was assumed thatht steel participatgin any reactiorby dissolvinginto the
fusion zone close to the interface, theximum content othe steel in this systerwill be
low. Thus the maximum content dhe steelalloy in the steeNi-Mg alloy system was
assumed to babout10wt. % as indicated by the dottaa line in Figure5-1b. In practice,
the assumption is that the entire Ni layer can potentially react with the molten AZ92 filler,
and the mass of potentially reacting steel components is estimated to be equal to 10 % of the
massof the Ni layer. The sensitivity of the predicted results to this assumed value was
evaluated by performing the same analysis usitmyver value of 5n:t.% steel. The results
confirmed that in this range, the assumed percentage of steel does not chamgelitied
results as very similar phase stability maps were generated.

(b) AZ92 (Fusion Zone)

(@)

AZ92 Mg (Fusion Zone) v

Ni

\
A

Steel I N

Ni0.9Steel0.1

Figure5-1: (a) Schematic of the interface between the Ni plated steel sheet and the AZ92 Mg

brazing alloy andb) steelNi-Mg alloy ternary system defined in this study.
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In the laser brazing processielting of the filler metal bythe laser beam occurs
initially, since the laser is focused on the filler met&ollowing this partial or full
dissolution ofthe Ni interlayer may occuyrbut very little of the steel components {Eeévin)
should dissolve as their solubility in M -Zn is small Thereforejmmediatelyafter melting
of the filler metal and before dissolutiontbie Ni interlayer into the fusion zon#he steel is
not in contact with the fusion zoriseeFigure 5-1a). However pointB on the steeNi-Mg
alloy ternary systemHigure5-1b) shows that steel aride AZ92 Mg filler metal (FZxan be
in contact with each other. For this reagmmint B was moved to the top corner of the ternary
system. Therefore, instead of thetddtline in Figure5-1b, the daskd line was considered
as a tie line corresponding &o(10wt.% SteelNi)-Mg alloy pseudebinary system during the

laser brazing process

5.2 Thermochemical Analysis Procedure

The Phase Diagram module tbie commercial thermochemical analysis cédetSagg56]
was usedirst to generatdernary isthermal sections (in wt.%n the steeNi-Mg alloy
system at different temperatures fr&@n3 K 600 °C) to 1373 K (L100 °Q. The resultsare
shown inFigure5-2a-f. The 2zro-phase fraction lines for AllNj, AlsNiss), and MgNi) are
shown The position of the dasll line in the phase diagramof Figure5-2a-f shows which
phases areredictedto form underlocal equlibrium conditionsduring laser brazing at one
specific temperatureFor example, a873 K 600 °C) and 973 K (700C), AlsNi,, AINi,
Mg:Ni, and AkNis are predicted to form. However, from 1073 K (80C) to 1373 K
(1100°C), AINi is the only intermetallic compound thet predicted to formand all other
phases are nongerstable.
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(a) ANi =

AZ92 (Filler Metal) | Al.Ni. —%

Lig. + AI3Ni2 + AI4C3 + HCP +Al . Fe,, A N
Mg,Ni B

Lig. + Al4C3 + HCP + BCC + AINi
Lig. + HCP + BCC + AlINi
Lig. + BCC + AINi

Lig. + AI3Ni2 + Al4C3 + HCP + BCC + Alg,Fe;,
©

Lig. + Al4C3 + HCP + BCC + AlNi

©
>

FCC + AlNi + MgNi + BCC

FCC + Mg,Ni FCC + Liq.

09 08 07 06 05 04 03 02 0.1 :
(gtgg Local Mass Fraction Steel (ng)
(b) AZ92 (Filler Metal)
Lig. + AI3Ni2 + Al4C3 + BCC + Al ,Fe,(s) A Lig. + AI3Ni2 + Al4C3 + Al ,,Fe,,(s)

Lig. + Al4C3 + BCC + AlNi

AINi -
ALNi, —%
Liq. + BC Mg,Ni -5

Lig. + AINi + FCC + MgNi(s)

Lig. + Mg,Ni(s) + FCC + ALNig(s)
Lig. + AINi + FCC + MgNi(s)
Lig. + FCC + MgNi(s)

ST
FCC + Mg,Ni(s) " Liquid + F\({:C

- f Y
09 08 07 06 05 04 03 02 0.1 ;
(%tggﬂ Local Mass Fraction Steel (ngc)

Figure5-2: Predicted steeli-AZ92 Mg alloy ternary system at (a) 873 K (600 °C), (b)
973K (700°C), (c) 1073 K (800 °C), (d) 1173 K (900 °C), (e) 1273 K (1000 °C), and (f)

1373 K (1100°C).
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(c) AZ92 (Filler Metal) |AINi =
'- Lig. + Al4C3 + AINi + BCC

09 08 07 06 05 04 03 02 0.1 :
(gtgg Local Mass Fraction Steel (Fgé

09 08 07 06 05 04 03 02 0.1 ;
(gtgg)l Local Mass Fraction Steel (Fg’C)

Figure5-2: Predicted steeli-AZ92 Mg alloy ternary system at (a) 873 K (600 °C), (b)
973K (700°C), (c) 1073 K (800 °C), (d) 1173 K (900 °C), (e) 1273 K (1000 °C), and (f)
1373 K (110C°C).
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(e) AZ92 (Filler Metal) |AINi =

N
Lig. + BCC +AINi
\

2
/ 7 Liq. + AINi

Lig. + FCC

09 08 07 06 05 04 03 02 0.1 ;
(gtgg)l Local Mass Fraction Steel (Fg’C
(f) AZ92 (Filer Metal) | p|Ni -

Lig. + BCC + AINi
& o
§ Liq. + FCC + BCC + AINi
4(&
< Lig. + Lig.#2 + AINi

Lig. + Lig.#2

Lig. + FCC

09 08 07 06 05 04 03 02 01 ;
(gtggj Local Mass Fraction Steel (ngl‘)

Figure5-2: Predicted sted\i-AZ92 Mg alloy ternary system at (a) 873 K (600 °C), (b)
973K (700°C), (c) 1073 K (800 °C), (d) 1173 K (900 °C), (e) 1273 K (10002@),(f)
1373 K (110C°C).
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Since each dasi line in Figure 5-2a-f is a mass constrain between the AZ92 filler
metal and the Nig ¢Steep, compositios at a specificcemperaturethe phases predicted to
exist along this line over themperature rangef 873 K (600 °C) to 1373 K(1100 °Q can
be used to construetpseudebinary system betweethe AZ92 andthe NigoSteep; versus
temperature @ shown inFigure 5-3. Figure 5-3 is the calculated isoplethal section (T vs.
wt.%) alang the dashed line iRigure 5-2a-f. This diagram was used tdentify the phases
that might formalong the steelNi-Mg alloy interface at different temperatures dgriaser
brazing. These phases argMi| Al3Ni,, AINi, Mg2Ni, and AkNis. All of these phases are
binary phases, but may include some minor solubility of a third elenetiie next tep,the
procedureusedfor finding the first phasamost likely to precipitatdrom the liquid at a

specific temperature and composition is explained.

1100 T LI B A B | " H L B T T T ]
1050 [ AINi + Lig.#2 + Liq. AlNi . il
: BCC + Lig. AI3N'5_ I ]
1000 F Mg,Ni &~ ]
~>950 F —'
OU BCC + AINi + Lig. ]
~ AINi + FCC + Lig.
@ 900 FCC + Lig.
-g 850 BCC + Liq. + AINi + FCC ]
) , , ]
g_soo q. + AI3Ni2 + AI4C3 + Al Fe,,(s) AINi + Liq, + FCC + MgNi(s ]
ﬁ BCC +Al,C, + AlNi + Lig. S+ MNits) * Lig. + AN
750 CGC + Lig. + FCC + AINi + ]
200 CC + Lig. + Mg,Ni(s)
CC + Mg,Ni(s).
650 b
600 1 L 1 L4 I 1 I i
0 10 20 30 40 50 60 70 80 90 100
4 Local wt.%Ni, ,Steel, ,
AZ92

Figure5-3: Predicted AZ92 (filler metalNip oSteed ; pseudebinary phase diagram showing
the phases #t might form along the stedli-Mg alloy interface.
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By expressing the composition of a solid phase in the foralmharycompoundABy,
the possible reaction for formation of this compound from the liquithersteelinterlayer
(Ni)-Mg alloy system irthe laser brazing temperature range can be given as $ollow

XA+ %% 4By 5.1

In order to evaluate the stability of the possible precipitated phases, it is important to

have a reliable calculation for tikkange olGi bbs f r ee ener gshowni®G, o f
Eq.5.1) . A negative @a&G indicat eaneoushtatherighhe r e a
wher eas a positive &G indicatbha)swilltptogeed t he

spontaneously from right to left.

The standard@ibbsfree energy change with the formationao$olid phase from pure
liquid componentggiven as [A] ad [B]) (DG°) indicated in Eq.§.1) can bedetermined
using[89]:

a(AB)

0 = RTIn 5.2)
T Ay 2X([A) a/([ B) (

whereR is the Universal Gas constaiitjs absolute temperature (K), aads the chemical

activity of each phasé&or 1 mole of thelements, we have

1
1451 Al
X+y[A] y[B] /2o yAABy(s) (5.3
and, therefore,

1
é’l a(AB) By

PCring e T rTl °0
%‘+y%+y ¢ N

After | ocal fusion of the fAsystemo, for a

which fixes the chemical activity of [A] and [B] in the liquid state, the chemical activity of
ABy can be computed wheBG’q) is known (from the databases). Atuilibrium, if
[a(AB,)]*" > 1, then AB, should form spontaneousl¥he stability and driving force for
formation of the phase increase with increasing activityerefore, the first precipitated

phase from the liquict a specific temperature acsdmpositionwill be the phase with the
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maximum activity value, but only if this activity is greater than unltyis concept can be

used when there are many possible phasedicatedand we are not really sure which, if

any,will form. Considering th@hasesthat might formalong the steeNi-Mg alloy interface

for 1 mole of the system, the following reactions and net change in free energy are possible:
0.75 mole Al + 0.25 mole Ni will forn@.25 mole of AiNi

with a change of Gibbs free energy of:

=

é a( Al Ni)
DG°
TRy N ) RTINS (A L ND

Zs)
8 5.6)

Similarly,
0.60 mole Al + 0.40 mole Nwill form 0.20 mole of A§Ni,

with a change of Gibbs free energy of:

1
- a( AI3 NIZ) g 56)

o a
P,y = FTNES A o0 )

0.50 mole Al + 0.50 mole Nwill form 0.50 mole of AINi

with a change of Gibbs free energy of:

1
i a a(AlNi) D
T.(Aly Nl}/ 8%\([ ADA[N]) @

(5.7)

0.375 mole Al + 0.625 mole Nvill form 0.125 mole of AdNis

with a change of Gibbs free energy of:

_ &  a(ALNig)
P oy g ) EI(AD S ND

(5.8)

&

and
0.666 mole Mg + 0.38mole Niwill form 0.333 mole of MgNi
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with a change of free energy of

(N

a(Mg, Ni) Y

a
DGP = RTn Ies)
T (Mg, Niy ) E2(mg) a1 N) 8

The component activities were evaluatesingthe Equilib module of FactSad&6] at
different laser brazing temperatures. Tdwtivity-composition diagrams for ANi, Al3Niy,
AINi, Mg2Ni, and AkNis from 873 K 600 °Q to 1373 K (100 °Q are shown irFigure5-4.
At 873 K (600°C) and 973 K(700°C), Al3Ni», AINi, and MgNi are predicted to be the first
precipitated phases from the liquid at different composition ranges (mass fraction of
NigoSteep 1). Note that the composition here should be seen as an approximated position
between the fikr (x = 0) and an initial position within the steel just next to thestisiel
interface (x = 1), where the mass ratio of Ni to steel is roughly 10 to 1. In the temperature
range of 1073373 K (8061100°C), AlNi is predicted to be the first and only pigitated
phase from the liquidUsing this calculationprocedure, a phase stability map, shown in
Figure 5-5, was plottedndicating the first precipitated phasefsom the liquidat different
temperatures and compositions during the laser brazing prdt¢esstability mapsuggests
that at temperatures higher th@A3 K (600e ¥ immediately adjacent to the JNBteep;
(i.,e.,, when x- 1, on the steel side}herewill likely be a layer of liquid very rich in
Nip oSteep 1 at most temperatures. When the temperature of this liquid drops below about
998K (725e ¥, Mg:Ni will likely form between the NjgSteeh: and the AINi. When the
Nig oSteep 1 composition of tk AZ92 liquid drops below about 0.72 mass fraction, AINi will
likely form over a large composition range (0@2Z2 mass fraction of BliStee)q). At
temperatures higher that048 K (7 7 5 ), wh€n the mass fraction of JNBtee}, in the
liquid drops bew 0.02 to 0.15 further away from the interface, the liquid will be mostly
AZ92. When the temperature drops below alddd8 K(7 7 5), tee€ may be a thin band
of Al3Ni, form between the AINi and the AZ92 filler met&lote that onFigure5-4a and b
the chemical activity of ANi is barely greater than the one of AINi, suggesting a very small

difference of driving forces for forming these phases from the liquid solution.

67



Activity

(@) AN, 8-
J — - — MgoNi
7 - — — - AN
. — — Al3Nis
— - — MgpNi 6 . e e Al3Nio
{AI;Ni, _
— — - AN 5] —— AINi
. ) H
— —ANis £ " AINi
----- AlsNi; G 4
aNi AP,
MLEIIN 3] oo\ MgoN
2- ANy
N TAft'Y"f" N R TActi\{itv>1
J > \\M ¥ >\___;-’ X _\
A o~ . S - .- ~ . __ _ Seo o~
0 — T T T T T T 0 — T T T T T T
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
4 Local Mass Fraction of Nig gSteelq 1 4 Local Mass Fraction of Nig.gSteel( 1
AZ92 AZ92
(c) (d)
8 1 8 1
7 — - — MgpNi 7 — - — MgpNi
1 — — - AgNi 1 — — . AINi
6 —  — Al3Nig 6 —  — Al3Nig
| R (Rpeepa AlzNig | R (Rpeepa AlzNig
> 5 . > 9 .
S 4 — AINi S 4 — AINi
S 4 S 4
< 1. AlNi N < i
3 I
2+ 477777 e
- — A Macivits1
= = e .
_r'f“f;‘ \\_“ \.
0 T I T I‘ = T r T ':[ = T J[
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
4 Local Mass Fraction of Nig gSteel(. 1 4 Local Mass Fraction of Nig gSteelg 1
AZ92 AZ92

Figure5-4: The activitycomposition diagrams fakINi, Al sNi,, Al3Nis, AlgNi, and MgNi at
(a) 873 K (600 °C), (b) 973 K (700 °C), (c) 1073 K (800 °C), (d) 1173 K (900 °C), (e) 1273 K
(2000°C), and (f) 1373 K (1100 °C).

68



(e) (f)
8 8
7 — — - — MgoNi 7 —
1 — — . AN 1 _
6 — — Al3Nis 6 - - MQQNI
1T e Al3Ni I — — - AigNi
3NI2
> 97 , > 9 — — Al3Nig
R — AN Z ] AizNi
g 4 g4+ 777 372
< < AINi
3 3
1 L AINi | .
24 I ' 2 .
i T i _ AINi N T
1 D . — X | Activity>1 1 p ~ Activity>1
W - T e S— = TS
/.:"__. ‘__.-\—_ /q_{__-:_'_‘_—-_. "*‘_._:;\-_‘.
0 0 — T T T T T
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
4 Local Mass Fraction of Nig gSteelq.1 4 Local Mass Fraction of Nig_ gSteelg 1
AZ92 AZ92

Figure5-4: The activitycomposition diagrams for AINi, ANi,, Al3Nis, AlgNi, and MgNi at
(@) 873 K (600 °C), (b) 973 K (700 °C), (c) 1073 K (800 °C), (d) 1173 K (900 °C), (e) 1273 K
(1000°C), and (f 1373 K (1100 °C).
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Figure5-5: Phase stability or pseudmnary phase diagram showing the phases predicted to
precipitate first from the liquid at different temperatures and compositions during the laser

brazing process.
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In order to validate the thermodynamic predictions for the-8te@dlZ92 system, laser
brazing experiments withirgyle flare bevel lap joist betweerplain low carbonsteelsheet
with a 5 pum thickNi electredeposited layeand AZ31B-H24 magnesium allogheetusing a
AZ92 Mg alloy filler metal were performed.

5.3 Experimental Results and Discussion

A photograph of a laser brazed Ni elegplated steel/AZ31B joint and a typical cress
sectional view of the joint are shownHgure5-6. This brazed joint was madesing 2.2 kW
laser power, 8nm/s travel speed, and Grn beam offset to the steel side. The joint
exhibited a uniform brazed area with good wetting of both baserrals. Partial melting of
the AZ31B base metal was observdthe 5.5um thick Ni electredeposited layer on the
surface of the steel significantly improved the wetting of the steel by molteAl Mtier
metal. Detailed microstructural analysis of thesfon zone and AZ31B Mg alloy after the
laser brazing process has been reportatempreviouschapter{69]. This sectionwill focus

on microstructural analysid the steefusion zone interface.

Figure5-6: A laser brazedlli electroplated steel/AZ31B jointnade using 8 mm/s travel

speed and 2.RW laser beam power: (a) top bead and (b) transverse section of the joint.
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5.3.1 Microstructural Evolution along the Steel-FZ Interface

Figure 5-7 shows the microstructure at different locations of the $t&einterface. The Ni
coating was not detected as a separate layer along the interface after the LBP which would
suggest that it had entirely melted and gone into solution in the liquid immgdidfacent
to the interface. It was observed that the microstructure of thstde€f interface changed
significantly across the F&teel interface from the bottom (Position Rgure5-7b) to top
(Position F,Figure5-7e) side of the joint. In order to explain this change of microstructure
during the laser brazing process, temperatlistributionalongthe interface versus time was
measured during laser brazing using two thermocouples, one attached to the top side and the
other to the bottom side of the steel sheet {Sgare 3-43). According to the measured
temperature profiles shown Figure5-8, the steel sheet experienced maximum tnapires
of 1151.1¢C and 652.4C on the top and the bottom side, respectively. Therefore, &500
temperature gradient was measured between the top and the bottom side of the steel sheet
during the laser brazing process, since the laser beam was fapusled top of the filler
wire, as shown irFigure 3-4a. This temperature difference and gradient across the joint
interface during the laser brazing process is believed to be the main reason for the prominent
change of microstructure across @ steel interface.

As shown inFigure5-7b, at the bottom of the interface, a few diamahdped bright
phases were formed near the steélinterface. In order talentify these phases, &M foll
was prepared from position B Bfgure5-7a. Figure5-9 shows the TEM images, EDS plot,
and selected area diffraction pattern (SADP) of these submicron particles. The diffraction
pattern shows a standard diffraction pattern of AINi (with BCC structure) with [£drig
axis of the particleAccording to an EDS analysis of thdiamondshaped bright phases
shown inFigure5-7b, the composition of the particles was 49.6#it.30 Ni, 45.4+4.7 at.%
Al, and 5.0+2.5 at.% Mg thus confirming that the diamond shaped particles were mainly
composed of AINi intermetallic copound (IMC).Representative concentration profiles of
Ni, Al, and Mg across one AINi particle are showrfFigure5-9d which indicates that a trace
amount of magnesiumwvas found in this particle. It has been reported that each of thi Al

binary intermetallics has some solubility for substitutional magnesium 4@fins
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Figure5-7: Transverse sections of a laser brazed joint: (a) optical micrograph of the entire
joint and SEM images in different positions of stéglinterface shown in (a): (b) position

A, (c) position C, (d) position E, and (e) position F.

Figure5-10 shows the XRD spectra obtained from the middle of the-E@ahterface.

The area covered by the-rdy beam was a 3Q@n diameter circle. This XRD result
72








































































































































































