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Abstract

The electromagnetic crimping (EMC) is a high energy, high strain rate, high velocity and green
mechanical joining technique. Joining of dissimilar materials was very difficult because their
physiochemical properties are seldom compatible or similar. Therefore, this type of solid-state
joining technique can be an alternative for joining dissimilar materials.

Numerical studies as well as experimental work were carried out for EMC process.
Numerical simulations were carried out for finding out the optimized parameters for crimping
and then experiments were conducted on the optimized parameters. The results obtained from
the simulations revealed that for the successful crimping minimum value of collision velocity,
plastic strain, electromagnetic pressure, and stand-off distance must be maintained.

To increase the strength of the joint profiles were created on the base rod. There were
three types of profiles created threaded, knurled, and plain profile. The influence of these
profiles on the joint strength, surface roughness and microstructure of the joint were analyzed
and compared. Mechanical tests such as compression-shear test and a pull-out test revealed that
threaded surface profile on the steel rod gives better strength in comparison to the other two
profiles.

Along the circumference of the Copper-Steel composite rod, the microstructure images
of the joints were analyzed and it was found that there was a negligible gap along the
circumference of the sample crimped at 5.3 kJ of discharge energy with a plain profile. This
study has been carried out with two different combinations of materials such as aluminum-steel
and Copper-Steel. For the Copper-Steel combination of materials, tapered field shaper was
used whereas for aluminum-steel combination of materials stepped field shaper was used.

Further, to compare to the performance of the field shaper. A comparative experimental
as well as a numerical study has been carried out for three different types of field shapers
namely tapered, step-tapered and stepped field shapers. In this comparison the material
combination used was Copper-Aluminum. From the study it can be concluded that the step-
tapered field shaper results better in terms of uniformity in crimp quality, joint strength in
compression, joint strength in tension, joint electrical resistance, joint leakage and surface
finish of the crimped sample among the three types of field shaper.

The comparative study of the three types of field shaper was further extended to
measure the temperature generation near the working zone. The measured temperature
distribution in the experiments were compared with the temperature distribution obtained from
the numerical study. The numerical results were validated with the experimental results with
respect to the temperature distribution and with the measured crimped sample diameter. The
model was also used to study the effect of the tapered andle of the field shaper, and it was found
that with the increase in the tapered angle the efficiency of the field shaper also increases.

iv|Page

TH-2137_146103008



Table of Contents

Table of Contents

AADSTIACT ...ttt et v
1 INEFOAUCTION ...ttt st n e 1
L1 Metal FOIMING...ooiiiieiicie ettt e sraesteenaesreeteaneenres 1
1.1.1  Conventional metal fOrming .........cccooviieiiieii i 1
1.1.2  High strain rate metal forming.........cccooviieiiiic i 1
1.2 ElectromagnetiCc FOIMING .....cccoiiiiiiie e e ettt reesbe e nne s 3
1.2.1  PrinCIpleS Of EMF ......coiiiiieecece ettt 3
1.2.2  Components OFf EMF.......c.ooiiiiiiiiie e 4
1.3 TypeSOIEMESN........... ... [ .................. W5 ST e 5
1.3.1  Sheet metal FOrmMING........cooiiiiiiiiii e b 5
1.3.2  Hybrid metal fOrMING ........oooiiiiiiiiiiee e 5
1.3.3  TUBE TOIMING ..ottt 5
1.4 Maxwell’s EQUATIONS .....c.uiiiiiieiiiiiiiiesii ettt sbe e nn e nnees 5
15 Jreren@FOrce JSEEEE-————— .. WESESE———  SE— . W WL 6
1.5.1 Lorentz force developed on a charged particle...........ccccooeiviieiieii i, 7
1.5.2  Lorentz force developed on a flyer tube ..o, 7
1.6 Advantages, Limitations and Applications of EMF.............cccceoiiiiiii i, 7
1.6.1  AdvantageS Of EME ..........ooooiiiei et 7
1.6.2  Limitations Of EMF..........ccoiiiii e 8
1.6.3  APPlications Of EMF ..ottt 9
1.7 ReSEArch ODJECLIVES ....cc.eiiiiiie e 9
1.8 SHUCLUIE OF TRESIS ...oviiiiiiiieiee bbb 10
2 LITErature REVIEW......oviiiieieiiiee et bbbttt bbbt 11
2.1 ElectromagnetiC FOIMING........ccoiiiiiiiieieieie e 11
2.2 ElectromagnetiC JOINING .......coiiiiiiiiieieeie e 12
2.2.1  Experimental studies on magnetic pulse cladding .........cccccovveviirinininininien. 13
v|Page

TH-2137_146103008



Table of Contents

2.2.2  Numerical Studies 0N MPC .........cccoiiiiiiiis e 14
2.2.3  Experimental studies on electromagnetic welding ...........ccccoovvevviieinerciienenn, 14
2.2.4  Numerical Studies 0N EMW .........ccooiiiiiiiiiiiee e 19
2.2.5  Field shaper design in EM JOINING .......cccoiiiiiiiieie e 20
2.2.6  Variation in base rod geometry in EMJ ........ccoooiiiiiniiiiiiieree e 21
2.2.7  ElectromagnetiC CriMPING .......cccouiieieiiiieriesie st 23
2.3 Parameters OF EMF..... ..o 24
2.3.1  DISCharge BNEIQY ......ooooiiiiiiiiieeeeee e 25
2.3.2  DISCRArge CUMENT......oiiiiiiiiti e 26
2.3.3  StANAOTT ISTANCE ..ottt 26
2.3.4  IMAQNELIC PrESSUIE ..euvevieiteeeeeteesteetesseestaessesseesteetesseessaesseasessseeseaseesteensesneesseans 27
2.3.5  Collision velocity and collision angle............ccccoceeveiieieiieiieeie e, 28
2.3.6  Damage initiation and damage eVOIULION ...........cccccceevieiieiieie e, 30
2.3.7  Measurement of strain distribution and plastic Work..............ccccoevevveveiiennenn, 30
2.4 GAPS IN LITEIAtUIE...cveiveiie ettt ettt e e sae e baeae s e e saeesaaebaesreenesreeareens 32
3 Electromagnetic Crimping of Tube 0N ROd............cccoeiiiiiieiieiece e, 33
3.1 Physics and PrinCiple in the ProCesS ........ccoiuveviiieie et 33
3.1.1  Finite element Method..........cooiiiiiiiiiiee e 36
3.2 Experimental Detall...........ccccoiiiiiiiiiieiie s 36
3.2.1  Materials and Method.........coiiiiiiiiiiieie e 36
3.2.2  ProCesS CONUITIONS. .......oviiuiiiiiisiiniiei ettt 37
3.2.3  PUII-OUL TEST ...ttt 39
3.3 RESUILS AN DISCUSSIONS .....cveviiiiiiieiiieiieie ettt 40
3.3. 1 SIMUIALION FESUITS. ...ttt 40
3.3.2  EXPerimental reSUILS..........cooiiiiicic it 49
3.3.3  HAIONESS TEST ...t 50
334 PUII-OUL TEST ... 50
vi|Page

TH-2137_146103008



Table of Contents

R 111010 1T 1 YT U PO PPR PP 52

4  Effects of Surface Profiles on the Copper-Steel Joint Formation.............ccccccoevvevviiinnen, 53
ot N \V/ [ 1 g To o (o] [T V2SSOSR 53
4.1.1  Workpiece materials and their properties ..........ccoveveveeieiiesieese e e e 55
4.1.2  PUI-OUE TEST ...t 56
4.1.3  COmMPressioN-ShEAr tEST.........cciiiiiiriei et 57

4.2 RESUILS AN DISCUSSION....ccuviuiitiiiiisiisieeiieit ettt 58
4.2.1  Process ChAraCteriStiCS ........ccuririiiriiieieie et 58
4.2.2  Effect of the discharge energy on the bonding strength ............cccoovviiiiennn 58
4.2.3  Effect of the base profile on the bonding strength ... 60
4.2.4  Characterization of the crimped JOINt ............ccccoveviiiiiicie e 63
4.25  Surface roughness analySis ........ccceiiiiiiieiiiiicie e 65

1V 0] 1 0T 1Y P PSPPSR 66

5 Influence of the Base Profiles on Aluminum-Steel Joint Quality.............cccc.ccovevvirnenenn. 69
5.1 EMC of Al-Steel Bimetallic ROUS..........ccoiiiiiiiiiiiieic e 69

5.2 Investigation of Geometric Changes and Quality of the Bimetallic Rod after EMC 73

5.3 JOINt REJIONS SIFUCKUIE ...ttt sttt eene e neenre e 76
5.4 SUMIMAIY ..ottt skt e b ettt e bt b et s hn e b e e bt e b e b e nbe e neenn e 83
6  Effect of Field Shaper Geometry on EMC ........ccooiiiiiiiiiiiinicee e, 85
6.1 MEINOUOIOGY ...ttt bbbttt 85
6.1.1  Materials and eQUIPMENT..........ccccimiiiiiiieiese st 86
B.1.2  PUII-OUL TEST ...t 88
6.1.3  COMPressioN-SNEAN TEST.........oiiiiiiiiieieie et 89
6.2 RESUILS N AISCUSSION........oiuiitiiiiitiiieiiieiee ettt 91
6.2.1  Discharge Current MeasuremMENt...........cccveiveeieeiieeiee e 91
6.2.2  Change in thickness of the crimped tube ...........cccooeiiiiiciiic e, 92
6.2.3  Effect of discharge energy on joint Strength...........cccooviiiiiiiiic e, 92

vii|Page

TH-2137_146103008



Table of Contents

6.2.4  Effect of field shaper geometry on joint strength ..........cccccoveveiiiieiecccieen, 95
6.2.5  Effect of field shaper geometry on joint electrical resistance............cccccccueune.n. 97
6.2.6  Effect of shaper geometry on joint 1eakage .........ccccccevveveiieiecie s, 99
6.2.7  Effect of shaper geometry on surface finish .........cccccooeviviiiieii i, 100

0.3 SUIMMAIY ..ottt ettt et e be et e e bt e et e e ebeeanb e e abb e e nbeennneanes 101

7 Study of the Temperature Generation with Various Field Shaper Geometries.............. 103
7.1 EXPErIMENTALION ..ottt 103
7.1.1  Machine and MaterialS ...........ocooiiiiieiiii e 103
7.1.2  Finite element modelling ..........ccoiiiiiiii e, 104

7.2 RESUILS AN DISCUSSION.......ccviiiitiiuiniiaiieieite sttt ee e bbbt 108
7.2.1  Discharge current MeasUrEMENT........cceovveiveerieieeieeie e e esre e sre e sre e 108
7.2.2  Temperature MEASUMEMENT......cciiuieiiiieiiieesiieessteeesireesssreessireessbeeessireesnseeesseas 109
7.2.3  Distribution of the Lorentz force, magnetic field and current density............. 114

S T 1110101 F- 1Y RSP UPPTPP 117

8  Effect of Field Shaper Tapered Angle on the Electromagnetic Crimping Process........ 119
8.1  Materials and MEthOd ..........cc.ooviiiiiiiiii i 119
8.1.1  PhysSICS Of the PrOCESS .......cciuiiiiitieiieeie ettt 119
8.1.2  Johnson Cook materials MOdel .............cccoiiiiiiiiiiiec e, 121
8.1.3  Linear polynomial equation Of State ............cocoiiviiniiiineie e, 122

8.2 RESUILS AN DISCUSSIONS .......ueiuiiiiiiiiiaiiaieiesiesie st seisie s snesne e sb et sbe st es 123
8.2.1  Discharge current MeasuremMeNt..........ccoovreriiriiineeieesese e 123
8.2.2  Outer diameter measurement and calculation...............ccocoeiiiiiinciniicnnnn, 125
8.2.3  Temperature calculation and measuremMent ..........ccocevveevivereseeseesesee e seenes 126
8.2.4  Magnetic field calCulations.............coeiiiiiiiiiii e, 127
8.2.5  Impact velocity and plastic strain reSultS...........ccccoevveiiiiiiciie e 128

8.3 CONCIUSTON. ...t 130
9 Conclusions and SCOPES OF FULUIE ........ooviiiieiie et 131

viii|[Page

TH-2137_146103008



Table of Contents

9.1 CONCIUSIONS ...ttt 131

0.2 FULUIE SCOPES ..vvvieitieeitee sttt e sttt e sttt sttt sa e sab e as b e e nsb e e nbb e e e bt e e e bb e e e bneeannneeanes 132
RETEIEICES ...ttt bbbt 133
LISt OF PUDHCALIONS ...ttt 139

JOUINAIS ..ttt bbbt 139

BOOK CRAPLET ... bbbt b bbbt 139

CONTEIBINCES. ...ttt bbbttt b et b e bt b e 139
iX|Page

TH-2137_146103008



X|Page

TH-2137_146103008



List of Figures

List of Figures

Fig. 1.1 Schematic of an explosive fOrming ProCeSS ..........ccovveririiieiieienese e 2
Fig. 1.2 Schematic of an electrohydraulic forming ProCess..........ccccuoveieiereneneneniseeeeeees 3
Fig. 1.3 Basic components Of EMF PIrOCESS ......c.ccoveiveiiiiiieiiesiecieseesie e see e 4
Fig. 2.1 Schematic diagram of the four different types of field shapers [10] ........c...cceevennenne. 12
Fig. 2.2 Shape and size of the SPeCcimen USEd [7] ......ccoereriiiiiiiiieeee e 16
Fig. 2.3 Geometry of the inner steel rod with O, 2, 4, and 6 degree receding angle................. 17
Fig. 2.4 Flow chart for the implemented algorithm [39] .........ccooviiiiiiiii e 20
Fig. 2.5 Schematic diagram of the four different types of grooves created [49] .......c..cc.c....... 22
Fig. 2.6 Cross-section of constant cross-section and profiled field shaper [41] ...........c.......... 22
Fig. 2.7 Cross-section of step-tapered field shaper [39] ..o, 22
Fig. 2.8 Discharge current in EMEF PrOCESS .......cuuieiiiiiiniiiieiiseeie sttt 27
Fig. 2.9 Magnetic pressure on the outer tube caused by the field shaper ............ccccooevvennn. 28
Fig. 2.10 Parameters in EMW [59].....c.cciiiiiiiiiieceie sttt 29
Fig. 3.1 Circuit diagram of the EMC PrOCESS .......ccceiuiiuiriiiiiiiniisiieieienienie et 34
Fig. 3.2 Experimental setup used IN EMC ... 35
Fig. 3.3 Schematic diagram of EMC process (a) before and (b) after crimping...................... 35
Fig. 3.4 Dimensions of the copper coil, Al tube and DP steel rod sample ............c..ccocovvenenne. 38
Fig. 3.5 Discharge current curve obtained from the experiment ................cccoovieiiiinicicnen, 39
Fig. 3.6 Enlarged view of the first peak of the measured discharge current.........c.ccoceoveennen. 39
Fig. 3.7 Pull-out test arrangement MAdE ...........cceeviiieieeee e 40
Fig. 3.8 Three dimensional meshed model used for the coupled field analysis ...................... 41
Fig. 3.9 Simulated currents under different discharge energies.............cccovererereninineienennn. 41

Fig. 3.10 Contour plot of the current density generated on the flyer tube at different time steps

Fig. 3.11 Simulated magnetic pressures under different discharge energies............cccccceeuve.e. 43

Fig. 3.12 Contours of resultant displacement at six different time steps in the simulations ...43

Fig. 3.13 Comparison of outer diameter from the simulation and experiment...............c........ 44
Fig. 3.14 Outer diameter of the crimped sample at six different discharge energy................. 44
Fig. 3.15 Outer diameter of the crimped sample at six different discharge energies .............. 45
Fig. 3.16 Simulated displacements under different discharge energies..........ccccoovvvviveieienn. 46
Fig. 3.17 Simulated velocities under different discharge energies ...........ccocevvvvvrvnviveieniennn. 46
xi|Page

TH-2137_146103008



List of Figures

Fig. 3.18 Tresca maximum shear stress in tube at different energy ..........cccecvvvevivvieiveenennn 47
Fig. 3.19 Magnetic field under six different discharge energies..........ccccoevvvveiveinsceivennenn, 48
Fig. 3.20 Contours of plastic strain in the tUDe ... 48
Fig. 3.21 Contours of plastic strain in the rod.............cccooiiiiiiiie e 49
Fig. 3.22 Simulated plastic strains under six different discharge energies............ccccccevvenenne. 49
Fig. 3.23 Al-tube crimped over DP Steel 10 ...........cooeiveieiececce e 50

Fig. 3.24 Small wavy interface morphology along crimping interface of the crimped sample (a)
small wavy, (b) large wavy, and (C) straight pattern...........cccocviiniiieien e, 51

Fig. 3.25 (a) Hardness traverse across Al and DP steel crimped interface, and (b) pull-out load

vs. extension plot at six different diSCharge €nergy .........cccocveieeieiieesieeie s 51
Fig. 3.26 Normalized max. pull-out load vs. discharge energy ..........cccceeevrenereneninineieinenne. 52
Fig. 4.1 Principle of the EMC PrOCESS ........ciiiiiiaieieieiiesie sttt 54
Fig. 4.2 Field shaper used in EMC (a) an actual image of the field shaper, (b) cross-section of
the CAD model, and (c) dimensions of the field Shaper.............c.cocevveieiicii i, 54
Fig. 4.3 Dimensions of the working zone in the experimental SEtup...........ccccvvvrvriinieiieiiene. 55

Fig. 4.4 Actual image as well as the CAD model of the three types of profiles threaded, knurled
& plain, and dimensions of the thread and KNUFIS .............ccooiiiiiicie e, 56
Fig. 4.5 Schematic representation of the pull-out test (all dimensions are in mm) ................. 57
Fig. 4.6 (a) Compression-shear test schematic representation, and (b) sample, indenter and
holder for COMPresSSioN SNEAI TEST ..........cuiiiiiiiiii et 58
Fig. 4.7 Waveform of the discharge current at different energy level...............ccccoeinen 59
Fig. 4.8 Samples after pull-out test (a) failure in the joint at lower energy (2.7 kJ and 3.3 kJ),
(b) failure in the tube at higher energy (3.9 kd and 4.6 KJ) ........ccooviiiiiiice 60
Fig. 4.9 Variation in the (a) maximum pull-out load, and (b) normalized maximum pull-out
load with the discharge energy for three types of the surface profiles ...........cccccoovvviiinenann. 61
Fig. 4.10 Samples obtained after compression-shear test with three different profiles and three
AITFErent €NErgy TBVEL ........cvo i 61
Fig. 4.11 Average strength-extension plot for (a) plain, (b) knurled, and (c) threaded profile at
three 18VEl OF BNEIGIES . .oiiii et 62
Fig. 4.12 Average load-extension plot for plain, knurled and threaded profile at (a) 2.7 kJ, (b)
3.3 kJ, () 3.9 kJ, and (d) variation in the maximum compressive load with the energy for three

107 0SS0 0] 10 1 USROS 63

xii|Page

TH-2137_146103008



List of Figures

Fig. 4.13 Digital microscope images of the cross-section of the composite rods with measured
outer diameter with (a) threaded, (b) knurled, and (c) plain profile at 5.3 kJ..........c.cceevenneen. 64
Fig. 4.14 Outer diameter of the composite rods comparison measured at three different energy
With CU tUDE and STEEI FOU .....cveeiieii et nneas 64
Fig. 4.15 Microscopic images of the electromagnetic crimped samples with (a) threaded, (b)
knurled, and (¢) plain profile at 5.3 KJ.......cccvoiiiieiieie e 65
Fig. 4.16 3D surface profile of electromagnetic crimped samples with (a) threaded, (b) knurled,
AN (C) PIAIN DASE ...ttt re e 66
Fig. 5.1 Complete description of working zone of EMC............cccccoe e 70
Fig. 5.2 Field shaper used in EMC (a) cross-section of the CAD model, (b) an actual image of
the field shaper, and (c) dimensions of the field Shaper ..........cccooriiiiin e, 71
Fig. 5.3 CAD model along with the actual picture of the three types of profiles (a) threaded
profile, (b) knurled profile, and (c) plain profile created on the base..........cccccoeveiviieieenenne 72
Fig. 5.4 First and second current cycle of the measured discharge current waveform at three
AITFErent €NErgy IBVEL ... bbb 73
Fig. 5.5 Measured discharge current first and second peak value at different discharge energy

Fig. 5.6 Electromagnetic crimped samples with (a) threaded profile, (b) knurled profile, and (c)
Plain Profiles 0N the DASE .......coiiiiiiie bbb 74
Fig. 5.7 Shape and dimensions of bimetallic rods after EMC with (a) threaded profile, (b)
knurled profile, and (c) plain profile on the Base..............ccove i 75
Fig. 5.8 Comparison of outer diameter of the bimetallic rods measured at three different
discharge energies with Al tube and Steel rod ...........ccoviiiiiiiiiir e, 76
Fig. 5.9 Two failure modes of the joints in pull-out tests (a) separation mode separation failure,
(b) crack mode Crack faIlUIE ...........coveiiiieie e 77
Fig. 5.10 Load-extension plot for (a) plain profile, (b) knurled profile, and (c) threaded profile
made on the rod at different ENErgIeS. .........cooi i e 77
Fig. 5.11 Load-extension plot with three different profile and at four different discharge
energies (a) at 3.3 kJ, (b) 3.9 kJ, (¢) 4.6 kJ, and (d) 5.3 KJ...ovvviiiveiiiiieiececce e, 78
Fig. 5.12 Pull-out test failed samples with (a) threaded profile, (b) knurled profile, and (c) plain
profile on the base at five different discharge energies ..........coccoovvveieien s 79
Fig. 5.13 (a) Variation in the maximum pull-out strength and (b) variation in the normalized

maximum pull-out load with the discharge energy plot for three different profiles................ 80
xiii|[Page

TH-2137_146103008



List of Figures

Fig. 5.14 (a) Hardness measured at four different locations and, (b) hardness variation vs.
distance plot at four different locations on crimped SaMPIe.........cccccvevieiiieriiie v, 80
Fig. 5.15 Microscopic image of location of hardness measurement............cccccoovvvrvereiennenne. 81
Fig. 5.16 Optical microscope images at the interface of the electromagnetic crimped sample

having (a) plain profile, (b) threaded profile, and (c) knurled profile at 5.3 kJ energy ........... 81
Fig. 5.17 Surface profile of electromagnetic crimped samples at 5.3 kJ with (a) threaded base,
(b) knurled base, and (C) PlaiN DASE .......ccveiieiiee e 82
Fig. 6.1 Initial and final stages of the EMC process (side view and front view)..................... 86
Fig. 6.2 Cross-section of the tapered, step-tapered and stepped types of field shaper ............ 87
Fig. 6.3 Detail dimensions of the multi-turn solenoid coil used in the experiment................. 87
Fig. 6.4 Dimensions of the tapered, step-tapered and stepped types of field shaper ............... 89
Fig. 6.5 Sample manufactured by tapered, step-tapered and stepped field shapers................. 90

Fig. 6.6 (a) Initial and final stages of the pull-out test, (b) arrangement for pull-out test at UTM

Fig. 6.7 (a) Compression-shear test samples prepared by three types of field shaper tapered,
step-tapered, and stepped (b) fixture for compression-shear test ..............ccovevereeieiiieriviinnnn, 91
Fig. 6.8 (a) Initial and final stages and (b) arrangement for compression-shear test on UTM 92
Fig. 6.9 Discharge current waveform at different energies ........ccccocevvveiiiiiiiieiie i 93

Fig. 6.10 Maximum and minimum thickness of the flyer copper tube for different field shapers

Fig. 6.11 (a) Position of thickness measurement, and (b) change in the thickness of the tube at
IFFErENT POSILION ......eeiee ettt e ae b e s ra et e e b e saaesreenreeaeenre e, 94
Fig. 6.12 Pull-out test results for (a) tapered, (b) step-tapered and (c) stepped field shaper at
different energy, and (d) variation in maximum pull-out load with energy ............ccecvvvenenn. 95

Fig. 6.13 Compression-shear test results for (a) tapered, (b) step-tapered and (c) stepped field

shaper at different energy, and (d) variation in maximum joint strength with energy ............ 96
Fig. 6.14 Pull-out test results comparison at (a) 3.3 kJ, (b) 4.6 kJ and (c) 6.2 kJ discharge
BINIBITHES .tttk ettt bttt bbb R E R E e b kbRt E e R e e e bbb R bt bt e e 97

Fig. 6.15 Compression-shear test results comparison at (a) 3.3 kJ, (b) 4.6 kJ and (c) 6.2 kJ

ISCNAIGE BNEITIES ...t e et e et e s e et e e s be e e beesnaeabeearees 98
Fig. 6.16 Joint electrical resistance measurement SEt-UP ..........covreriereienenese s 99
Fig. 6.17 Variation in electrical resistance with the discharge energy ...........ccccoovevvieieienn. 99
Fig. 6.18 Compressed air leak test arrangement...........cccveiieiiieiiie e 100
xiv|Page

TH-2137_146103008



List of Figures

Fig. 6.19 3D surface profile with (a) tapered, (b) step-tapered, and (c) stepped field shaper at

Fig. 7.1 Dimensions of the complete assembly with the (a) tapered, (b) taper-stepped, and (c)
StepPed FIEld SNAPET ..o e 107
Fig. 7.2 Three types of field shaper used (a) tapered, (b) taper-stepped, and (c) stepped .....108
Fig. 7.3 Measured discharge current waveform at five different energies ............ccccccevvennen. 109
Fig. 7.4 Sample produced by (a) tapered, (b) taper-stepped, and (c) stepped field shapers..110
Fig. 7.5 Thermography view of the working zone with (a) tapered, (b) taper-stepped, and (c)
stepped FIeld SNAPET.........c.e e s 111
Fig. 7.6 Temperature (in K) variation with discharge current (in kA) (a) in experiments, and
(D) 1N SIMUIBLIONS ... bbbt b bbbt 112
Fig. 7.7 Fringe pattern of the temperature developed with (a) tapered, (b) taper-stepped, and
(c) stepped field shaper at 7.2 kJ of discharge energy ...........cccceeveveeiesiieieesi e e 112
Fig. 7.8 Outer diameter of the sample (top simulation, bottom experiment) with three types of
the field-shaper at 6.2 kJ of the discharge energy.........cccoiiiiinniiinn 113
Fig. 7.9 Variation in the outer diameter of the crimped sample with the discharge energy for
three types of field shaper (a) experimental values, and (b) simulations values ................... 114

Fig. 7.10 Variation in the (a) magnetic field (in Tesla), (b) plastic strain, and (c) velocity (in

m/s) with discharge Current (IN KA) ..o 115
Fig. 7.11 Vector pattern of the Lorentz force developed on the flyer with (a) tapered, (b) taper-
stepped, and (c) stepped field shaper at 7.2 kJ of discharge energy ..........cceeevvevivivieivenncnne 115
Fig. 7.12 Vector plot of the magnetic field developed on the flyer with (a) tapered, (b) taper-
stepped, and (c) stepped field shaper at 7.2 kJ of discharge energy ......ccccceeevveerveievvenenne 116
Fig. 7.13 Vector plot of the current density developed on the flyer with (a) tapered, (b) taper-
stepped, and (c) stepped field shaper at 7.2 kJ of discharge energy ......cccccceveevvevviicieennee 117
Fig. 8.1 Dimensions of the field shaper (all dimensions are in Mm) ..........c.ccccceevvevieinennenn, 120

Fig. 8.2 Actual image (a) top view and (b) front view of the tapered field shaper (all dimensions

Y 0T 0110 TSSO T PP PRURURPPRPIN 121
Fig. 8.3 Five different types of field shaper used in the study..........cccccoceevieiiiiiiiiiiiieei, 124
Fig. 8.4 Measured discharge current sinusoidal curve at five values energies...................... 125

Fig. 8.5 Outer diameter of the crimped sample measured in (a) simulation, and (b) experiment
at 7.2 KJ OF diSCNAIGE ENEIGY......eviiiiieiieitieie et 126

xv|Page

TH-2137_146103008



List of Figures

Fig. 8.6 Four different locations of temperature measurement (a) experimental result, (b)
simulated result, and (c) magnified view of simulated result ..............cccceevvieiieiiiiccieeeee 126
Fig. 8.7 Comparison of temperature measured in the experiment and the simulated............ 127
Fig. 8.8 Magnetic field comparison of five different types of field shaper at (a) 4.5 kJ, (b) 5.8

(R 1010 N (o) T2 O ISR USSR 128
Fig. 8.9 Fringe pattern of the magnetic field of three different types of field shaper with (a)
17.4°, (b) 15.9°, and (c) 14.4° tapered angle at 7.2 kJ of the discharge energy ................... 129
Fig. 8.10 Comparison of (a) impact velocity, and (b) plastic strain of five different field shapers
at 7.2 KJ OF dISCNAIGE BNEIGY .. .c..eviiiiieiieiiiet ittt 129
Fig. 8.11 Variation of (a) impact velocity, and (b) plastic strain of five different field shapers
With the diSCNArge BNEIGY ...cveciiiiieie ettt et te et e e reenesreeane e 130
xvi|Page

TH-2137_146103008



List of Tables

Table 1.1 Applications Of EMF [8].......ccciiiiiiieiieie e 9
Table 3.1 Values of Johnson Cook material constant parameters ...........ccccvevevveieneeresiiennn, 36
Table 3.2 Mechanical properties of the materials used in the Study..........cccooevvrieniieiciinnnn, 37
Table 3.3 Chemical composition of the materials USed ............cccoovvviinieiiniieieere e, 37
Table 3.4 Comparison of outer diameter in the experiment and simulation.................c..c....... 45
Table 3.5 Simulations results at different process parameters...........cccovevvvervevesieesieesesieennnns 47
Table 4.1 Dimensions of the tube and rod and their materials ...........ccccooveviivenieniiencnen, 55
Table 4.2 Mechanical properties of the tube and rod...........c.ccccooviiiiiniiiin i 56
Table 4.3 Chemical compositions of Cu tube and steel 1020 rod (in weight %). ................... 57
Table 4.4 Process parameters used in the eXPeriments............cccvviveiieeieiiieseeiee e seese e 59
Table 4.5 Average normalized surface roughness at 5.3 KJ.........cccooeiviiiineninniniccee, 66
Table 5.1 Dimensions of the tube and rods used for EMC............ccoooiiiiiininicce, 70
Table 5.2 Chemical composition of the Al tUDE .........cccccoeiiiiiiiiiiicece e, 72
Table 5.3 Chemical composition of the steel 1020 rod ............coceiieeieeieiiicie e, 72
Table 5.4 Process parameters used in the eXPerimentS..........c.covviirieierenenesesese e, 73
Table 5.5 Surface roughness (um) values of the EMC samples at 5.3 KJ........ccccovevvveiiiiennn, 83
Table 5.6 Normalized surface roughness values of the EMC samples at 5.3 kJ ..................... 83
Table 6.1 Chemical compositions of copper tube and aluminum rod ..............cccoceevieiiiiennn, 88
Table 6.2 Dimensions and materials of the tube and rod............cc.cooeiiiii e, 88
Table 6.3 Mechanical properties of the materials..............ccocoiiiiiiiiiii e, 90
Table 6.4 Process parameters in the eXPeriments .........c.cooeveiirininiene s, 93
Table 6.5 Surface finish of crimped samples with three field shapers at 6.2 kJ.................... 100
Table 6.6 Summary of the outputs of different tests at 6.2 kJ ..........cccocveveieiieeiicic e 101
Table 7.1 Material properties of Cu 1010 and Al 1050 ..........cccccveviiiiiieiccieceee e 105
Table 7.2 Dimensions and materials of the tube and rod............ccccceeeviiiviiieiiecc e 106
Table 7.3 Values of Johnson-Cook material constant parameters............c.ccooevvveneninieennenn 106
Table 7.4 Values of linear polynomial equation of state ............cccccovviieiiiciic e, 107
Table 8.1 Mechanical properties of tube (Cu 1010) and rod (Al 1050) .......cccccovvevivevieennnne, 120
Table 8.2 Dimensions and materials of the flyer tube and rod ...........ccoceiiiiiiiiiiiicn 120
Table 8.3 Johnson Cook constant used in the simulation model ..............ccccocoiiniiiiiinnnn 122
Table 8.4 Values of linear polynomial equation of state ..........c.cccccoeiiieiii e, 123

xvii|Page

TH-2137_146103008



xviii|Page

TH-2137_146103008



1 Introduction

Motivation for environmental protection, responsibility and resources saving in the society
influences the industrial manufacturing. For this reason, there is an increasing demand for
lightweight manufacturing of automobiles and aerospace parts. For many years design based
on multi-material was a well-known strategy which can be applied to weight reduction, higher
production efficiency and cost reduction. Conventionally available techniques fail when it
comes to joining of dissimilar material combinations having significantly different melting
temperatures. In joining of dissimilar material combinations, they tend to form brittle
intermetallic phases such. Joining of dissimilar materials by joining by forming can be an

alternative for manufacturing the lightweight products.

1.1 Metal Forming

A type of manufacturing process in which metal undergoes a plastic deformation under suitable
external load is known as metal forming process. This load can be applied either manually or
through a machine. Conventional metal forming and high strain rate forming are the two broad

classifications of metal forming process.

1.1.1 Conventional metal forming

In conventional metal forming a punch and a die system is used to deform the material into the
required shape. The strain rate developed in the convention metal forming has typical value in
the range of 0.1 to 5.0 s™. Rolling, forging, drawing, extrusion, coining, sheet metal forming,

bending etc. are some of the typical examples of the conventional metal forming process.

1.1.2 High strain rate metal forming

The high strain rate metal forming processes are different from the conventional metal forming
processes because in this process the workpiece is accelerated to high kinetic energy, which
results in plastic deformation of the material. The strain rate in the high strain rate forming
process is of the order of 10° s. Some typical examples of high strain rate metal forming
processes are explosive forming, electrohydraulic forming, and electromagnetic forming
(EMF) process. In the last few years, there is an increase in interest to use aluminium to replace

steel, especially in automobile sectors to reduce the weight of the automobile, which results in
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an increase in the efficiency of the automobile. However, formability of aluminium is lower
than that of steel due to low strain hardening coefficient. Also, springback of material is more
severe in the case of aluminium as compared to steel due to low modulus of elasticity. The
formality of aluminium can be improved by utilising high strain rate metal forming processes.
Some of the typical high strain rate forming methods such as explosive forming,

electrohydraulic forming, and EMF are discussed in the following subsections.

1.1.2.1 Explosive forming

The explosive forming process is a type of high strain rate forming process in which instead of
punch chemical energy of explosives is used. Some of the commonly used explosives are
trinitrotoluene, cyclonite, and pentolite. There are two types of explosive forming one is contact
type and another is standoff type explosive forming. In contact type, the explosive is in contact
with the workpiece while in standoff type the explosive material is placed at some distance
from the workpiece and the workpiece is clamped over a die, and the assembly is placed into a
container filled with water as shown in Fig. 1.1. As the explosive is detonated, a shock wave
of the high-intensity pressure wave is produced in water. When the high-intensity pressure
wave strikes against the workpiece, the metal is formed into the die. Explosive forming requires
long setup time, and it is suitable for the production of unique, high volume products, high cost

and has to be performed in remote area.

Ignition

Charge « || = [ - Z_C Air

Fig. 1.1 Schematic of an explosive forming process

1.1.2.2 Electrohydraulic forming

Electrohydraulic forming is a type of high strain rate forming process in which electrical energy
of the capacitor bank is converted into the mechanical energy. In this process, a high-frequency
pulse current is passed through two electrodes placed apart in a container filled with fluid as
shown in Fig. 1.2. The applied pulsed current electric vaporises the fluid around the electrode

and creates a shock wave in the fluid. The developed shock wave moves away from the
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electrodes towards the workpiece and when the shock wave impinges on the workpiece, it

crates deformation [1].

Electrode

Water

Electrode
Before process After process

Fig. 1.2 Schematic of an electrohydraulic forming process

1.1.2.3 Electromagnetic forming

In EMF process, the capacitor bank is used to store the electrical energy and discharge energy
to make a pulsed current to flow through the coil. In EMF, the coil replaces the punch as in
conventional forming to get the desired deformation. The process of EMF is illustrated

schematically in Fig. 1.3. The details of the EMF is discussed in the subsequent section.

1.2 Electromagnetic Forming

1.2.1 Principles of EMF

In principle, an EMF system consists of a capacitor bank, a conductive coil and the metallic
workpiece to be deformed. The primary components of an EMF process with field shaper are
shown in Fig. 1.3. The capacitor bank is connected to the forming coil, which is near the field
shaper and workpiece. When the main switch is closed, the high current pulse passes through
the forming coil and produces a transient magnetic field that induces eddy currents in the
nearby metallic workpiece. The currents in the coil and metallic workpiece travel in opposite
directions, according to Lenz’s Law. The electromagnetic repulsion between the oppositely
flowing currents, governed by the Lorentz force, provides the deformation force to the

workpiece.
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1.2.2 Components of EMF
Power supply, switch, capacitors bank, working coil, field shaper etc. are the main components
of EMF system. The details of the main components are discussed in the following sub-

sections.

1.2.2.1 Capacitors bank

Capacitors bank are used to store electric energy by charging the capacitors and produces a

high-frequency and high-intensity pulse sinusoidal current by discharging the energy.

1.2.2.2 Forming coil

The electrical energy in the capacitors bank was converted into electromagnetic energy with
the help of forming a coil, which is finally transformed to electromagnetic pressure on the
workpiece. A high magnitude damped sinusoidal pulse current flows through the forming coil,
which is a part of the RLC circuit. The high magnitude current produces the transient
electromagnetic field necessary for the performance of the forming process. Forming coils are
an essential part of any EMF process. Depending on the type of EMF process, different types
of the forming coils were used such as a solenoidal coil, flat pancake coils, and bar coils [2].

Rectifier Switch Switch
- Rm

Lm I

T

S A L A e W e LT Ry S RTm s
R TR R AR T i DR DR P

Yo 2. “Hag ety %

AC@ of o o

/

/
. XK RO T = B B
Capacitors bank '] PRI D

L

Fig. 1.3 Basic components of EMF process

1.2.2.3 Field shaper

To concentrate pressure at a definite location on the workpiece field shapers are used. They
are also used to adjust large-diameter compression coils to smaller-diameter workpieces. The
field shapers are single-turn coils and they are introduced between the workpiece and the coil.
Field shapers receive energy from the working coil and transfer it to the workpiece by
electromagnetic induction. Thus, by using different sizes of field shapers, the same working
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coil can be used for different diameter of the workpiece. Field shaper must be electrically
insulated from both the working coil and the workpiece. The usage of field shapers raises the

life of the coil by dropping the force acting on the coil.

1.2.2.4 High-voltage switches

Very high-speed switches, capable of withstanding high voltages, are required for EMF
operations. Ignitrons, spark gap switches, or rail gap switches are the examples of high voltage
switches which can be used to close the RLC circuit and produce the high frequency damped

current pulse in the forming coil.

1.3 Types of EMF

1.3.1 Sheet metal forming

In EM sheet metal forming process, rigid flat spiral pancake coil, is placed below the metal
sheet which needs to be formed and then magnetic pressure is being applied with the help of
pancake coil. The deformed sheet can take the shape of the die or can be a free bulged. By this
means, there is a significant improvement in forming limit of metal sheet, which is not possible

by the conventional quasi-static process [3].

1.3.2 Hybrid metal forming

In hybrid metal forming, the conventional forming operation is replaced with EM forming
process. In this process, one or more coils are installed to obtain the deformation of the sheet
inside a die which consists of complex geometry. Deformation is achieved by making use of
localized force using tailoring the coil to get required magnetic pressure in the desired location,

which is not possible by any other conventional forming process [4].

1.3.3 Tube forming

The EMF process is widely being used for axisymmetric components such as tube and cone
etc., which have extensive use in industrial applications. In EM forming of the tube, the
cylindrical tube is uniformly expanded or compressed by applying the electromagnetic force
on the circumference of the tube. The Maxwell’s equation is used to explain the working of

EMF process.

1.4 Maxwell’s Equations

The Maxwell’s equations in the simplified version can be expressed by equations (1.1) to (1.4).

In Maxwell’s equations, equation (1.1) summarises the effects of matter plus Coulomb’s law
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of forces. The equation (1.2) represents an extension of Ampere’s circuital law, the equation
(1.3) proclaims Faraday’s law of induction and equation (1.4) represents the non-existence of

magnetic monopoles.

V-D=

P (1.1)

, aD
T (1.2)

VxH=]+-

VXE = 9B
ot (1.3)
V-E=0 (1.4)

where the vector functions E, D, B, and H are known as
E : Electric field (V/m)
D : Electric displacement field (coulomb/m?)
B: Magnetic induction (Tesla)
H: Magnetic field (A/m)
Some sources generate the electromagnetic field and those sources are
J : Electric current density (A/m?)
p : Electric charge density (C/m?)

The electric current density and the electric charge density are related through the continuity
equation which is given by equation (1.5).

ap (1.5)

1.5 Lorentz Force

In Maxwell’s equation we must add the Lorentz force law to have a complete description of
the electromagnetic phenomena. Lorentz force law relates mechanics with electromagnetism

and it can be given by equation (1.6).
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f=pE+7xBE) (1.6)

where f represents the force density (N/m3) and ¥ represents the velocity of the electric charge
density (m/s). The electric charge density moving with velocity v can be expressed by equation
7.

J=pv (1.7)
Replacing pv from equation (1.6), the Lorentz force can be expressed by equation (1.8).
f=p§+f><§ (1.8)
The power per unit volume p (W/m?®) obtained by the Lorentz force can be given by equation

(1.9).

- >

p=f-ﬁ=p(§+ﬁx§)-ﬁ=p§-ﬁ:E-] (1.9
1.5.1 Lorentz force developed on a charged particle
The expression to find the electromagnetic force that developed on a charged particle is given
by equation (1.10).

F=q(E +7xB) (1.10)

where F represents the total amount of force (N) developed on the charged particles.

1.5.2 Lorentz force developed on a flyer tube

The Lorentz force developed on the outer tube or flyer tube is unidirectional and it can be used
to calculate the impulse developed on the base tube by equation (1.11) [5].

Impulse = 2 f Fdt (1.11)

1.6 Advantages, Limitations and Applications of EMF

1.6.1 Advantages of EMF

EMF has many advantages that make this process an alternative technique of conventional
forming processes. Among all the high-speed forming techniques EMF is one of the most
suitable techniques of plastic deformation. The main advantages of EMF process are mentioned

below:
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= Controllability and repeatability

= High-speed forming

= High repeatability

= Reliable and well suited to high-volume production

= Many combinations using dissimilar metals are possible

= Cold clad without heat-affected zone (HAZ)

= No need for filler materials

= Green process (no heat, no sparks, no smoke, no radiation)

= No distortion

= Clean process (no pre- or post-weld cleaning)

= High quality, very aesthetic and cleaner interface

= Maintains mechanical strength (typical joints are stronger than the parent material)

= High precision (single micron precision obtainable by adjustment of the magnetic
field)

= All these advantages translate into significantly lower costs and much higher quality
and productivity Simple Fixtures - No Moving Parts

= Non-specialized operators

= Automated nondestructive examination

= More bond length

= No melting or heat affected regions

= No subsequent heat treatments

= Not sensitive to material history

= Dissimilar alloys easier to join

= Crack susceptible alloys easier to join

= High production rate capability

1.6.2 Limitations of EMF

Besides having many advantages of the EMF process, there are some limitations of the process.

Different limitations of the EMF process are listed below:

= The cost of the equipment is also significant.

= The volume of the equipment is also large. Which required large area to keep the
equipment.

= Due to high voltage and high current in the process special safety precautions are
needed before working on the equipment.

= The high speed of the process requires higher safety requirements and precautions.

= Materials with excellent electrical conductivity can be formed easily, like aluminum,
copper, low carbon steels etc. However, if the materials have low electrical
conductivity it cannot be formed easily.

= For forming poor electrical conducting materials, an intermediate high electrical
conducting materials is required.

= The higher thickness of the workpiece is difficult to form.
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1.6.3 Applications of EMF

Introduction

The demand for tubular components in current and future automotive, heat exchanger,

boiler etc. require developing high-productivity, low-cost, and robust joining process for

tube connections [6]. This technique can be practically applied to pipework joints used in

refrigerators and air conditioning systems. In this technique the pressure resistance and the

weld strength required at pipework joints could be obtained from plastic deformation of

cores and by decreasing the weld interface [7]. In addition to above mentioned application

EMW of tubes were also used in aerospace, automotive, nuclear applications and electrical

industry.
Table 1.1 Applications of EMF [8]
Aerospace Industry Automotive Industry

» The lining of ammunition control » Space frames drive shafts

rods » Reinforcing bands on oil filters
» Components of fuel pumps. » Components of air conditioning
» Tubular space frames > Fuel filters
» Composites  over  wrapped » Tubular seat components

pressure vessels

Electrical Industry Nuclear applications
> Cable ducts » Closing caps
> Electrical fuses » End closers of nuclear fuel rods
» Components of electrical motors » Metal canisters
» Connectors to copper cables > Nuclear fuel pins
» Coaxial cable termination joints

1.7 Research Objectives

The main objective of this study is to investigate the suitability of the EMC for joining the

dissimilar materials. More specifically, the aims of this study can be summarized as follows:

a) To design and build a coil to generate intense and concentrated magnetic field which
can be used to join two similar or dissimilar materials.
b) To design and develop a field shaper to increase the life of coil and to increase the

concentration of magnetic field.

¢) To find the optimum surface profile on the base to increase the strength and life of the

joint.

d) To study the temperature generation in the working zone of the EMC process.
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1.8 Structure of Thesis

This thesis is organized in seven different chapters. This chapter discusses from the background
of the research topic to the aims of the research. Each chapter in this thesis ends with a brief
summary outlining the achievements and findings that were established. The remainder of this
thesis is organized as follows:

Chapter 2: This chapter covers the elaborated theoretical background and literature review of

related research topics.

Chapter 3: This chapter covers coil design procedures and feasibility trials for tube to rod

configurations.

Chapter 4: Effect of the base profile on the Copper-Steel joint strength in tension with stepped

field shaper was studied in this chapter.

Chapter 5: This chapter presents the influence of the base profiles on aluminum-steel joint

strength in tension as well in compression-shear with the tapered field shaper.

Chapter 6: This chapter gives details about three types of field shapers geometries and to study
the effect of geometries of the field shapers on the joint strength.

Chapter 7: In this chapter, the study of the temperature generation in the working zone in EMC

has been reported.

Chapter 8: In this chapter, the effect of the field shaper tapered angle on the performance of the
field shaper was studied.
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2 Literature Review

The electromagnetic principles were used and demonstrated in EMF process. This process
fulfils the needs involving forming as well as joining of dissimilar material which is difficult-

to-weld material [8].

2.1 Electromagnetic Forming

Authors Chu and Lee studied the effect of field shaper geometry for electromagnetic sheet
impact forming process and found that the Lorentz force developed was concentrated at the
end region of the slit. They also stated that the direction of current on the other side of the slit
was in the opposite direction, causes repulsion hence wider slit will reduce the energy loss.
Therefore, by considering the Lorentz force distribution as well as electromagnetic repulsion
an optimal slit width should be determined. Some components in the field shaper result in more

homogeneous Lorentz force distribution, and hence impact velocity will be more [9].

Arezoodar et al. have studied numerically the influence of the four different types of
field shaper namely conical, cylindrical, concave, and convex as shown in Fig. 2.1 and found
that magnetic flux was increased if a single stepped convex field shaper replaced to an inclined
stepped field shaper [10]. The effect of stepped field shaper in electromagnetic inside bead
forming was analyzed by Chaharmiri and Arezoodar and found that magnetic pressure was
increased by decreasing the effective length but radial displacement was maximum at an
optimum effective length. Also marked that 21 % increased the peak value of the magnetic
pressure than that of using only direct coil [11]. Inside bead forming carried out by Murakoshi
et al. suggested that increase in the discharge energy and width of the bead leads to an increase
in the bead height formation [12].

Similar work using three types of field shaper namely cylindrical, concave and convex were
compared by Suzuki et al. for tube bulging and found that the geometry of field shaper and the
capacitor energy was the controlling parameter of the amount of the tube bulging. Also revealed

that field shaper has a significant role in increasing the life of the working coil [13].

Yu et al. have studied the application of field shaper in EMF and found that the larger
the effective area of field shaper results in larger uniform force area and smaller the amount of
magnetic pressure [14]. Yu et al. have also added that the magnetic pressure decreases with the
increase of the relative diameter of the field shaper [15].
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(a) Concave (b) Convex (c) Cylinderical (d) Conical

Fig. 2.1 Schematic diagram of the four different types of field shapers [10]

2.2 Electromagnetic Joining

To fulfil the desired weight reduction in engineering structures, a joining process is
required which should have the ability to join dissimilar materials without additional
mechanical elements, chemical binders or adverse influence of heat on the joining partners.
The electromagnetic joining (EMJ) is an alternative to conventional thermal joining and

mechanical joining process [16].

EMJ uses an electromagnetic force to accelerate flyer tube and collide against the base
rod or tube with very high speed, resulting in a solid-state joint [17]. It is used for joining either
homogeneous or heterogeneous material having different or same thicknesses [18]. It is a
joining process in which lap joint surface of cylindrical components such as tubes, rods, and
cones are joined together by using electromagnetic force [19]. EMJ is not only one of the most
useful joining processes for the dissimilar metal joining for cylindrical components, but also a
novel technology for metal joining using repulsive force on account of the interaction between
electromagnetic part of working coil and current induced in an outer tube [20]. This process
was invented for components with distinct geometries, by using the magnetic pressure to create
reliable joints [21].

EMJ is a high speed, high strain rate, and high energy, impact joining process which has
potential to significantly reduce weight and manufacturing cost, especially for joining
cylindrical structures of similar or dissimilar materials. [22]. In such a short period, there is
very less extent that the resultant joint will get heated [23]. In this method, no other pressurizing
equipment is required, and it is a more straightforward process with the capability of joining
within a microsecond. Therefore, this process can be employed as a technique which can be
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applied to on-site tube work operations. This process is repeatable and depending upon

collision velocity or discharge energy, the strength of the joint varies [24].

In EMJ of dissimilar metals and alloys, the temperature and heat negatively magnify
the physical mismatch between material properties. The factors affecting the quality of joining
are the discharge energy, the gap between the outer tube and inner tube or rod and thickness of
an outer tube or flyer tube. The EMJ process greatly minimizes the problems of metallurgical

incompatibilities between dissimilar metals and alloys.

The emergence of new joining techniques has great importance for the multi-material
assemblies. EMC enables to join metals pairs with a substantial difference in their melting
temperature using a high bonding pressure which can be achieved by an intense collision
between the two parts to be joined [25]. This process covers joining of a broad variety of
material combinations such as Al/Fe [25], Al/Ti, Ti/Ni, Cu/Manganin, Cu/Brass, Cu/Steel [26],
Cu/Al, Al/Steel, Al/Mg, and Al/Ni.

2.2.1 Experimental studies on magnetic pulse cladding

Magnetic pulse cladding (MPC) technique was used by Yu et al. to form bi-metal tubes to
achieved cladding of aluminum alloy (AA3003) on mild steel tube. The effect of geometry of
the field shaper on cladding quality as well as other leading process parameters, such as,
feeding size, radial gap and discharge voltage were investigated [19]. Mechanical property was
evaluated by compression-shear test and a maximum strength of 79.2 MPa and an average of
29.7 MPa were obtained by the following process parameters settings: profiled field shaper,
feeding size of 12 mm, radial gap of 2.0 mm and discharge voltage of 15 kV. Optical
microscope (OM) and scanning electron microscopy (SEM) images showed smooth and small
wavy integral interface. Energy dispersion spectrum (EDS) mapping revealed that the
interfacial diffusion zone was up to 50 um wide. The results showed that the proposed MPC
process is able to form sound cladding bonds and could apply to a tubular clad component with

a large axial length [19].

MPC technique was employed by Lee et al. to join the end closure of fuel pin made of
ferritic-martensitic (FM) steel and oxide-dispersion-strengthened (ODS) steel. Rigid
metallurgical bonding between the tube and end plug was obtained by high-velocity impact
collision accompanied with surface jetting for a given set of optimal process parameters, e.g.,
the end-plug geometry. Joint region showed a typical wavy morphology with a narrow grain
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boundary-like bonding interface. No local melting, was not observed and only the limited grain
refinement was observed in the vicinity of the bonding interface without destructing the
original reinforcement microstructure of the FM-ODS steel, i.e., a fine grain structure with
oxide dispersion. No leaks were detected during helium leakage test, and moreover, the rupture
occurred in the cladding tube section without leaving any joint damage during internal pressure
burst test. All of the results proved the integrity and durability of the MP Clad joints and
signified the enormous potential of this method of end closure joining for advanced fast reactor
fuel pin fabrication [17].

The bi-metallic tube was fabricated by Fan et al. for engineering applications with an
outer tubular component was structurally strong material and an inner tubular layer of
corrosion-resistant material. Experimental arrangement of MPC process to produce an Al/Fe
bi-metal tube with an outer carbon steel tube and an internal aluminum tube was made. Radial
gap between the clad tube and the base tube significantly affect the bonding strength obtained
from the impact-based operation. At 10 kV discharge voltage and radial gap of 1.7 mm, the

optimum bonding strength obtain was 13.19 MPa [25].

2.2.2 Numerical studies on MPC

A novel approach was suggested by Fan et al. to fabricate bimetallic tube by using MPC of
lapping portions of long tubes. An efficient numerical simulation of the MPC process to
analyze the dynamic deformation and its effect on cladding result from a numerical view was
presented. A 2D axisymmetric model was modelled and simulated a multi-steps cladding by
forming based on the models similar to an actual MPC process. Predicted model results were
compared with the experimental results by the contour of the clad tube and showed an
acceptable agreement. The advantages of a new field shaper with tile angle @, of 3 and angle
a, of 13° and the magnitude of the magnetic pressure, the stress-strain field and velocity of

the collision were investigated [27].

2.2.3 Experimental studies on electromagnetic welding

The electromagnetic force was applied by Masumoto et al. for electromagnetic welding (EMW)
aluminum tubes. The equipment used was a capacitor bank and coils of 10 turns were attached
around the tubes. The test specimens taken were aluminum tubes and bars of similar or
dissimilar metals and alloys and both tapered and straight cores. Although intermetallic
compound layers similar to those in other welding processes were produced at the interface of

welded zones, the thicknesses were minimal, 2 to 20 um. Wavy patterns at the interface of the
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welded zones which were similar to those in explosive welding were observed and it showed

that such patterns were produced due to high-velocity collision between tube and core [28].

Tamaki and Kojima suggested the important factors which affect the result of EMW,
and those factors were coil inductance, the clearance between the outer tube and core bar, the
tapered angle of core bar, the thickness of the core when a tubular core is used, and hardness
of outer tube. Welding was expressed by the ratio of welded length to interfacial length along
the circumference. The results found could be summarised as follows: The optimum result of
welding was obtained with a coil inductance of about 3 pH, the most suitable clearance was 3
mm, for the joint of straight core, and two welded zones were obtained near the ends of the
coil. If the center of the coil as the tapered angle increased up to 8 degrees, welding was feasible
for a tubular core, when its thickness exceeded about 6 mm. For constant energy input softer

the outer tube easy will be the welding [29].

Aluminum specimens were welded by Kojima et al. consisting of a couple of tubes and
cores by EMW process. Three types of core geometries were used: single-tapered-, concave-
and convex cores. Effect of the tapered angle of the core on the width of welded zones were
decided on the basis of the experimental results the distribution of collision angles in each joint,

and the acceptable range of the joint was as follows:

=  The position, width and number of welded zones can be controlled by the shape and
tapered angle of the core.

= The optimum tapered angles are 12.5°, 17.5° and 7.5° respectively, for single-
tapered-, concave- and convex cores.

=  Two factors which decide the width of welded zones are the distribution of collision
angles in the joint, and their acceptable values. Welded zones are produced in a series
of positions whose collision angles meet those in the acceptable range.

=  The tapered angle affects mostly the distribution of collision angles, but a little the

range of acceptable ones [30].

MPW trials were carried out by Hokari et al. using aluminum and copper as outer tube
and aluminium, copper, brass and mild steel for core materials. In this study, the voltage was
varied and found that irrespective of the metal employed for the outer tube and the core, the
optimum clearance between the tube and the core for welding was 0.5 mm for the shape,
indicated in Fig. 2.2. For aluminium as a tube, a wide range of clearance is suitable and as a
core the weld obtained at circumference was uniform throughout. Regular wavy pattern at the
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interface similar to that of an explosion welded interface was observed. In addition, an increase
in hardness was noted near the weld interface in both the tube and the core and work hardening

was identified, due to plastic deformation [7].

|
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Tube diameter
Rod diameter
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¥

r

Fig. 2.2 Shape and size of the specimen used [7]

Stern and Aizenshtein investigated the microstructural features of the bonding zone in
electromagnetic welds of similar and dissimilar metal pairs. The nature of the reactions and
phase formation that occur in the electromagnetic joints displaying a discontinuous pocket type
or a continuous transition layer along the bond interface regarding local melting followed by
rapid solidification. The most significant feature of the transition zone created during the EMW
process was an increase of hardness at the interface layer. For similar base metals, the main
reason for the hardness increase was the fine-grained microstructure created during the rapid
local solidification. In the dissimilar base metal welds, the increase in hardness was due to the
formation of stable or metastable intermetallic phases and the fine-grained microstructure of

the bonding zone [31].

Al 6061 tubes of 0.065 inch thickness to steel bars was joined by Kimchi et al. by using
an MPW process. The width of the weld was found to be 1 mm to 2 mm. Optimum
concentrator design and gap equal to half of thickness was a minimum criterion to achieved
bond along the circumference. The receding angle on the base can promote and increase the

weld quality, the receding angle used is shown in Fig. 2.3 [6].

With the EMW process Fe-Al intermetallic phases were formed by Marya et al. with
limited interfacial heating. The strength of lap-joints is primarily related to the intermetallic
layer thickness which has an optimum value of 4 — 6 um and the proportion of the FesAl and
Fe-Al phases [21].

The electromagnetic pressure was used by Faes et al. to deform, accelerate and weld

workpieces in EMW. Experiments were performed to investigate the weldability of copper
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tubes to brass solid workpieces. The tubes had an outer diameter and wall thickness of 25 mm

and 1.5 mm respectively [32].

Fig. 2.3 Geometry of the inner steel rod with 0, 2, 4, and 6 degree receding angle

A multi-turn coil with five turns in combination with a field shaper to focus the
electromagnetic flux and thus realise the high pressures needed for welding. The process
parameters for joining these materials for maximum weld length was also optimized. The
parameters taken into account where the position of the field shaper relative to the workpieces,
the width of the air gap between the tube and the inner workpiece and the energy level. The
weld quality based on metallographic examinations, scanning electron microscopy and

hardness measurements were examined [32].

MPW machine was used by Zhidan et al. of 100 pF capacity to weld aluminium 3A21
tube of 20 mm outer diameter and 1 mm thickness with steel 20 tube of 16 mm outer diameter
and 4 mm thickness by varying the voltage between 8 kV and 15kV. A wavy morphology with
a wavelength of about 100 um was observed at the welding interface. Al-Fe dissimilar tubes

can be welded successfully with the optimum tapered angle of 4 degrees [33].

The weldability of aluminium alloy 6060T6 tubular assembly was developed
by Raoelison et al. by using EMW technique. For bonding to be occur, the weld should able
to undergo plastic deformation. The critical bonding is characterized by a straight bonded
interface that breaks like an adhesive fracture. A zone of defectives weld formation at the high
level of both charging voltage and gap was observed. The radial velocity of the flyer and its
variation during the radial shrinkage were interpreted and found the convex shape of the
welding range [34]. Yu et al. performed MPW for lap joining of AA3003-0O and steel 20 tubes,
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analyzed the mechanical properties, microstructure and interface pattern of welding. The
tensile and torsional strength of weld was higher than aluminium tube for more than 8 kV of

discharge voltage.

The impact velocity of the welding was studied by Zhidan et al. of Al-Fe heterologous
pipe fittings by combining numerical simulation and technological test with the assistance of
constitutive relations of 3A21Al alloy under a high strain rate. The momentary movement
speeds were analyzed when the outer tube (Al) impacts the inner tube under four different
voltages to obtain the critical voltage for welding inner and outer tubes. The speed of the
welding points of the outer tube noticeably increased with the rise in the discharge voltage. The
weld interfaces of both the inner and outer tubes produced regular zigzag waves when the
impact velocity reached 350 m/s. The energy spectrum analysis revealed that pipes undergo
severe deformation under high-speed impact, and the increased temperature enhances the
activity of the atoms among other elements, thus producing a surface mass flow under strong

impact and granulated substances [35].

For optimum process parameters or within an optimal range, Mousavi et al. found that
welding will take place and wavy or transition bond could identify an optimal weld without
any intermediate layer. This condition could be achieved when the collision velocity has a
value greater than the transition velocity (the velocity at which waves start to form) and less
than the sonic velocity of the workpiece or flyer [36]. The collision velocity has to impart the
kinetic energy and fluid behavior for jet formation and should result in a collision angle
corresponding to small wavy interface. Very high value of collision velocity causes interface

melting.

Stern et al. focused their study on investigating that EMW was either solid state welding
or fusion welding, i.e. any local melting and solidification would take place in the weld. There
were massive plastic deformation take place on both of the workpieces. The welding was
resulting due to high impact velocity accompanied by extreme local pressure and intense
shearing deformation near the interface will take place. Finally, concluded that in the MPW of
the Al/Mg couples, there were fusion zone containing equal quantities of both Al and Mg
because of very close melting temperature. In the couples of Al/Cu and Al/Fe only Al were
locally melted at low input energy and at high input energy for Al/Cu couples the interface

temperature may exceeds the melting temperature of the Cu [37].
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EMW technique was employed by Lee et al. to join the end closure of fuel pin made of
ferritic-martensitic (FM) steel, and oxide-dispersion-strengthened steel (ODS). Rigid
metallurgical bonding between the tube and end plug was obtained by high-velocity impact
collision accompanied with surface jetting for a given set of optimal process parameters, e.g.,
the end-plug geometry. Joint region showed a typical wavy morphology with a narrow grain
boundary-like bonding interface. Evidence of even local melting was not observed, and only
the limited grain refinement was observed in the vicinity of the bonding interface without
destructing the original reinforcement microstructure of the FM-ODS steel, i.e., a fine grain
structure with oxide dispersion. No leaks were detected during helium leakage test, and
moreover, the rupture occurred in the crimping tube section without leaving any joint damage
during internal pressure burst test. All of the results proved the integrity and durability of the
joints and signified the great potential of this technique of end closure joining for advanced fast
reactor fuel pin fabrication [17].

Shim et al. experimentally studied the effect of process parameters on the MPW process
and developed an empirical model. Using their model based on Response Surface Method
(RSM) concluded that the gap between the inner and outer pipe has a strong influence on the

quality of the joint [20].

2.2.4 Numerical studies on EMW

Shim and Kang modelled square working coil in ANSYS FEM software and found the
distribution of electromagnetic force developed around the coil. The maximum electromagnetic
force of 951 N was found at the centre of the coil and 503 N at the edge of the coil. The sin-

waveform of decreasing vibration with a period of 25 us was also measured [38].

A numerical model was developed by Shim et al. based on the algorithm shown in Fig.
2.4 to analyze the interaction between the outer part and the working coil using a finite element
method for Maxwell equation’s and solved using an ANSYS/EMAG code for MPW process.
Experiments were also performed based on the same parameter which was used in the

numerical model and was found a good agreement between them [39].

MPW of tubes were modeled by Guglielmetti etal. in two stages, in first stage
constructed the magnetic model in the ANSY'S finite element software and in the second stage

mechanical model was coupled with the magnetic model in the ABAQUS [40].

19|Page

TH-2137_146103008



Chapter 2 Literature Review

Ansys/Multiphysics

Electromagnetic model

A

Discharge current, time

Solution of magnetic field and forces

Restart analysis

Mechanical model

Solution of magnetic field and forces

v

End

Fig. 2.4 Flow chart for the implemented algorithm [39]

Study of the magnetic model revealed that the principle parameters in the process were
discharge current frequency, the tube-coil gap and the presence of the base tube. Higher
discharge current and frequency with smaller gap was found to be the favorable condition for
EM welding. Values of the above mentioned parameters were changed with the change in the

material and geometry of the flyer and base tubes [40].

2.2.5 Field shaper design in EM joining

An efficient numerical simulation of the EMJ process to analyze the dynamic deformation and
its effect on crimping result from a numerical view was presented [27]. There are in general
two types of field shaper in common practice, one is constant cross-section field (C-field
shaper) shaper, and another is profile field shaper (P-field shaper). P-field shaper can be
obtained by modifying the geometry of the constant cross-section field shaper. The strength of
the bond obtained through P-field shaper was more than that of C-field shaper EMJ. The
schematic diagram of the constant cross-section and profiled field shaper reported by Yu et al.
is shown in Fig. 2.6 [41]. Shim et al. have used the step-tapered field shaper for joining
aluminum/steel pipe joint. The schematic of the process parameters used by the shim et al. is
shown in Fig. 2.7 [39].
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The EM joining was applied to the different shape of components such as cylindrical
shape or flat shape, and also for several join configurations; half lap, overlap, cross lap, middle
lap and end lap [42]. Zhidan et al. have performed numerical as well as experimental study for
the impact velocity of Al tube in Al-steel pipe fitting by EMW. In this study, a rectangular coil
as well as field shaper was used. For this study a high-speed camera system was used to
measure the impact velocity of the flyer tube on to the base rod. It was found that the
deformation of the tube first occurred in the centre where high electromagnetic field force was
distributed, known as connection zone. Also observed that severe deformation in the tube at
high-speed impact and for more than 200 m/s impact velocity the strength of the Al- steel joint
obtained was more than that of the aluminum tube. A regular zigzag wavy structure at the
interface was observed with a significant length and height if the impact velocity was more
than the 355 m/s [43].

Wu and Shang used the step-tapered field shaper for EMW of Al tube on a copper rod.
The effect of MPW conditions such as welding power, surface scratches, and contamination
was studied and found that surface scratches in the tangential direction and higher applied
power were results in a good weld, and oil on the surface was preventing the welding [44].
With this technique, a fast bond between two or more metals can be obtained as a result of a

high-velocity impact of layers to be joined [45].

2.2.6 Variation in base rod geometry in EMJ

EMJ has one of the major application is in plastic metal forming in which
electromagnetic field was used to create forming a force for joining [46]. Hammers et al. have
studied the mandrel’s surface effect on the mechanical properties of the joint. The mandrel’s
surface was varied by changing the materials of the mandrel. The increase in the stiffness of
the materials led to an increase in the strength of the mechanical joint [47]. Bellmann et al.
have studied the influences of different coating types on the steel for joining aluminum to steel.
It was found that certain coatings improve the joint quality, some of them reduce the joint
performance. Some coatings do not influence the joint quality [48].

Faes et al. have studied the groove filling for producing the axial form fit joints. Four different
types of grooves used in the study is shown in Fig. 2.5. It was found that double grooved axial
crimp joint providing a sufficient tensile strength in the formed form fit joints [49].
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Fig. 2.5 Schematic diagram of the four different types of grooves created [49]

"1 Profile

[onstant cross-section <

diameter
|

|
Outer diameter

.

Constant cross-section field shaper Profiled field shaper

Fig. 2.6 Cross-section of constant cross-section and profiled field shaper [41]
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Fig. 2.7 Cross-section of step-tapered field shaper [39]
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Faes et al. have produced form fit joints using EMJ technique and analyzed the effect
of single and double groove on the joint strength. The width of the groove and the radial inward
deformation of the tube was directly proportional. The radial deformation was increased with
the increased in the discharge energy [49]. Weddeling et al. have reported the design principles
related to the form-fit joints, and found that the joint strength was increased with narrower and
deeper grooves [50]. Weddeling et al. have also reported that highest joint strength was
obtained with the rectangular groove shapes [51].

2.2.7 Electromagnetic crimping

In technology, the wider use of steels has a significant obstacle because of the very poor
corrosion resistance of steels. Hence, the prospective solution is to manufacture aluminum-
steel bimetallic rods which will ensure increased corrosion resistance compared to homogenous
steels [6]. Aluminum and its alloys have significantly higher corrosion resistance than steels.
Hence, it can be expected that by producing a two-layered Al-steel rod the advantages of both
the rods could be combined. The uniform tightness of the crimping aluminum layer on the
perimeter and along the length of the steel core seem to be the key to the effective inhibition of

the corrosion.

A bimetallic or composite rod is a cylindrical layered composite, having two or more
than two metallic materials. Bimetallic rods combine the properties of two different metals in
one rod such as corrosion-resistant, higher thermal, and electrical conductivity. Bimetallic rods
were cost saving compared to the single metal rod and have different applications in the field
of cryogenics, power generation, power transmission, overhead transmission conductor for
electrical and electronics. The Copper-Steel combinations are frequently used because of their

high electrical and thermal conductivity as well as high stiffness [7].

The joining of two or more different metals is important due to their various advantages.
For example, a copper crimp aluminum rod is about 50 % lighter, 35 % cheaper and has
conductivity equal to that of copper [52]. Hence, Copper-Aluminum composite components is
a substitution for Cu components, result in both cost and weight reduction, and are highly
relevant in industrial applications such as in the heating, electrical, and cooling applications
[53]. Composite rods individually possess the distinct advantages of effective protection
against the erosion or corrosion and increased mechanical strength because of their layered
structure, where two or more different materials comprise the outer and inner layer [25]. The

most important feature of the composite rod or composite sheet is the bonding or joining the
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interface, either mechanically or metallurgically [26]. Electromagnetic crimped rods can be
stock for manufacturing the wire rod, from which the bimetallic wire can be manufactured. By
using an EMC technique, very good mechanical properties in the joints such as corrosion
resistant and high-temperature resistance can be achieved. EMC is a cost saving, rapid and

potentially reliable method which can replace conventional joining technique [54].

Fan et al. suggested a novel approach to fabricate bimetal tubes by using EMC of lapping
portions of long tubes. The 2D axisymmetric model was modeled and simulated multi-steps
are crimping by forming based on the models similar to an actual EMC process. Predicted
model results compared with the experimental results by the contour of the clad tube and
showed an acceptable agreement. The advantages of a new field shaper with tile angle a; of 3°
and angle a, of 13° and the magnitude of the magnetic pressure, the stress-strain field and,

velocity of collision were investigated [27].

An EMC technique was used by Yu etal. to form bi-metallic tubes by crimping of
aluminum alloy (AA3003) on mild steel tube. The effect of various field shaper geometry, as
well as other main process parameters, such as feeding size, radial gap and discharge voltage
on the crimping quality and joint strength, were reported [19].

Fan et al. fabricated bi-metal tubfor engineering applications with an outer tubular component
was structurally strong material and an inner tubular layer of corrosion-resistant material.
Experimental arrangement of EMC process to produce an Al/Fe bi-metal tube with an outer
carbon steel tube and an internal aluminum tube was made. Radial gap between the clad tube
and the base tube greatly affect the bonding strength obtained from the impact-based operation.
At 10 kV discharge voltage and radial gap of 1.7 mm the optimum bonding strength obtain
of 13.19 MPa was observed. Bonding strength of the joint obtained by the crimping process

were increase with the increase in the value of discharge voltage [25].

2.3 Parameters of EMF

To explain the effects of various process parameters, a simplified description of the process
can be made by combining different equations, starting with the Newton’s second law, which
is going to describe flyer tube motion as a function of the time and different forces developed

during the entire process and it is expressed by equation (2.1).

d*h
mﬁ = Fm - Fa (21)
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In the above equation, m is the mass of the moving workpiece or flyer tube, h is the gap
separating the two workpiece, F,, is the induced magnetic force ( which is the product of
magnetic pressure and external area of the outer workpiece), and F; is the force induced by

accelerated workpiece as it resist deformation and this force is described by the equation (2.2)

(2.2)
F, = 20.nl,r
In the above equation, o is the plastic flow stress of the moving workpiece material or
flyer tube i.e., its strength in N/m? or Pa, 1, is the length of its deformed area (in m), and r is
the either inner or outer radius of the moving workpiece or flyer tube (those best applied). Here,
o represents the strength of the flyer tube in uniaxial condition, as well as it includes the
dependency on the strain rate and strain hardening [55]. The various process parameters of
EMF process includes the discharge energy, discharge current, standoff distance, magnetic
pressure, collision velocity etc. These process parameters were discussed indetail in the

following subsections.

2.3.1 Discharge energy

Stored energy in the capacitor bank was discharged into the coil and within few micro seconds
the flyer accelerates and gets impact on the second part with very high velocity. Discharge
energy could be increased by increasing the charging voltage or capacitance of the capacitor
bank and thus shearing strength of the welds will also enhance [56]. The value of discharge
energy can be calculated by the equation (2.3):

1
E = ECVO2 (2.3)

where, V, represents charging voltage, E represents energy stored in the capacitor bank
and C represents capacitance of the capacitor bank [7]. The impulse energy per unit area at the
instant when the outer tube impacts with the inner tube or inner rod with velocity (v) and
acceleration (a) is obtained using the equation (2.4). The percentage reduction in the cross-

section of the workpiece can be calculated from the equation (2.5).

mv? Am?a?

2.4
2 T 28, 24)

e =
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—S
x 100 (%) (2.5)
0

Reduction of cross section =

where e represents impulse energy per unit area, v represents outer tube impulse
velocity, m represents mass per unit area of the outer tube, E, represents elastic constant of the
outer tube, A represents constant, a represents impulse acceleration, S, represents area of cross-
section of the core prior to welding, and S represents minimum area of cross section of the core

after welding [7].

2.3.2 Discharge current

The variation of the discharge current with the time is shown in Fig. 2.8. The frequency of the
discharge current decreases from maximum to zero with the time. Initially the frequency of the
discharge current was maximum and it comes to zero after about 450 us. The peak value of
the discharge current was useful for either welding or cladding process and the other value of
the discharge current was useless and by removing those frequencies could increase the life of

the coil or field-shaper used in forming process [2].

The discharge current curve can be expressed by the mathematical relation given by

equation (2.6) as:
1(t) = = e Ptsin(wt (2.6)
( ) e S1 ( ) .

where V, represents the initial discharge voltage, g is the damping factor or exponent, w is the

angular frequency and L is the equivalent inductance of a circuit in the system [22].

The maximum current produced by a capacitor bank is directly proportional to the charging
voltage and the square root of the capacitance (C), and also inversely related to the square root
of the inductance (L,) [2]. Mathematically, the peak current produced can be expressed by

equation (2.7).

I
=
|

(2.7)

Imax

o~
Q

2.3.3 Standoff distance

The distance between parts before the discharge is termed as standoff distance or gap, and for
higher gap, the discharge energy should be high. The gap between parts help to gain velocity

and to acquire kinetic energy, it should be optimum value and if its value was low, collision
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will take place before the flyer speed could reach the maximum value, also if its value were
higher than then the speed of flyer reduces from the maximum at the time of collision. The
variation in the standoff distance reduces the velocity as well as kinetic energy and hence

reduces the shearing strength and width of the joint.
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Fig. 2.8 Discharge current in EMF process

2.3.4 Magnetic pressure

Due to eddy current magnetic pressure is developed on the flyer tube and for successful bond
the magnetic pressure must be high, otherwise flyer tube will impact to the base tube with lower
velocity and no bonding will occur. For a constant gap between flyer tube and base tube the
tensile shear strength of the joint will increases if the magnetic pressure will increase. When
the gap increases, the discharge energy has to increase, to increase the magnetic pressure for
better quality of the bond. Expression for magnetic pressure was studied by Shim et al. [39] can
be given by equation (2.8)

BZ
e (2.8)

Moreover, due to this magnetic pressure the force developed on the flyer tube were

determined by using equation (2.9) [39]

_ sB?
T 2u (2.9)
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where P represents magnetic pressure, B represents magnetic field density inside the coil, F
represents mechanical force acting on the cylindrical tube, and p represents magnetic

permeability and S represents minimum area of cross section of the core after welding.

The magnetic pressure generated due to eddy current pulse through the coil of tubular

shape can also be expressed by equation (2.10) [57].

Rt
UoCK?*n?V2sin? (a)t)e(_T)

pP= .
2L1, (2.10)

where P is magnetic pressure created by inductive current pulse (approx.), Mo is the magnetic
permeability of free space (u, = 4m X 1077 N A~2), K is coefficient depends on the physical
dimension of the coil, n is number of winding of the coil, R is total electrical resistance of the
discharge circuit, C is the total capacitance of the capacitor, L is the inductance of the unit,
l,, is working zone length of the coil and t is the time [57]. Magnetic pressure P was calculated
by using the analytical equation (2.11) and it was given by equation (2.11), where n the number
of coil turns, [ coil length, and k the coupling factor between the primary and secondary

currents [58].

272
wonI4(t)

p 3 211

k 212 (2.11)
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Fig. 2.9 Magnetic pressure on the outer tube caused by the field shaper

2.3.5 Collision velocity and collision angle

Collision velocity and collision angle between flyer tube and the core was an essential factor
which governs the feasibility of high energy rate welding process. An optimum collision angle
requires minimum welding energy [7]. The microstructure and properties of the weld interface
will vary as the gap and collision velocity increases, the interface becomes wavy and an
intermetallic layer forms. Joining is achieved preliminary in the central parts of the lap joint,
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where the discontinuous thin material layers without any crack will form. In the terminal part
of the welds, the collision velocity and resulting interface heating is sufficient to crack the
intermetallic phases. In a tube-to-tube weld the velocity vector is oriented perpendicular to the
surface for high-velocity collision to occurred [21].

Impact velocity is one of the major factors which decide the occurrence of weld and/or
formation of a wavy interface in the welded zone. Published literature suggests an analytical
relation to calculate the minimum velocity of impact required for the weld occurrence for

similar material combination [24]. The relation was given by equation (2.12):

_ |{O%tu
P Ve (2.12)

where v; . the minimum impact velocity required for successful welding to occur, ary was

the ultimate tensile stress (MPa) and v, was the bulk sound velocity (m/s).

The high velocity of flyer metal plays an important role because it will create a jet that will
remove any oxidation particles or, contaminants from both the surfaces and produces sound
weld having excellent strength. The uniform pressure electromagnetic actuator was an
innovative tool which was used by Raoelison, et al. to predict the workpiece velocity by taking
into account the input energy, equipment and set up property as well as mechanical properties
of the workpiece [34].

The relation between collision pressure and impact velocity is given by equation (2.13).

Welded area

Base rod

Fig. 2.10 Parameters in EMW [59]
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_ p1P2C1C; -
p1C1 + p2Cy
where P represents collision pressure, p represents material density, C represents longitudinal

(2.13)

wave speed, and v; represents impact velocity

2.3.6 Damage initiation and damage evolution

The maximum nominal stress criterion was used by Raoelison et al. to evaluate the damage
initiation, if ¢,, is the nominal stress in the direction normal to the interface, and t2 is the peak
value, t; & t,, are the nominal stress in the first and second shear direction, t2 & t? are their

respective peak value then according to maximum nominal stress criterion [57] —

th & Lt

max{ — —0,—} =1 (2.14)

tn t5 ]

The relation for damage evolution using a criterion of energy dissipation due to failure
was calculated by Raoelison etal. [57]. Damage evolution is a scalar quantity and it is a

function of the effective displacement at the interface.

_ Sh(ome — 59)
S (8, = 672)

(2.15)

In the above expression §;1%* was the maximum value of the effective displacement

reached during the loading, &5 the effective displacement at damage initiation and 6,’; the
effective displacement at damage initiation at complete failure which is a function of the

fracture energy —

(o4
st = 26 2.16
eff

where t. stand for the effective traction at the damage initiation and G the fracture energy

or the input damage parameter to describe the damage initiation [57].

2.3.7 Measurement of strain distribution and plastic work

Welding of Al as flyer tube and Cu as base core was obtained by Wu et al. and the average
strain components was calculated in hoop, thickness and axil directions based on the equations
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(2.17), (2.18), and (2.19) respectively. In these equations d(x), t(x), A(x) was deformed tube
outer diameter, thickness and cross sectional area at x, d,, t,, A, represents initial tube outer

diameter, thickness and cross-sectional area, [44].

gy =In [d(z;)—:i(x)l (2.17)
e(x) =In [% (2.18)
e AN Y (do — to)to ir
() =In || = n l(d(x) T e (2.19)

where &, (x) represents true effective von-Mises strain at x was calculated by using the
equation (2.20) where ,(x) represents true strain component in the thickness direction at x,
&, (x) represents true strain component in axial direction at x, and &,(x) represents true strain

component in hoop direction at x [44]

2
i = jl3(e§ +e5+ etz)} (2.20)

where w(x) is the work done per volume at x = effective stress X effective strain, [44]
w(x) = foee o.de, =~ Ye, (x) (2.21)
In equation (2.22) Y is the mean of yield strength and ultimate strength used as the ideal
work without considering strain hardening and strain rate effect on the flow stress The total

plastic work W of entire deformation zone was obtained by further integrating the unit energy

per volume w over weld zone volume V over the x range [a, b] [44]

b b
W = f w(x)A(x)dx = J m[d(x) — t(x)]t(x) Ye, (x)dx (2.22)
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2.4 Gaps in Literature

After a literature review, a finite literature gap was found, which can be studied to increase the

effectiveness and quality of the process. The gaps found which was not reported in the literature

and can be used to study are as follows:

Selection of solenoid coil parameters such as coil length, wire diameter, inner coil
diameter, coil pitch, stand-off distance, etc. for designing of the solenoid coil.

Effect of surface profiles created on the rod to increase the joint strength in tension or
compression.

Only a few kinds of literature were reported based on a numerical study of field shaper
due to complexity in the simulation. Numerical simulation becomes difficult due to
double mutual interaction, i.e., mutual interaction between coil-field shaper and field
shaper-workpiece.

Experimental and numerical comparison among different type of field-shapers such as
tapered, step-tapered and stepped.

Numerical and experimental study of heating in the coil or tube during the EMC
process.
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3 Electromagnetic Crimping of Tube on Rod

OVERVIEW

The EMC is a high energy, high strain rate, high velocity and green materials joining or
surface coating technique. Joining of dissimilar materials was very difficult because their
physiochemical properties are seldom compatible or similar. Therefore, this type of solid-
state joining technique can be an alternative for joining dissimilar materials. In present
work, composite rods were produced by the EMC technique, which was characterized by
a uniform distribution of the flyer tube on the base rod perimeter. The materials used were
Al 1050 as flyer tube and dual phase steel as a base rod. Numerical simulations were carried
out for finding out the optimized parameters for crimping and then experiments were
conducted on the optimized parameters. The results obtained from the simulations revealed
that for the successful crimping minimum value of collision velocity, plastic strain,
electromagnetic pressure, and stand-off distance must be maintained. With the same
optimized parameters and dimensions used in the simulations, experiments were
conducted. The post process current obtained from the simulations and first peak of the
discharge current measured in the experiments was compared. The variation in the
maximum value of discharge currents in simulations from the experimental values was
found to be 2%, 3% and 7% at 2.5 kJ, 2.6 kJ and 2.9 kJ of discharge energy. The outer
diameter of the successfully crimped samples was measured and compared with the outer
diameter obtained from the simulations and found a maximum of 6.6 % variation in the
simulation value from the experimental value. The optical microscope image was analyzed
and it was found that the Al-tube was crimped on the dual phase steel rod with a negligible
gap. Further pull-out tests and hardness tests at the interface were performed to test the

strength and hardness of the joints respectively.

3.1 Physics and Principle in the Process

EMC is mainly governed by three physical effects:

e Asper Faraday’s law, a changing magnetic flux in a closed loop, develops a time
varying current in the loop, as long as the magnetic flux keeps changing.
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e Lenz’s law states that the inductive current has always tended to oppose the change in
the magnetic field inducing it and hence produces an opposing current in the coil.

e Two opposite direction currents always repel each other with the Lorentz’s Force.

The electromagnetic processing system consists of an AC power supply unit, switches,
capacitor bank, and coil tool. Different components associated with the EMC unit are shown
in Fig. 3.1. In the Fig. 3.1, C;, C, and C; are the capacitance of the three capacitors, L,,, and R,,
are the inductance and electrical resistance of the machine L. and R, are the inductance and
electrical resistance of the coil and L,, and R,, are the inductance and electrical resistance of
the workpiece respectively. Coil tool is the actual tool, with the help of which magnetic
pressure is being generated on the flyer tube. In Fig. 3.1, M represents the mutual inductance
of the current from the coil to the workpiece. The current flowing in the primary and secondary
circuit are coil current ( I.(t)) and workpiece current ( 1,,(t)). There are two switches, switch

A and switch B in the circuit, shown in Fig. 3.1.

Switch-A Switch-B
- m Rm -
> e

C: G Cs

Fig. 3.1 Circuit diagram of the EMC process

The complete setup of the EMC system is shown in Fig. 3.2. The setup is consists of
the working zone, control unit, digital oscilloscope, Human—Machine Interface (HMI) control,
and a capacitor bank. The multi-turn coil was made of Copper-alloy with 99 % purity. The
discharge current from the capacitor bank passes through the circular cross-sectioned solenoid

coil having an outer diameter of 5 mm and then an eddy current was induced in the field shaper.
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Fig. 3.2 Experimental setup used in EMC

The physics in the process can be explained by an example of the EMC of tube-to-rod,
shown in Fig. 3.3. A metal tube is placed coaxially inside a solenoid coil, which is connected
with a capacitor bank by a high voltage switch. The capacitor is charged to an initial voltage
and when the switch is closed to complete the circuit, a sinusoidal damped current is produced.
This current generates a transient alternating magnetic field about the coil; consequently,
inducing an eddy current in the flyer tube. The current in the coil and the workpiece flow in

opposite directions obeying Lenz’s law and repel each other [60].

Coll ——=\ = /A (AN B (2

\ A [] [] []

Tube
\ [1]

Tube

Current Inltlal Current Final
in (b)

Fig. 3.3 Schematic diagram of EMC process (a) before and (b) after crimping

In this process, joining is achieved by a pressure joining using only electromagnetic
force. The electromagnetic force developed on the outer tube causes it to be compressed and
shrunk. Thus pressure joining is carried out by high-speed impact with the metal core
positioned inside the outer tube [7].
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3.1.1 Finite element method

For problems where the strain rates vary over a large range, the Johnson Cook strain-rate
sensitive plasticity model was used. Thermal effects and thermal damages were ignored in this
simplified Johnson Cook materials model. Since thermal softening is not available which is
very significant in reducing the yield stress under adiabatic loading there is limited maximum
stress. As a result of the simplifications related to thermal softening and thermal damage, this
model is 50% faster than the full Johnson Cook materials model. To compensate for the
deficiency of thermal softening, limiting stress values are used to keep the stresses within

reasonable limits.

Constants in this equation for materials Al tube and dual phase (DP) steel rod is given
in Table 3.1. For electromagnetic simulations the model was simulated for different values of
discharge voltages, ranging from 6.8 kV, 7.0 kV, 7.1 kV, 7.4 kV, 7.7 kV, and 8.0 kV.

Table 3.1 Values of Johnson Cook material constant parameters

Materials A(MPa) B(MPa) n G Tm (K) m
Al 1050 [61] 110 150 04 0.1 918 1
DP Steel [62] 430 823.6 05 0.08 1048 0.6

3.2 Experimental Detail

The EMC was carried out by using a maximum of 10 kJ rated energy and 15 kV rated voltage
electromagnetic processing system. In this section, the types of materials used, the initial input
conditions, and the input load which was the discharge current were discussed in detail.

3.2.1 Materials and method

EMC of Al 1050 tube (tube dimensions: 17 mm outer diameter, 0.6 mm thickness and 40 mm
length) to dual phase steel rod (rod dimensions: 15 mm outer diameter and 40 mm length) was
performed using an Electromagnetic processing system with a maximum charging energy of
10 kJ and voltage of 15 kV. The total capacitance of the capacitors equals 90 pF. Fig. 3.4 shows
the overlap configuration and corresponding dimensions of the Al tube and DP steel rod in the
helical coil. The Al tube is called the flyer tube and is located just below the coil conductor.

The DP steel rod is called base rod. The stand-off distance is the distance by which the Al flyer
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tube is separated from the DP steel base rod prior to the discharge. The overlap is the distance
between the spiral coil and the Al flyer tube. The mechanical properties of the tube and rod are

listed in Table 3.2 and their chemical compositions are listed in Table 3.3.

Table 3.2 Mechanical properties of the materials used in the study

Ultimate ) ) )
) Yield tensile  Elongation ]
] tensile Density Speed of
Materials strength at break
strength (Kg/m?3) sound (m/s)
(MPa) (%)
(MPa)

DP steel 650 465 26.3 7870 -
Al 1050 244 217 8.85 2705 3100-6400

Table 3.3 Chemical composition of the materials used

Materials C (%) Fe(%) Mn(%) Si(%) Al(%) Ti(%) V(%)

DP steel <0.14 >97.86 <16 <0.40 = = -

Al 1050 - <0.40 <0.1 <025 =995 <0.1 <0.1

3.2.2 Process conditions
In the simulations, the discharge energy was varied from 1.0 kJ to 2.9 kJ. The stand-off distance
was fixed throughout the study and it was taken equal to 0.4 mm about half of the thickness

and overlap distance was taken as 15 mm.

The lap configuration joining of the samples can be achieved in three ways such as middle
joint, left end joint and right end joint. In middle joint configuration, the tube was compressed
at other than the end of the tube but in the end joint, the tube was compressed at the end position.
In this study the lap configuration obtained was left end joint. The input load applied in the
EMC is the peak value of the discharge current. Mainly the first peak of the discharge current

was responsible for the deformation of the flyer tube which causes joining with the base rod.
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Fig. 3.4 Dimensions of the copper coil, Al tube and DP steel rod sample

Discharge current at different energy was measured by using Rogowski coil and
oscilloscope. Fig. 3.5 shows the discharged current curve and Fig. 3.6 shows the first peak of
the discharged current measured during the experiment at different discharge energy. The load
in the electromagnetic module, i.e., the pulse of current which passes through the coil and this
current can be expressed by the equation (3.1) [63]

I = %j[%e‘ﬁt sin(wt) (3.1)

where V, is the initial discharged voltage, £ is the damping factor or exponent, L is the
equivalent inductance of the circuit in the system [24], C is the total capacitance of the capacitor

bank, and w is the angular frequency.

The damping coefficient can be calculated by using the equation (3.2) and the angular

frequency of the current can be calculated by equation (3.3).

= (32)
= (a)f —,82) (3.3)

where wy, is the initial angular frequency and it can be calculated by equation (3.4) and

R, L, C are the electrical resistance, inductance, and capacitance of the circuit respectively [22].

0, = N (3.4)
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Fig. 3.5 Discharge current curve obtained from the experiment

3.2.3 Pull-out test

The samples were crimped successfully at six different discharge energy 2.0 kJ, 2.2 kJ, 2.3 kJ,
2.5 kJ, 2.6 kJ and 2.9 kJ with three turn solenoid coil. To evaluate the joint strength in tension,
the pull-out test of the aluminum tube crimped on the DP steel rod was subjected to a pulling
load or tensile load. A total 12 samples, two samples at each discharge energies were tested.
Finally, the joint strength was evaluated by performing the tests using the universal testing

machine (UTM) at a speed of 0.5 mm/min.

Current (kA)

Fig. 3.6 Enlarged view of the first peak of the measured discharge current

The schematic diagram of the pull-out test performed on the UTM is shown in Fig. 3.7. In this
test, crimped length was 15 mm and gripping length was 18 mm in the UTM gripper.
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Fig. 3.7 Pull-out test arrangement made

3.3 Results and Discussions

The numerical simulations, as well as the experiments, were performed to obtain the successful
crimping of the Al tube on the DP steel. The input parameters which greatly affect the process
was the radial gap and the discharge energy. The various post process results obtained from the

process were discussed in the preceding sections.

3.3.1 Simulation results

EMC is a complex transient high-velocity impact joining process. It involves the coupling
effects of an electromagnetic field, thermal field, and mechanical field. In this work, the
electromagnetism module of LS-DYNA was used for coupling the electromagnetic, structural
and mechanical process. In this module, source electrical current can be introduced into the
ends of the helical coil to solve the problem related to the electromagnetic field, structural field,
and thermal field. Three-dimensional meshed numerical model for EMC is shown in Fig. 3.8.
Ten simulations were run from 1.0 kJ to 2.9 kJ and out of which six simulations were found
suitable for the study. Four simulations run below 2 kJ were not considered because the

deformation obtained in the flyer tube was not found to be sufficient.

3.3.1.1 Current and magnetic pressure

The discharge current and the magnetic pressure were also analyzed in the study. The
maximum value of the discharge current obtained from the simulation and that from the
experiment have variation but in an acceptable range. The discharge current obtained from the
simulations is shown in Fig. 3.9. The variation in the maximum value of discharge currents in
simulations from the experimental values was found to be 2%, 3% and 7% at 2.5 kJ, 2.6 kJ and

2.9 kJ of discharge energy.
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The maximum current produced by a capacitor bank is directly proportional to the
charging voltage (V) and the square root of the capacitance (C), and also inversely related to
the square root of the inductance (L) [2]. Mathematically, the peak current produced can be

expressed by equation (3.5) and the current density J is given by the equation (3.6).

. =
max I/0 L (3 ) 5)

(3.6)

Fig. 3.8 Three dimensional meshed model used for the coupled field analysis
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Fig. 3.9 Simulated currents under different discharge energies

where A represents the cross-sectional area of the wire of the actuator and n is the

number of turns of the actuator. From the simulation, the contour plot of the current density
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generated on the flyer tube at six different time steps at 2.9 kJ of discharge energy is shown in
Fig. 3.10. In Fig. 3.10 the units of the current density is mA/mm?. The maximum magnitude of
the current density was observed at about 14 us and then it was decreasing with the increase in

the time.

density:EM solid integ. pts

0.000e+00 _ 3.084e+406 _

27766406
24680406
2.159¢+06

0.000e+00
0.000e+00
0.000e+00
0.000e+00
0.000e+00
0.000e+00
0.000e+00
0.000+00 _|
0.000+00 _
0.000e+00 _

16 ps

Fig. 3.10 Contour plot of the current density generated on the flyer tube at different time steps

The magnetic pressure variation with the time in the simulation at six different
discharge energy is shown in Fig. 3.11. It was found that with the increase in the amount of the
discharge energy the magnitude of the magnetic pressure also increases. The increase in the
magnetic pressure causes due to the increase in the impact velocity of the flyer tube. It was also
observed that first with the increase in time the magnitude of the pressure increases, attains a
maximum amplitude and then decreases with the time. The amplitude of the magnetic pressure
was maximum corresponding to the maximum amount of applied load i.e., maximum discharge

current.

3.3.1.2 Deformation and impact velocity
Deformation of the flyer Al tube was simulated at different energy. Changes in the diameter of
the flyer tube at six different time steps are shown in Fig. 3.12. The outer diameter of the flyer

tube crimped on the base rod at six different discharge energies was measured in the

simulations as well as in the experiment. The outer diameter of the crimped samples both in
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the experiment and in the simulations was compared and it is shown in Fig. 3.13. The diameter

of the rod and tube was also plotted for taking the reference for comparison.
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Fig. 3.11 Simulated magnetic pressures under different discharge energies

The measured outer diameter in the experiment is shown in Fig. 3.14 and in the
simulation is shown in Fig. 3.15. There was a variation in the measured outer diameter of the
crimped samples from the experiment and in the simulation. A maximum of 6.6 % variation
was observed in the simulation data with respect to the experiment value. The percentage
variation in the outer diameter at six different values of the discharge energy are tabulated in
Table 3.4.

3.613e-01 _
R.171e-01 2.652e-01
B450.01 892601
329002 27002 |
S0be02_ | 228re02_
Aide01 _ 1180001 _
4 fsse01 2 {49601 _
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Fig. 3.12 Contours of resultant displacement at six different time steps in the simulations
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Fig. 3.13 Comparison of outer diameter from the simulation and experiment

With the increase in the discharge energy, the deformation or displacement of the flyer
tube also increases. Fig. 3.16 shows the variation of the displacement with respect to time for
six different discharge energies. From Fig. 3.16 it can be concluded that with respect to time
the deformation of the tube first increases attained the maximum value and then decreases. The
maximum deformation obtained was corresponding to the peak value of the discharge current.

D=16.199 mm ” D=16.269 mm - D=16.324 mm
C=50.892 mm 8} C=51.109 mm C=51.284 mm
S=206.105 mm”2 ¥l S=207.869 mm”"2 ! S$=209.290 mmA2

.356 mm D=16.428 mm s D=16.452 mm
383 mm e C=51.609 mm C=51.686 mm

S=210.101 mm*2 g 5=211.954 mmA2 & S=212.585 mm”2
v $. S &

(d) 2.3k (e)2.2 k) (f) 2.0k

Fig. 3.14 Outer diameter of the crimped sample at six different discharge energy
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Fig. 3.15 Quter diameter of the crimped sample at six different discharge energies

In EMC, impact velocity is a very important process parameter. In the simulations, the
impact velocities under different discharge energies were studied. The average value of
simulated impact velocities under six different discharge energies are shown in Fig. 3.17. It can
be concluded from Fig. 3.17 that with the increase in the discharge energy the magnitude of
the impact velocity also increases. The mechanical strength of the joint was greatly influenced
by the amount of the impact velocity, greater the impact velocity higher will be the strength of
the joint. It can also be concluded from Fig. 3.17 that for a particular value of the discharge
energy the magnitude of the impact velocity first increase with the time, and then decreases.
The maximum value of the impact velocity was found corresponding to the peak value of the

discharge current.

Table 3.4 Comparison of outer diameter in the experiment and simulation

Energy 2k 22kJ 23kJ 25kJ 26kJ 29kJ
Outer diameter from experiment 16.452 16.428 16.356 16.324 16.269 16.199
16.447 16.362 16.328 16.318 16.249 16.210

Outer diameter from simulation

% variation from experiment 0.5 6.6 2.8 0.6 2 11
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Fig. 3.16 Simulated displacements under different discharge energies
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Fig. 3.17 Simulated velocities under different discharge energies

3.3.1.3 Tresca shear stress and magnetic field

The variation of the Tresca maximum shear stress developed in the flyer tube in the simulations
was studied. It was found that with the increase in the discharge energy the shear stress value
also increases. The variation in the maximum shear stress in the tube with the simulation time
at six different discharge energy is shown in Fig. 3.18. The maximum value of the Tresca shear

stress developed at six different discharge energies is listed in Table 3.5.
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Fig. 3.18 Tresca maximum shear stress in tube at different energy

The magnetic force generated on the flyer tube is a proportion of the magnetic field
strength. The distribution of the magnetic field of the flyer tube was studied in the simulation.
Fig. 3.19 shows the simulated results of the magnetic field under six different discharge
energies. The maximum value of the deformation, impact velocity, discharge current, magnetic

pressure, magnetic field strength and plastic strain at six different discharge energy are listed

in Table 3.5.
Table 3.5 Simulations results at different process parameters
Energy 2k 22kJ 23kJ 25kJ 26kJ 29kJ
Max. Current (kA) 85.82 9531 106.7 117.898 126.12 146.8
Max. Disp. (mm) 0.112 0.357 0.38 0.393 0.405 0.415
Max. Plastic Strain 0.009 0.053 0.099 0.140 0.173  0.220
Max. Pressure (MPa) 4547 93.22 109.77 137.92 16498 180.24
Max. Lorentz Force (N) 16.95 3447 5871 8949  125.09 167.68
Max. Magnetic Field (Tesla) 5.06 7 9.18 114 13.62 15.86
Max. Velocity (m/s) 1436 6155 94.18 116.83 1356 150.89

Tresca Max. Shear Stress (MPa) 62.6 70 72 72.5 72.8 73.1

3.3.1.4 Plastic strain

Plastic strain in the flyer tube as well as in the rod was also studied in the simulations. In
literature, it was found that for getting successful crimping or joining minimum value of plastic
strain must be attained [64]. In the simulations, the maximum value of plastic strain obtained
was 0.23 for 2.9 kJ discharge energy. The contours of the plastic strain in the flyer and in the
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rod are shown in Fig. 3.20 and Fig. 3.21 respectively. Fig. 3.22 shows the average variation in
the plastic strain with the time of the flyer tube, in the region where deformation occurred. The
maximum value of the plastic strain at six different discharge energy is listed in Table 3.5. In
Table 3.5, the process parameters such as the maximum values of the current (kA),
displacement (mm), plastic strain, pressure (MPa), Lorentz force (N), magnetic field (Tesla),
impact velocity (m/s) and Tresca Max. Shear Stress (MPa) is listed at six different energy. It

was found that with the increase in discharge energy the process parameters values also

increase.
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Fig. 3.19 Magnetic field under six different discharge energies
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Fig. 3.22 Simulated plastic strains under six different discharge energies

3.3.2 Experimental results

Based on the parameters in the simulations, experiments were performed, and Al tube was
successfully crimped on DP steel rod. Fig. 3.23 shows the samples being crimped successfully.
The optical microscope (OM) images at the interface of the sample crimped at 2.9 kJ of
discharge energy were analysed. In the OM image, a negligible gap was found for the sample
being crimped at 2.9 kJ discharge energy. With the increase in the discharge energy, it was

found that the quality of crimping was improved.

Different types of the pattern were observed at different locations in the OM images of the
electromagnetic crimped samples. Some of the specific interface morphology such as small

wavy, large wavy and straight pattern is shown in Fig. 3.24 (a), (b) and (c). These types of
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morphology at the interface are due to the unevenness available on the DP steel rod. This will

results in such types of morphology after high-velocity impact of the flyer tube on the rod.

Fig. 3.23 Al-tube crimped over DP steel rod

The strength of the crimped joint was varied with the types of profile or surface
roughness available on the surface of the base rod. The effect of the mandrel’s surface on the
mechanical properties of joints was studied by Hammers et al. and found that surface roughness

increases the strength of the joint [47].

3.3.3 Hardness test

Hardness tests using Vickers’ micro-hardness tester with loads 300 gf and 500 gf were
performed. Hardness was measured at four different locations on the sample crimped at 8 kV
or 2.9 kJ discharge energy. Fig. 3.25 (a) shows an average hardness traverse across an Al/DP
steel clad interface. The increase in hardness near the interface base materials is due to the

high-velocity impact.

3.3.4 Pull-out test

The variation in the pull-out load and corresponding extension obtained in the joined sample
at six different discharge energies is shown in Fig. 3.25 (b). Pull-out test results revealed that
all the samples joined up to 2.9 kJ of discharge energy fail with separation failure mode. In the
separation failure mode, the two samples joined together were separated from each other from
the joint. The maximum pull-out load required was increased with the increase in discharge
energy used to join the sample. With the increase in the discharge energy, the strength of the

joint was increased, due to the increase in the impact velocity of the flyer tube. The normalized
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maximum pull-out load with the yield strength of the tube variation with the discharge energy
is shown in Fig. 3.26.

(©)
Fig. 3.24 Small wavy interface morphology along crimping interface of the crimped sample
(a) small wavy, (b) large wavy, and (c) straight pattern
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Fig. 3.25 (a) Hardness traverse across Al and DP steel crimped interface, and (b) pull-out

load vs. extension plot at six different discharge energy
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3.4 Summary

EMC is a joining by high-velocity forming technique. In this chapter, first of all, EMC was
simulated for ten different discharge energies out of which six simulations were chosen for the
experiments. Experiments were performed based on the chosen simulations parameters and Al-
tube was successfully crimped on the dual phase steel rod. Simulations results were validated
with the experimental results with measured discharge current and the outer diameter of the
flyer tube in the crimped sample. Variation was found in the maximum value of discharge
currents in simulations from the experimental values and it were 2%, 3% and 7% at 2.5 kJ, 2.6
kJ and 2.9 kJ of discharge energy. The outer diameter of the successfully crimped samples was
measured and compared with the outer diameter of the model in the simulations and found a
maximum of 6.6 % variation in the simulation value from the experimental value. From the
experimental work and simulation results, it can be concluded that process parameters such as
stand-off distance, impact velocity, and discharge voltage or discharge energy must have a
threshold value of 0.4 mm, 116.83 m/s and 2.5 kJ, respectively, for achieving successful
crimping. Optical microscopy analysis revealed that there was a negligible gap in the sample
crimped at 2.9 kJ of discharge energy. Hardness test showed that hardness was increased near
the interface base materials due to the high-velocity impact. The strength of the joints produced
by crimping Al tube on the dual phase steel rods has increased with the increase in discharge
energy and a maximum load obtained in the test was 1015 N for sample crimped at 2.9 kJ.
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4 Effects of Surface Profiles on the Copper-Steel Joint Formation

OVERVIEW

In this study, experiments were carried out for fabrication of copper-steel crimped or
composite rods. For production of composite rod three types of profiles threaded, knurled,
and plain profile were created on the steel rod and then a copper tube was crimped over the
rod. The mechanical properties of the joint was evaluated by pull-out test, compression-
shear test and hardness test. The influence of surface profiles on the joint strength, surface
roughness and microstructure of the joint were analyzed and compared. Compression-shear
tests as well as pull-out tests were carried out to compare the strength of the crimped joint.
The result of the pull-out tests as well as compression-shear tests revealed that threaded
surface profile on the steel rod gives better strength in comparison to the other two profiles.
Along the circumference of the Copper-Steel composite rod the microstructure images of
the joints were taken and analyzed, it was found that there was no gap along the
circumference of the sample crimped at 5.3 kJ of discharge energy with plain profile. For
surface roughness, the Ra values of the crimped samples at 5.3 kJ were analyzed and it was
found that average Ra value of the sample crimped on the threaded base was highest (0.80
um) among threaded, knurled, and plain base samples. The effect of the surface profiles on
the base rod on crimping quality was studied. The microstructure of the joint interface was

studied and analyzed.

4.1 Methodology

The crimping experiments were performed on cylindrical assembly by using a electromagnetic
processing system. The electromagnetic processing system (EMPS) transforms the low-voltage
power supply into a high voltage power supply having a range of 0-15 kV. The EMPS used
have total discharge energy of 10 kJ with a capacitance of 90 uF. The discharge current passes
throughout a multi-turn solenoid coil, which provides a Lorentz force that causes the collision

of the flyer tube onto the inner stationary rod.
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Fig. 4.1 Principle of the EMC process

The inductive coil used in the experiments was composed of a 9 turn solenoid coil and
a field shaper which focuses the magnetic field in the work zone of 14 mm length and 11 mm
diameter. The discharge pulse current frequency was measured with a Rogowski coil and
oscilloscope. The experiments were carried out on samples with Cu flyer tube and steel inner

rod. The detail dimensions of the working zone in the experiment used is shown in Fig. 4.3.

(@) (b)

R19 — /R

R17 s 68 ]

(c)
Fig. 4.2 Field shaper used in EMC (a) an actual image of the field shaper, (b) cross-section of
the CAD model, and (c) dimensions of the field shaper
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Fig. 4.3 Dimensions of the working zone in the experimental setup

4.1.1 Workpiece materials and their properties

Copper tube having a thickness of 0.5 mm was used as a flyer tube and steel was used as a core

material, which was stationary. Dimensions of the tube and rod and their materials are given in

Table 4.1 and the mechanical properties of the tube and rod are given in Table 4.2. The

chemical composition in weight % of copper tube and steel rod was analyzed using energy

dispersive X-ray spectroscopy (EDX) and compared with the standards available. Chemical

compositions of Cu tube and steel 1020 rod is given in Table 4.3. The gap of 0.7 mm between

the coil and the field shaper was maintained. The gap between the flyer tube and the base rod

was 0.3 mm, which is about half of the thickness. In this work, plain surface profile as well as

threaded and knurled surface profiles were produced on the steel rod.

Table 4.1 Dimensions of the tube and rod and their materials

Specimen Outer Inner Length  Material
diameter diameter

Rod 8.0 mm - 50 Steel 1020

Tube 9.6 mm 8.6 mm 50 Copper
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Table 4.2 Mechanical properties of the tube and rod

Part Rod Tube
Density (kg/m?) 7870 8940
Young’s modulus (GPa) 465 89
Poisson’s ratio 0.29 0.31
Ultimate tensile strength (MPa) 650 227

Three combinations of the samples were prepared for the experiments, each
combination consists of Cu tube and steel rods with three types of profiles. The CAD model as
well as actual image of the steel rod having different surface profiles and corresponding
dimensions of the profiles are shown in Fig. 4.4. The pitch of the thread (Thread per inch,
TPI=25) and knurl (TPI=15) used was 1.0 mm and the type of knurl was general purpose point

indented diamond knurls with 30° helix angle.

i Pitch 1.0 J"Q»" Pitch 1. 0 | : -—-‘ |20

50

T«- 0 .
Threaded Knurled Plain
25 TP y Y _/157TP iK |
Thread 7 Blank ; 5 nur
da ° s |15Bgnkys 8 dia

Peog = b oo =1

All dimensions are in mm

Fig. 4.4 Actual image as well as the CAD model of the three types of profiles threaded,

knurled & plain, and dimensions of the thread and knurls

4.1.2 Pull-out test

In pull-out test the crimped interface of the Cu tube crimped on the steel rod was subjected to
tensile load or pulling load to evaluate the joint strength. A total of 30 samples, two samples of
each combinations namely plain, knurled and threaded steel rod with the Cu tube at five
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different values of discharge energies were tested. Finally, to evaluate the strength of the joint,
pull-out tests were performed by using Instron UTM at a speed of 0.5 mm/min. Schematic
representation of the pull-out test carried out on the UTM is shown in Fig. 4.5. In this study,

crimped length was 14 mm, gripping length was about 25 mm.

Table 4.3 Chemical compositions of Cu tube and steel 1020 rod (in weight %).

Composition (wt. %)
Material

Mn Ni P S Cu Cr Fe
Steel 0.16- 0.15-

0.3-04 <0.1 <0.1 0.1-0.4 0.1-0.2 Rest
1020 0.25 0.25

Zn - Cu Mn Fe P Sn
Cu 0.2 - Rest 0.1 0.2 0.1 0.1
Gripping T§.|be crimped Cu tube Gripping

load fallf;re length load
o pdi “ LT
=L, =i

REARERARA

25 11 14 11 25

\g (V) [V (V) S
L) 7€ L) 78 [ 4

Fig. 4.5 Schematic representation of the pull-out test (all dimensions are in mm)

4.1.3 Compression-shear test

In compression-shear test, the crimped interface of the Cu tube crimped on the steel rod was
subjected to compressive load to evaluate the joint strength. The crimped samples were cut
continuously by wire electric discharge machine (WEDM), along the transverse direction of
the length. The thickness of the crimped samples is 2 mm. A total of 27 samples, three samples
of each combinations namely plain, knurled and threaded steel rod with the Cu tube at three
different energy were cut for the test. Finally, to evaluate the strength of the joint compression-

shear tests were performed by using Instron UTM at a speed of 0.5 mm/min.

Thereby, the joint strength (t) of the joint, which according to equation (4.1) can be

calculated from the maximum compressive load (B, ) In the load-extension plot and
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crimping area (A). The crimping area (A) can be calculated by multiplication of circumference
of the rod (rd) and thickness of the sample (h).

T = I::’max _ I:)max (4 l)
A  xdh '
For compression-shear test to perform, an indenter and a holder was manufactured. In the
holder, samples were kept and compressive load was gradually applied with the help of an
indenter. The schematic of the principle involved in the compression-shear test and the fixture

developed for the test is shown in Fig. 4.6 (a) and (b) respectively.

Holder .

Indenter

Indenter load

R T
R R R
(X
%%

BRI
parasseses
RS, %7,
sty
0 st s
B s

& X

¥
R ARSI

QR

Holder

[ ————

Fig. 4.6 (a) Compression-shear test schematic representation, and (b) sample, indenter and

holder for compression shear test

4.2 Results and Discussion

4.2.1 Process characteristics

Entire set-up was fitted and then first of all the discharge current was measured by using a
Rogowski coil to analyze the discharging parameters. Fig. 4.7 shows the discharge current
curve at different level of discharge energy. Different Process parameters used in the

experiments are tabulated in Table 4.

4.2.2 Effect of the discharge energy on the bonding strength

Experimental tests were performed for assessing the effect of discharge energy on joint strength
with radial gap of 0.3 mm and feeding length of 14 mm. The discharge energies used were 2.7
kJ, 3.3 kJ, 3.9 kJ, 4.6 kJ and 5.3 kJ. The mechanical properties of the crimped joints are
examined by pull-out tests.
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Fig. 4.7 Waveform of the discharge current at different energy level

Table 4.4 Process parameters used in the experiments

Peak Time-

Voltage Energy ) Frequency
S No current period
(kV) (kJ) (Hz2)
(kA) (us)
a 7.8 2.7 99 60.6 16502
2. 8.6 3.3 108 60.4 16556
3. 9.3 3.9 120 60.2 16611
4, 10.1 4.6 132 60.0 16667
5. 10.9 5.3 141 60.0 16667

In the pull-out test, it was found that crimped joints failed with two failure modes
separation and crack failure mode. In separation failure mode, the two parts crimped together
were separated but in crack failure mode weaker part was failed in the test. Crimped samples
prepared at 2.7 kJ and 3.3 kJ, with three types of surface profiles failed with separation failure
mode. Whereas crimped samples prepared at 3.9 kJ, 4.6 kJ or more, with three types of surface
profiles failed with crack failure mode.

The crimped samples failed in the pull-out tests with two failure modes are shown in

Fig. 4.8 (a) and (b). Threshold value of discharge energy was found to be 3.9 kJ for effective
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joint strength i.e. strength of the joint was higher than that of the strength of weaker parent
materials. The variation in the maximum pull-out load with the discharge energy for three types
of the surface profiles is shown in Fig. 4.9(a). The variation in the normalized maximum pull-
out load, normalized with the yield strength of the tube with the discharge energy for three

types of the surface profiles is shown in Fig. 4.9(b).

7 e — e

.............

C ———— e e

(a) - ~ (b)

Fig. 4.8 Samples after pull-out test (a) failure in the joint at lower energy (2.7 kJ and 3.3 kJ),
(b) failure in the tube at higher energy (3.9 kJ and 4.6 kJ)

Crimped samples prepared at three different discharge energies 3.9 kJ, 4.6 kJ and 5.3 kJ were
tested for compression-shear test. The samples which got separated after the test are shown in
Fig. 4.10. The joint strength of the crimped samples prepared at three different discharge
energies were tested by compression-shear test. The average variation in the joint strength at
three level of discharge energies with three types of profile is shown in Fig. 4.11. From Fig.
4.11 (a), it can be concluded that increase in energy leads to increase in the strength of the joint.
The failure of the joint in case of threaded profile, follows a non-uniform (i.e. increasing and
decreasing) pattern after maximum load because of the crest and the root of the thread created
on the steel rod. The joint failure for knurled profile as well as plain profile follows uniform

decreasing pattern after maximum load.

4.2.3 Effect of the base profile on the bonding strength

The crimped samples prepared for five different discharge energies were tested using pull-out
test. In the pull-out test, it was found that the samples prepared at 2.7 kJ and 3.3 kJ failed by
separation failure while for discharge energy 3.9 kJ or more the samples failed by crack failure
mode. The normalized load-extension plot for three type of profiles plain, knurled and threaded
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profile at three different discharge energies 2.7 kJ, 3.3 kJ, and 3.9 kJ is shown in Fig. 4.12. The

samples prepared at 4.6 kJ and 5.3 kJ were also failed by crack failure mode.

55
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Fig. 4.9 Variation in the (a) maximum pull-out load, and (b) normalized maximum pull-out

load with the discharge energy for three types of the surface profiles

Plane Knurled Threaded

Fig. 4.10 Samples obtained after compression-shear test with three different profiles and three

different energy level

In Fig. 4.12 (a), the failure of the joint in pull-out test for threaded profile, follows a zig-zag
i.e. increasing and decreasing pattern after maximum load applied because sticking of the
copper tube in the crest and the root of the thread created on the steel rod. The joint failure in
pull-out test for knurled profile also follows the zig-zag pattern due to sticking of the copper
tube inside the knurled profile as shown in Fig. 4.12 (b), whereas it has smooth pattern for plain
profile as shown in Fig. 4.12 (c).
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Fig. 4.11 Average strength-extension plot for (a) plain, (b) knurled, and (c) threaded profile at

three level of energies

The cut samples were compression-shear tested by keeping it into the holder and applying the
load through the indenter. The variation in the maximum compressive load applied with the
discharge energy for three types of the surface profiles is shown in Fig. 4.12 (d). Joint formed
with the threaded profile produce better strength in comparison to the plain as well as knurled
profile because of the flow of the crest of the thread inside the tube. The crest of the thread get
inserted inside the tube resists the applied load while failure. The joint formed with knurled
profile give better strength than plain due the flow of profile inside the copper tube, which was

not possible for the plain profile.
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Fig. 4.12 Average load-extension plot for plain, knurled and threaded profile at (a) 2.7 kJ, (b)
3.3 kJ, (c) 3.9 kJ, and (d) variation in the maximum compressive load with the energy for

three types of profiles

4.2.4 Characterization of the crimped joint

The crimped samples at 5.3 kJ of discharge energy were cut along the transverse direction of
the central axis with a wire electric discharge machine under distilled water cooling, to avoid
possible microstructural change. Samples were ground to the finishing step with 300, 600,
1200, 1500, and 2000-mesh metallurgical sand chapter under water cooling, followed by cloth
polishing to 0.05 um Al>Os powder abrasives water suspension in the finishing pass. For each
combinations, the sample prepared at 5.3 kJ energy, the crimped zone was photographed with
a digital microscope (for low magnification image) with image software and with an optical

microscope (for high magnification image).

The outer diameter of the successfully crimped samples with three types of profile on the steel

rod was measured at three discharge energy 3.9 kJ, 4.6 kJ and 5.4 kJ. The cross-sectional view
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and their dimensions of the Cu-steel composite rods after crimping at 5.3 kJ discharge energy
is shown in Fig. 4.13. The measured outer diameter of the composite rods comparison at three

different discharge energies was plotted and it is shown in Fig. 4.14.

. D=9.21% wmm
C-28.826 min - - | = 28 ' C=28.960 mm

5 i
S=66.124 mm”2 y=66.379 - S=66.742 mm”2

Fig. 4.13 Digital microscope images of the cross-section of the composite rods with measured

outer diameter with (a) threaded, (b) knurled, and (c) plain profile at 5.3 kJ

The microscopic images of the successfully crimped samples with three types of surface
profiles on the steel rod are shown in Fig. 4.15. It can be observed from the microscopic images
that there was negligible gap at the interface of the copper tube crimped on the plain profile
steel rod at 5.3 kJ of discharge energy. Neither metallurgical bond nor interlayers was observed

in the microscopic images of the electromagnetic crimped composite rods.
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Fig. 4.14 Outer diameter of the composite rods comparison measured at three different

energy with Cu tube and steel rod
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(a) (b)

(©)
Fig. 4.15 Microscopic images of the electromagnetic crimped samples with (a) threaded, (b)
knurled, and (c) plain profile at 5.3 kJ

4.2.5 Surface roughness analysis

Surface roughness of the electromagnetic crimped samples with three types of the surface
profiles on the steel rod was analyzed by using high precision non-contact computerized
surface profilometer. The maximum area that can be captured with the help of non-contact 3D
profiler was 0.825 mm x 0.825 mm. The focal length of the profiler was 4.7 mm. Surface
roughness of the samples crimped at 5.3 kJ of discharge energy with three types of surface
profiles of the steel rod was analyzed. The Ra values were measured at three locations, and the
average Ra values were calculated. The average surface roughness values were normalized with
the sheet thickness (0.5 mm). The normalized surface roughness values with three types of
surface profiles on the steel rod was tabulated in Table 4.5.

From this study, it can be concluded that the surface roughness value of the crimped sample
with threaded profile on the steel rod was highest among three profiles threaded, knurled and
plain on the steel rod. 3D fringe pattern of the surface roughness with varying Ra values for all
three types of the surface profiles on the steel rod at 5.3 kJ of the discharge energy is shown in
Fig. 4.16.
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Table 4.5 Average normalized surface roughness at 5.3 kJ

Profile Plain Knurled Threaded
Normalized R4 0.82x 1073 1.2x 1073 1.60 x 1073

100

[ To0

(©)
Fig. 4.16 3D surface profile of electromagnetic crimped samples with (a) threaded, (b)
knurled, and (c) plain base

4.3 Summary

In this study, it was found that the strength of the joint increases significantly with the increase
in the amount of discharge energy from the capacitor bank. Pull-out test and compression-shear
test results were revealed that the joint strength obtained with the threaded profile on the steel
rod was strongest among threaded, knurled and plain surface profile on the steel rod. The EMC
of the Cu-Steel composite rods have resulted in an increase in the hardness values of the each
component with their base parts. The increase in the hardness values were due to crimping
layer deformation and their strain hardening at the time of high-velocity impact. Surface
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profiles of the crimped samples with three types of profiles on the steel rod at 5.3 kJ of
discharge energy was analyzed. It was found that surface roughness (Ra in um) values of the
crimped samples on the threaded base was highest among threaded, knurled and plain surface
profile steel rod sample. Hence, composite rods produced with threaded type of surface profile
on the steel rod can be recommended for higher strength with marginal high surface roughness.
But, plain surface profile can be recommended for better surface finish with very low
mechanical strength. Knurled surface profile on the steel core can be recommended for good

strength as well as good surface finish.

67|Page

TH-2137_146103008



68|Page

TH-2137_146103008



5 Influence of the Base Profiles on Aluminum-Steel Joint Quality

OVERVIEW

This chapter describes the analysis of the properties and shape of a joint of semi-finished
products in the form of aluminum crimped steel rods obtained by the electromagnetic
crimping technique. For this study three types of profiles, namely threading, knurled, and
plain profiles were created on the steel 1020 base. The variation in the joint strength and the
microstructure of the joint with the change in profile was analyzed and compared. The effect
of type of profiles as well as other main process parameters such as discharge energy, radial
gap on the joint strength was studied. The crimped interface was observed and analyzed by
using optical microscopy images. The mechanical strength of the bond was evaluated by
pull-out test. The results of the pull-out test revealed that the threaded profile on the steel
rod gives the highest strength in comparison to the other profiles. The microstructure of the
obtained joint showed that there was no gap between the Al tube and the steel rod at 5.3 kJ
of discharge energy. There was an increase in the micro-hardness of the analyzed layers
compared to the base materials, the reason for the increase is probably due to deformation
of the tube layer during electromagnetic crimping and their strain hardening. Surface
roughness (Ra) values of the crimped samples at 5.3 kJ was analyzed and it was found that
the Ra value of the sample crimped on the threaded base was highest among threaded,
knurled, and plain base samples. Vicker’s micro-hardness tests were also done to analyze

the change in hardness due to high velocity collision.

5.1 EMC of Al-Steel Bimetallic Rods

An aluminum alloy having a thickness of 0.6 mm is used for the flyer tube, and steel 1020 is
used as the material for inner rod. The 10 kJ electromagnetic processing system with a
capacitance of 90 pF and a maximum discharge voltage of 15 kV was used for the experiments.
The coil is twined using circular wire having an outer diameter of 5 mm. The initial dimensions

of tubes and rods used for EMC are summarized in Table 5.1.
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Table 5.1 Dimensions of the tube and rods used for EMC

Outer Diameter Length  Stand-
_ Length of Wall
No. of diameter ) of Steel of Steel off
Al  tube thickness ]
set/sample of Al tube rod rod distance
[mm] [mm]
[mm] [mm] [mm] [mm]
01 10.5 80 0.6 8.5 50 0.4

Only the profile on the inner rod was varied in the experiments, and the other dimensions were
kept constant. The wall thickness of the flyer tube and the gap between the flyer tube and the
base rod is 0.6 mm and 0.4 mm, respectively.

In the majority of published literature [27], plain profile on the base was used for EMC of
bimetallic tubes or rods. In the present study plain profile, threaded and knurled profiles on the
base were produced for EMC. Field shaper inside the solenoid coil with 11 numbers of turns,
with a pitch of 8 mm was used as a working tool. The complete description of the working zone
in the EMC to produce bimetallic rods is shown in Fig. 5.1. The dimensions of the stepped type
field shaper used in the study are shown in Fig. 5.2. The chemical composition of the materials
of Al tube and steel rod was analyzed by energy dispersive X-ray spectroscopy (EDAX). The
chemical composition of the Al tube and steel rod in the weight percentages are tabulated in

Table 5.2 and Table 5.3 respectively.

Coil DO 0 00 000 0 € fg_?ﬁB
i
Insulation 04 T
{ Artobe—— — : WWeies /) 46 25 54
L_g7s l

Field shaper = Il e

©.,0,0,0; (&) & 5
- 65 ot |4 i—— 35

Fig. 5.1 Complete description of working zone of EMC
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(©)
Fig. 5.2 Field shaper used in EMC (a) cross-section of the CAD model, (b) an actual image of

the field shaper, and (c) dimensions of the field shaper

Three sets of samples were prepared for testing, each consisting of aluminum tubes and steel
rods. The CAD model along with the three types of profiles created on the steel rod is shown
in Fig. 5.3. Typical current waveform (first and second current cycle) obtained at three different
discharge energies was superimposed and shown in Fig. 5.4. These current signals were
measured on the Oscilloscope by using the Rogowski probe inside the working zone. The
current signal having a damping and oscillating current flows through a multi-turn solenoid
coil for the duration of about 65 ps. The peak current and frequency of the discharge current
flowing through the coil corresponding to the six different discharge voltages are tabulated in
Table 5.4. Peak values of the first and second current cycle was studied. The measured
discharge current’s first and second peak value for different discharge energy obtained from
the oscilloscope is shown in Fig. 5.5. An increase in discharge energy leads to an increase in
the peak current. Although, the frequency of the circuit remains almost constant with the

increase in the discharge energy.
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Table 5.2 Chemical composition of the Al tube

Analysis (wt. %)

Alloy
Al Fe Mn Ti Zn Si Cu
Al 1050 Balance 1.1 0.1 0.1 0.1 05-06 0.1-0.2
Table 5.3 Chemical composition of the steel 1020 rod
Analysis (wt. %)
Alloy
C Cr Mn Cu Ni P Si S Fe
Steel 0.16- 0.15- 0.3- 0.1- 0.2- 0.1-
<0.1 <0.1 Balance
1020 0.25 025 04 0.2 03 04

i Pitch 1.0 i

Fig. 5.3 CAD model along with the actual picture of the three types of profiles (a) threaded
profile, (b) knurled profile, and (c) plain profile created on the base
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Table 5.4 Process parameters used in the experiments

Peak Time-
Voltage Energy ] Frequency
S No current period
(kV) (kJ) (Hz)
(kA) (ns)
1. 7.1 2.3 53.76 65.6 15244
2. 7.8 2.7 57.60 65.2 15337
3. 8.6 3.3 67.20 64.6 15480
4. 9.3 3.9 71.04 64.4 15528
5. 10.1 4.6 76.80 64.2 15576
6. 10.9 5.3 84.48 64.0 15625

100

Current (kA)

-80 T T T T T T
0 20 40 60 80 100 120 140

Time (us)

Fig. 5.4 First and second current cycle of the measured discharge current waveform at three

different energy level

5.2 Investigation of Geometric Changes and Quality of the Bimetallic Rod after

EMC
After discharge of energy from the capacitor bank, straight bimetallic rods with a durable joint
without any metallurgical bond over the feed length was obtained, without necking and
curving. Successfully crimped samples with three profiles threaded, knurled and plain at six
various discharge energies are shown in Fig. 5.6. The EMC resulted also in a slight reduction

of the aluminum tube length, with a simultaneous slight thickening of the aluminum layer in
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the samples. Mroz et al. have also found that there is an increase in the thickness in the

explosive crimping with a simultaneous reduction in the length of the tube [65].

85
80—-
75-
70—-
65—-
60—-

55
50 -
45

Peak current (kA)

40
35 -
30 4

25 ¥ T 1 T ] T T T T T T
2.0 25 3.0 3.5 4.0 4.5 5.0 5.5

Discharge energy (kJ)

Fig. 5.5 Measured discharge current first and second peak value at different discharge energy

PR A T “"w‘f}"“‘"”]m:- i e s D) e Pt

fomnriorst o evpepewEri vy Mﬁ; o

Fig. 5.6 Electromagnetic crimped samples with (a) threaded profile, (b) knurled profile, and

(c) plain profiles on the base

The cross-section of the crimped samples at three discharge energies 3.9 kJ, 4.6 kJ and 5.4 kJ
with three profiles was cut and its diameter was measured. The cross-sectional view and their
dimensions of the Al-steel bimetallic rods after EMC are shown in Fig. 5.7. In Fig. 5.7 D is the

outer diameter of the bimetallic rod, C and S is the circumference and cross-sectional area of
74|Page

TH-2137_146103008



Chapter 5 Influence of the Base Profiles on Aluminum-Steel Joint Quality

the bimetallic rods, respectively. It has been observed from the Fig. 5.7 that plain rod profile
resulted in the complete crimping of Al tube on the circumference of steel rod. Whereas
threaded and knurled profiles show profile gap in the crimped bimetallic rod. Plain profile
resulted in smooth surface, whereas threaded and knurled profile resulted in wavy surfaces.

D=9.726 mm \ 4 D=9.698 mm
€=30.556 mm ) €=30.468 mm - C=30.477 mm
$=74.297 mm"2 $=73.870 mm*2 $=73.915 mm~2

Threaded Ve Knurling

profile \ : % profile X

o Knurling \
¥ R profile
D=9.809 mm | [ D=9.780 mm ~ D=9.816 mm
€=30.815 mm L €=30.723 mm & C=30.837 iInm
$=75.563 mm~2 & $=75.115 mm*2 s $=75.673 mm "2

Threaded

profile \ 3

D=10.097 mm D=9.909 mm D=9.907 mm
C=31.719 mm N C=31.130 mm X C=31.125 mm
$=80.065 mmA2 o B S=77.116 mm*2 $=77.092 mm~2

Threaded / ;
profile Knurling
%, profile

AT

Thrad \ Knurling B Plainr ‘
(a) (b) (c)

Fig. 5.7 Shape and dimensions of bimetallic rods after EMC with (a) threaded profile, (b)

knurled profile, and (c) plain profile on the base

At lower values of discharge energy the outer diameter of the bimetallic rod was found to be
larger as compared to that of outer diameter of the bimetallic rod at higher discharge energies.
Higher energy led to maximum magnetic pressure acting on a tube and resulted in the full
crimping of tube with an optimum crimped diameter, which was almost equal to the rod
diameter plus tube thickness i.e. 9.7 mm. The measured diameter and original diameter of the

flyer tube for three profiles and at three discharge energy values are shown in Fig. 5.8.
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5.3 Joint Regions Structure

The mechanical properties of the joints are examined by the pull-out testing of the joints and
the nature of the joining of the bimetallic rod layers. Pull-out tests were carried out for the
crimping joints under six different discharge energies of 2.3 kJ, 2.7 kJ, 3.3 kJ, 3.9 kJ, 4.6 kJ,
and 5.3 kJ. The profiles made on the steel rods are plain, threaded and knurled. Two failure
modes of the joints during pull-out tests are shown in Fig. 5.9. Failure separation mode, which
is defined by the failure of the joint due to separation of the tube and rod and failure crack mode

is defined by the crack failure in the weak stock material i.e. aluminum.

10.6 4

10.4 4
10.2 4
10.0 4

9.8

9.6

9.4

—=&— Tube
9.2+ —e— Tube+Threaded rod
—4&— Tube+Knurled rod

Outer diameter (mm)

2 —v— Tube+Plain rod

8.8 —<— Rod
8.6

< < <
< < 4

8.4

T T T T T T T T
3.8 4.0 4.2 4.4 4.6 4.8 5.0 5.2 54
Energy (kJ)

Fig. 5.8 Comparison of outer diameter of the bimetallic rods measured at three different

discharge energies with Al tube and steel rod

The normalized load-extension curves for the specimens with three profiles at different
energies are shown in Fig. 5.10. In the first case, the joints made with plain profile, and for six
different energies, the joints were failed with separation mode. For the second case, the joints
made with knurled profile and having energies 2.3 kJ, 2.7 kJ, 3.3 kJ and 3.9 kJ the joints were
failed with separation mode whereas, for energies 4.6 kJ and 5.3 kJ the joints were failed with
crack mode. In third case, the joints made with threaded profile and having energies 2.3 kJ and
2.7 kJ the joints were failed with separation mode but for energies 3.3 kJ, 3.9 kJ, 4.6 kJand 5.3
kJ the joints were failed with crack mode. When the discharge energy reaches to a particular
value, for a specified profile, the fracture of the Al tube would take place. The fracture in the
Al tube shows that the pull-out strength of the joints is greater than that of the parent aluminum

alloy, and an effective crimping is therefore achieved.
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Fig. 5.9 Two failure modes of the joints in pull-out tests (a) separation mode separation

failure, (b) crack mode crack failure
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Fig. 5.10 Load-extension plot for (a) plain profile, (b) knurled profile, and (c) threaded profile

made on the rod at different energies
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Fig. 5.11 shows the load-extension plots comparison of the specimens with three different
profile and at same discharge energies. In the first case, the joints produced at 3.3 kJ with plain,
threaded and knurled profiles and the joints were failed with separation mode for plain and
knurled profiles whereas with crack mode for threaded profile.
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3500 - —e— Knurled 3.3 kJ 3500 1 N bl Y 29 k)
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— < 1
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o 2500 - T 2500
g 8
g 2000 -] _a 2000 -]
E 5
o
o 1500 o 1500
g S
& 1000 £ 1000+
S S
= 500 = 500 -
0 0
20
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(@) (b)
4000 4000
—a— Threaded 4.6 kJ —a— Threaded 5.3 kJ
3500 - —&— Knurled 4.6 kJ 3500 4 —o— Knurled 5.3 kJ
—A— Plain 4.6 kJ —A— Plain 5.3 kJ
’g | —_
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Fig. 5.11 Load-extension plot with three different profile and at four different discharge
energies (a) at 3.3 kJ, (b) 3.9 kJ, (c) 4.6 kJ, and (d) 5.3 kJ

In the second case the joints produced at 3.9 kJ with plain, threaded and knurled profiles and
the joints were failed with separation mode for plain and knurled profiles whereas with crack
mode for threaded profile. In the third and fourth conditions the joints were produced at 4.6 kJ
and 5.3 kJ respectively, and the joints were failed with separation mode for plain profile
whereas with crack mode for threaded and knurled profiles. The fracture in the Al tube in the
tests shows that the pull-out strength of the joints are greater than that of the parent aluminum

tube, and an effective crimping is therefore achieved.
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The samples failed after the pull-out test with six different discharge energies and having three
profiles on the base threading, knurled and plain are shown in Fig. 5.12 (a), (b), and (c)
respectively. In the pull-out tests it was found that for the plain profile on the base, the failure
of the joint took place with separation mode till 5.3 kJ energy. But, when the profiles created
on the base either threading or knurled the failure took place with crack failure mode for more

than 3.3 kJ and 4.6 kJ for threaded and knurled profiles respectively.

The normalized maximum pull-out load required in the pull-out tests of the crimped samples
for three profiles at 3.6 kJ, 3.9 kJ, 4.6 kJ and 5.3 kJ is plotted in Fig. 5.13(a) and the variation
in the normalized maximum pull-out load with the discharge energy is shown in Fig. 5.13(b).
Based on the results of the pull-out test it can be concluded that threaded profile made on the

steel rod gives better joint strength among plain profile, knurled profile and threaded profile.

M e SRR
e »m‘lr-#ﬁxm ¥ 1V Y

Fig. 5.12 Pull-out test failed samples with (a) threaded profile, (b) knurled profile, and (c)
plain profile on the base at five different discharge energies

Fig. 5.14(a) shows the four positions were the Vicker’s micro-hardness tests were performed
and corresponding results of the micro-hardness value is plotted in Fig. 5.14 (b). Vicker’s
micro-hardness tests demonstrate that the micro-hardness of aluminum and steel 1020
generally decreases as the distance from the interfaces were increased, which was attributed to
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the intense plastic deformation at the interface or near to the interface. The result was rational
with the previous works carried out by another researcher [28]. The microscopic images of the

hardness measurement is shown in Fig. 5.15.
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Fig. 5.13 (a) Variation in the maximum pull-out strength and (b) variation in the normalized

maximum pull-out load with the discharge energy plot for three different profiles

Crimped specimen, representative of the successful crimping experiments, was regarded on the
micro scale. In the micro-section, it can be seen in Fig. 5.16(a) that there were no gap, where
the flyer was actually crimped on the base with plain profile.
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Fig. 5.14 (a) Hardness measured at four different locations and, (b) hardness variation vs.

distance plot at four different locations on crimped sample
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Whereas in case of threaded and knurled profile, there was a gap of size equal to the thread size
and knurl size at 5.3 kJ of discharge energy. Microscopically, neither metallurgical bond nor

the interlayer was observed at the interface and a mechanical joint was obtained by EMC.

(a) (b)

Knurling profile

(©)

Fig. 5.16 Optical microscope images at the interface of the electromagnetic crimped sample
having (a) plain profile, (b) threaded profile, and (c) knurled profile at 5.3 kJ energy

Surface profile of the electromagnetic crimped samples with base having three types of profiles
was analyzed using high precision non-contact computerized surface profilometer. The field of
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view of a non-contact 3D profiler was 0.825 mm x 0.825 mm and focal distance was 4.7 mm.
Surface roughness values of the crimped sample at 5.3 kJ of discharge energy with three types
of profiles on three elementary areas are tabulated in Table 5.5 and the normalized surface
roughness with the thickness of the tube is shown in Table 5.6. It was found that the Ra value
of the sample crimped on threaded base was larger than knurled base and that of plain base.
The three-dimension surface profile of electromagnetic crimped samples at 5.3 kJ with (a)
threaded base, (b) knurled base, and (c) plain base are shown in Fig. 5.17. It has been observed
that plain profile resulted in the smooth surface of the bimetallic tube. Threaded profile resulted
in highest surface roughness among the plain, threaded and knurled profiles. It can be
concluded from the surface roughness measurement that plain profile shows best surface finish

among the plain, threaded and knurled profiles.

pm
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r120
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Fig. 5.17 Surface profile of electromagnetic crimped samples at 5.3 kJ with (a) threaded base,
(b) knurled base, and (c) plain base
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Table 5.5 Surface roughness (um) values of the EMC samples at 5.3 kJ

Threading Knurled Plain
1 2 3 Avg 1 2 3 Avg 1 2 3  Avg.
R
( a) 150 138 144 144 101 1.04 097 101 059 076 081 0.72
pm

Table 5.6 Normalized surface roughness values of the EMC samples at 5.3 kJ

Threading Knurled Plain
1 2 3 Avg. 1 2 3 Avg. 1 2 3 Avg.
Noramalized
3.0 276 288 288 202 208 194 202 118 152 162 144
Ra (1073)

5.4 Summary

The application of the EMC method has resulted in a semi-finished product in the form of Al-
Steel bimetallic rod, which is characterized by a uniform distribution of the crimping layer on
the core perimeter and a negligible ovality in the cross-section. The discharge energy through
the capacitor bank significantly increases the strength of the joints of the individual layers. Al
tubes were successfully crimped on the steel rod having three types of profiles threaded,
knurled and plain respectively. The joints obtained with a threaded profile on the base give
strongest joint strength among threaded, knurled and plain profiles on the base. The EMC of
Al-steel bimetallic rods has resulted in an increase in the micro-hardness of the layers analyzed
compared to the base materials, the reason for the increase is probably due to crimping layer
deformation during EMC and their strain hardening. Surface roughness (Ra) values of the
crimped samples with three types of profiles on the base at 5.3 kJ were analyzed and it was
found that the Ra value of the sample crimped on the threaded base was highest among
threaded, knurled and plain base sample. Hence, bimetallic rods obtained with a threaded
profile on the base can be recommended for higher strength with marginal high surface
roughness as compared to the plain and knurled profile. Whereas bimetallic rods produce with
the plain profile on the base can be recommended for better surface finish with very low joint
strength as compared to threaded and knurled profiles. Knurled profile can be recommended
for combined advantages of increase strength with better surface finish.
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6 Effect of Field Shaper Geometry on EMC

OVERVIEW

The objective of this work was to examine the effect of field shaper geometry used to
manufacture the composite rods. Copper-Aluminum composite rods is a substitution for
copper rods, result in both cost and weight reduction. An attempt was made to
concentrate the distribution of the electromagnetic pressure, fulfilled by modifying the
geometry of the field shapers. The application of field shaper in the process not only
increases the effectiveness of the process but also increases the life or strength of the
working coil. The effect of geometry of three types of field shaper on the plastic
deformation of the composite rod was investigated to facilitate the field shaper design.
The field shaper variation was done by changing the cross-section namely tapered, step-
tapered and stepped. The microstructure of the crimped joint interface was analyzed.
The mechanical properties of the crimped joint were evaluated by compression-shear
test, pull-out test, leak test, and joint resistance. It was found that the step-tapered field
shaper results better in terms of uniformity in crimp quality, joint strength in
compression, joint strength in tension, joint resistance, joint leakage and surface finish
of the crimped sample among the three types of field shaper. This work will be of use

for designing of field shaper for producing joint by electromagnetic crimping.

6.1 Methodology

EMC uses Lorentz force to accelerate flyer tube on the stationary base rod. The sudden
discharge of current cause’s electromagnetic field having high magnitude and being cut by
flyer tube, then the induced current or eddy current in the flyer tube also develops
electromagnetic field having opposite direction. The result of two opposing magnetic field
causes a Lorentz force or magnetic force on the flyer tube. As a result flyer tube was accelerated
away from the field shaper or coil tool and collides with the base rod with very high velocity.
The high-velocity impact of the flyer tube on the base rod causes the crimping of a tube on the

rod. The initial and final stages of the process involved in the EMC are shown in Fig. 6.1.
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6.1.1 Materials and equipment

The EMC experiments were performed on the tube to rod assembly by using an
electromagnetic processing system (EMPS). The EMPS used have two capacitors of 45 pF
with total discharge energy of 10 kJ. The EMPS transforms the low-voltage power supply 440
V, having 50 Hz frequency into a high voltage power supply having a range of 0-15 kV, with
16 kHz frequency. The discharge current with peak current 100-150 kA, passes through a
multi-turn solenoid coil, which produces an eddy current in the field shaper. The produced eddy
current provides a Lorentz force that causes the collision of the flyer copper tube onto the
stationary inner aluminum rod. The effective length or working length was 14 mm which

causes deformation in the flyer tube.

i Base
Field- rod Field-

shaper

Coil Flyer Coil

Joint
formed

Lorentz Current Insulation  Current
Current  force Insulation Current in out  Side view
in out

Flyer tube Coil .
= Field-shaper Insulation _~Joint
A - | |

Stand-off \
Base rod

Initial stage Final stage Front view

Fig. 6.1 Initial and final stages of the EMC process (side view and front view)

In experiments, a copper tube having a thickness of 0.64 mm was used as a flyer tube
and aluminum rod was used as a stationary base material. The materials used was standard
commercially available materials and their standard available chemical composition was
compared with the analyzed one by using EDX. Chemical compositions of Cu flyer tube and
aluminum 1050 base rod is given in Table 6.1. . The actual image of the cross-section of three
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field shapers are shown in Fig. 6.2 and the detail dimensions of the multi-turn solenoid coil are
shown in Fig. 6.3.

The detail dimensions of the flyer tube and base rod used are given in Table 6.2 and the
mechanical properties of the materials of flyer tube and the base rod are given in Table 6.3.
The gap of 1.50 mm between the coil and the field shaper was maintained. The standoff
between the flyer tube and the base rod was 0.27 mm, which is about half of the thickness of
the flyer tube.

Tapered Step-tapered Stepped

Fig. 6.2 Cross-section of the tapered, step-tapered and stepped types of field shaper

L o

PITCHS

Fig. 6.3 Detail dimensions of the multi-turn solenoid coil used in the experiment

The multi-turn solenoid coil used in the experiments was composed of a total 11 turns
and three types of field shaper which focused the electromagnetic field in the 14 mm length
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work zone. The inner diameter of all three field shapers was 12 mm and having a total length
of 8 mm. The frequency of the discharge pulse current was measured with the help of
Rogowski coil into the oscilloscope. Experiments were carried out on samples with Cu flyer
tube and aluminum inner rod. The detail dimensions of three types of the field shaper namely

tapered, step-tapered and stepped used in the experiment are shown in Fig. 6.4.

Table 6.1 Chemical compositions of copper tube and aluminum rod

Analysis (wt. %)

Material
Zn Pb Cu Fe S Sb P Sn Si
0.1- 0.1-
Copper 0.3 Rest 01 01 01 0.1 0.1
0.2 0.2
Al Fe Mn Ti Zn Si Cu
Al 1050 Balance 1.1 0.1 0.1 0.1 0.5-0.6 0.1-0.2

6.1.2 Pull-out test

The successfully crimped samples at five different discharge energy 3.3 kJ, 4.0 kJ, 4.6 kJ, 5.3
kJ, and 6.2 kJ with three types of field shaper are shown in Fig. 6.5. To evaluate the joint
strength in tension, the pull-out test of the crimp interface of the Cu tube crimped on the
aluminum rod was subjected to a pulling load or tensile load. A total 15 samples at five different

values of discharge energies with three types of field shaper were tested.

Table 6.2 Dimensions and materials of the tube and rod

) ] Outer Inner )
Specimen  Materials ' _ Length  Thickness Stand-off
diameter diameter

Flyer tube  Copper 9.52mm  8.24mm 60 mm 0.64 mm -
Base rod Al 1050 7.70 mm - 60 mm - 0.27 mm

Finally, the joint strength was evaluated by performing the tests using a UTM at a speed of 0.5
mm/min. Initial and final stages of the pull-out test performed on the UTM is schematically
shown in Fig. 6.6 (a) and the arrangement made for the performance of the pull-out test is
shown in Fig. 6.6 (b). In this test, crimped length was 14 mm and gripping length was about
25 mm in the UTM jaw.
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(a) Tapered

(c) Stepped
Fig. 6.4 Dimensions of the tapered, step-tapered and stepped types of field shaper

6.1.3 Compression-shear test

To evaluate the strength of the joint in compression, the compression-shear test was performed.
In this test, the crimp interface of the Cu tube crimped on the aluminum rod was subjected to
compressive load with the help of indenter. The samples crimped at five different energies were
cut continuously by using wire electric discharge machine (WEDM), in the perpendicular
89|Page

TH-2137_146103008



Chapter 6 Effect of Field Shaper Geometry on EMC

direction of the length. A total 30 samples at five different values of discharge energies, two
samples from each field shapers were tested. The joint strength was evaluated by applying
compressive load using a UTM at a speed of 0.5 mm/min. Initial and final stages of the
compression-shear test performed on the UTM is schematically shown in Fig. 6.8. In

compression-shear tests, the thickness of the sample was 1.5 mm.

Table 6.3 Mechanical properties of the materials

Part Tube Rod
Material Copper 1010 Al 1050
Density (kg/m?®) 8940 2705
Young’s modulus (GPa) 54 69
Poisson’s ratio 0.31 0.33
Ultimate tensile strength (MPa) 227 76

T T e e e T T T

f s ol . . E 5 .
Tapered Step-tapered Stepped

Fig. 6.5 Sample manufactured by tapered, step-tapered and stepped field shapers

Thereby, the joint strength in shear (Ss,) of the crimped joint, which according to equation
(6.1) can be calculated from the maximum compressive load (F,., ) in the load-extension plot
and crimping area (A). The crimping area (A) can be calculated by multiplication of

circumference of the rod (rd) and thickness of the sample (t).

F. F
S, =& — & 6.1
YA 7xd (6.1)

For the compression-shear test to perform, an indenter and a holder was manufactured. First,

the samples were kept in the holder and then compressive load was gradually applied with the
help of an indenter. Because of the load, the copper tube gets separated from the aluminum rod,

shown in Fig. 6.8.
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load load

Gripping load

™

Al rod
Joint

Initial Failure

stage
Cu tube

Dummy rod

1

7
.

Gripping load

Pulling Pulling
load load

(a)
Fig. 6.6 (a) Initial and final stages of the pull-out test, (b) arrangement for pull-out test at
UTM
3.3kl

® ®
® @ stepped

=

Q.

- o

i nmgpm |mgr:nmm1'r§ o '_f?n:
(a) (b)

Fig. 6.7 (a) Compression-shear test samples prepared by three types of field shaper tapered,

step-tapered, and stepped (b) fixture for compression-shear test

6.2 Results and discussion

6.2.1 Discharge current measurement

First of all the discharge current passing through the multi-turn solenoid coil was measured
experimentally by a Rogowski coil and oscilloscope to analyze the parameters. Figure 6.9
shows the discharge current curve at five different values of discharge energy. Different
Process parameters associated with the experiments are tabulated in Table 6.4.
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6.2.2 Change in thickness of the crimped tube

The thickness of the copper tube in the crimped samples was measured by using a digital
microscope. The thickness of the successfully crimped samples at 6.2 kJ with three types of
field shaper was measured. The cross-sectional view and the values of the maximum and the
minimum thickness at different positions of the copper tube in the crimped samples are shown
in Fig. 6.10. The initial thickness of the copper tube was subtracted from the measured
thickness of the tube and change in the thickness of the tube at different positions was plotted.
The position where the thickness was measured and the variation of the change in thickness is
shown in Fig. 6.11 (a) and (b). Except for one position where the change in the thickness is
negative, the thickness of the copper tube got increased. It can be concluded from this

observation that the thickening of the tube will happen due to the EMP crimping process.

»

<—
Gripping Gripping 3 < Gripping
load load —™ <— |oad
Indents Indente™ e
Cu-tube

o

o202

| N\ Al-rod
Holder (& 5 3 Holder
RRREEES 5 J -—
%5 <
Gripping Gripping < Gripping
load load < load
] -
Initial Final
(a) (b)

Fig. 6.8 (a) Initial and final stages and (b) arrangement for compression-shear test on UTM

6.2.3 Effect of discharge energy on joint strength

The discharge energies used were 3.3 kJ, 4.0 kJ, 4.6 kJ, 5.3 kJ and 6.2 kJ for assessing the
effect of discharge energy on joint strength with a standoff 0.27 mm and feeding length 14 mm.
The joint strength of the crimped samples is examined by pull-out tests. In the pull-out test, it
was found that crimped samples failed with separation failure mode. In separation failure mode,
the two parts crimped together were separated. The pull-out load variation with the elongation

for three types of field shaper tapered, step-tapered and stepped are shown in Fig. 6.12 (a), (b),
and (c).
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Fig. 6.9 Discharge current waveform at different energies

Table 6.4 Process parameters in the experiments

Discharge Time-
S Voltage Energy current period Frequency
No (kV) (kJ) amplitude (us) (kHz)
(kA)
1. 8.6 2L 109.3 60.4 16.56
2. 94 4.0 135.5 60.4 16.56
3. 10.2 4.6 140.9 60.2 16.61
4. 10.9 5.3 147.3 60.2 16.61
S. 11.7 6.2 161.0 60.0 16.67

From Fig. 6.12 (a), (b) and (c), it can be concluded that with the increase in discharge energy
joint strength also increases. The variation in the maximum pull-out load with the discharge
energy for three types of field shaper is shown in Fig. 6.12 (d). It was found that the strength
of the joint obtained with step-tapered field shaper was better in comparison to that of stepped
and which was better than that of tapered field shaper. The reason for the increase of the joint
strength in case of step-tapered field shaper was due to better confinement of the magnetic field

near the effective length.
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(a) Tapered (b) Step-apered (c) Stepped

Fig. 6.10 Maximum and minimum thickness of the flyer copper tube for different field

shapers
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Fig. 6.11 (a) Position of thickness measurement, and (b) change in the thickness of the tube at
different position

Successfully crimped samples prepared at five different discharge energies were tested for a
compression-shear test. The variation in the joint strength at five different discharge energies
with three types of field shapers namely tapered, step-tapered and stepped are shown in Fig.
6.13 (a), (b) and (c). From Fig. 6.13 (a), (b) and (c), it can be concluded that with the increase
in discharge energy joint strength also increases. The variation in the maximum compressive
joint strength with the discharge energy for three types of field shaper is shown in Fig. 6.13
(d). Compression-shear tests result revealed that the compressive joint strength obtained with

step-tapered field shaper was maximum among the three field shapers.
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Fig. 6.12 Pull-out test results for (a) tapered, (b) step-tapered and (c) stepped field shaper at

different energy, and (d) variation in maximum pull-out load with energy

6.2.4 Effect of field shaper geometry on joint strength

The comparison of pull-out test and compression-shear test results revealed that joint strength
obtained by step-tapered field shaper was better than that of stepped and tapered field shaper.
Also, the joint strength obtained with the stepped field shaper was better than that of tapered
field shaper. The compared pull-out test results of the three field shapers at 3.3 kJ, 4.6 kJ, and
6.2 kJ is shown in Fig. 6.14. The required maximum pull-out load for tapered, step-tapered and
stepped field shaper was 0.694 kN, 2.095 kN, and 1.793 kN respectively at 6.2 kJ of discharge

energy.
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Fig. 6.13 Compression-shear test results for (a) tapered, (b) step-tapered and (c) stepped field

shaper at different energy, and (d) variation in maximum joint strength with energy

The compared compression-shear test results of the three field shapers at 3.3 kJ, 4.6 kJ, and 6.2
kJ is shown in Fig. 6.15. The maximum compressive shear strength of the joint produced with

tapered, step-tapered and stepped field shaper was 3.29 MPa, 4.062 MPa, and 3.64 MPa
respectively at 6.2 kJ of discharge energy.

The step-tapered field shaper results in higher join strength, both in pull-out tests as
well as a compression-shear test due to the lower mass volume of the field shaper compared to
other two field shaper. Here, higher energy will be concentrated in the effective area of the
field shaper which has lower mass volume for the same effective area of the field shaper and

discharge energy. In the step-tapered field shaper case as the mass volume for the field shaper
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is lower, hence higher force was produced due to lower electromagnetic inductance loss and

consequently better joint strength was obtained.
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Fig. 6.14 Pull-out test results comparison at (a) 3.3 kJ, (b) 4.6 kJ and (c) 6.2 kJ discharge

energies

6.2.5 Effect of field shaper geometry on joint electrical resistance

The electrical resistance of the EMP crimped samples was measured by using LCR meter. The
complete set-up with input alternating current (AC) used to measure the electrical resistance is
shown in Fig. 6.16. When two terminals of the LCR meter were connected to the two ends of
the crimped sample and current (1) was passed through the circuit and electrical resistance was
measured. A wire was used to complete the circuit and the electrical resistance of the wire was
subtracted from the measured value. The variation in the electrical resistance of the crimped
samples with the discharge energy for three types of field shaper is shown in Fig. 6.17. The

results of the electrical resistance measurement revealed that with the increase in the discharge
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energy the electrical resistance or joint electrical resistance decreases. The value of the
electrical resistance obtained by the step-tapered field shaper was lesser in comparison to the
other two field shapers. The reason for the lesser joint electrical resistance was due to better
contact of the tube with the rod.
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Fig. 6.15 Compression-shear test results comparison at (a) 3.3 kJ, (b) 4.6 kJ and (c) 6.2 kJ

discharge energies

The step-tapered field shaper results in lesser joint electrical resistance due to a lower
mass volume of the field shaper leading to low inductance compared to other two field shaper.
In the step-tapered field shaper case as the mass volume for the field shaper is lower. Therefore,

it resulted in lower electromagnetic loss and consequently better connection and lower
electrical resistance.
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Fig. 6.16 Joint electrical resistance measurement set-up

6.2.6 Effect of shaper geometry on joint leakage

Leak test was performed on the crimped samples with compressed air. The complete
arrangement made to perform the leak test is shown in Fig. 6.18. The arrangement comprised
of an air-compressor with mounted pressure gauge, water tube, and connecting pipe.
Compressed air was allowed to pass through the connecting pipe to the sample to has to test.
An air bubble was produced in the water because of the leakage of the joint. The successfully
crimped samples at 6.2 kJ with three type of field shapers were tested on the air-bubble leak
test. The leak rate was measured by dividing the pressure drop with the time duration which
was 3600 s. For the samples crimped with tapered, step-tapered and stepped field shaper the
leak rate was found to be 3.33 x 10 * bar s, 2.22 x 10 * bar s* and 2.78 x 10 * bar s!
respectively at 10 bar pressure of the air compressor. Hence, it can be concluded that the
strength of the joint obtained by step-tapered field shaper was better than that of stepped and

tapered.
45
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40 —e— Step-tapered
—A— Stepped
35
30
g 25
8 2
'% 15 4
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10 4
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04
3.0 315 410 475 570 575 670 6.5
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Fig. 6.17 Variation in electrical resistance with the discharge energy
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6.2.7 Effect of shaper geometry on surface finish

The surface finish of the crimped samples with three field shapers was studied by using high
precision contactless computerized surface profilometer. The maximum area that can be
captured with the help of contactless three-dimensional profilometer was 0.825 mm x 0.825
mm. The focal length of the profilometer was 4.7 mm. The surface finish of the samples
crimped at 6.2 kJ of discharge energy with three types of field shaper was analyzed. The Ra
values were measured at three locations, and the average Ra values were listed in Table 6.5.

Compressed  Connecting Air bubble

air pipe Tube Jointi

\ | B, - CREERR e
Y _~ —_a = ----| Water

I ; T =m0 ______"um %/

4 Valve LS. W

N\ e e
< Compressor T Water Tub
Pressure gauge

Fig. 6.18 Compressed air leak test arrangement

Table 6.5 Surface finish of crimped samples with three field shapers at 6.2 kJ

Tapered Step-tapered Stepped
1 2 3  Avg. 1 2 3 Avg 1 2 3 Avg.
R
( a) 047 049 054 050 038 044 041 041 040 044 048 044
pm

The surface finish results revealed that the surface finish value of the crimped samples with
step-tapered field shaper was better or R, value was lesser than that of the tapered and stepped
field shapers. Three-dimensional fringe patterns of the surface finish with varying Ra values

for all three types of the field shaper at 6.2 kJ of the discharge energy are shown in Fig. 6.19.

The summary of the different tests at 6.2 kJ of the discharge energy with three field shapers is

shown in Table 6.6.
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Fig. 6.19 3D surface profile with (a) tapered, (b) step-tapered, and (c) stepped field shaper at
6.2 kJ

Table 6.6 Summary of the outputs of different tests at 6.2 kJ

Max. Pull- ) Electrical Surface
) Max. Compressive . L
Field out Leak rate joint finish
shear strength ; )
shaper type  strength (MPa) (bar s1)  resistance (Ra, in
a
(kN) (mQ) Hm)
Tapered 0.694 3.29 333x10*  12.29 0.50
Step-tapered 2.095 4.062 2.22 x10* 8.45 041
Stepped 1.793 3.64 278x10*  10.34 0.44

6.3 Summary

EMC method was used to produce Copper-Aluminum crimp rods or composite rods. This
technique has special characteristics that it produces a uniform distribution of the copper tube
on the circumference of the aluminum rod with a complete circular cross-sectional area. The

increase in the amount of discharge energy from the capacitor bank will increase the strength
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of the joint. The results of the pull-out test and the compression-shear test revealed that the
joint strength obtained with the step-tapered field shaper was better than that of stepped field
shaper which was better than the tapered field shaper. The required maximum pull-out load for
tapered, step-tapered and stepped field shaper was 0.694 kN, 2.095 kN, and 1.793 kN
respectively at 6.2 kJ of discharge energy. The joint electrical resistance of the crimped samples
decreases with the increase in the discharge energies of the process. Joints minimum electrical
resistance, joint leakage proof and surface finish of the crimped samples with three types of
field shaper at 6.2 kJ of discharge energy were analyzed. The results showed that the samples
produced with the step-tapered field shaper was better in favor among the tapered, step-tapered
and stepped field shapers. Copper crimped aluminum rod can be used in electrical applications
wherever aluminum rod was used for better electrical conductivity and minimum loss due to

resistance.
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7 Study of the Temperature Generation with Various Field

Shaper Geometries

OVERVIEW

The prime objectives of this investigation are to studying the variation in the geometry of
the field shaper to concentrate the electromagnetic pressure at the desired location to
produce an effective joint with better mechanical strength. Finite element analysis as well
as experimental study was carried out on three types of field shaper namely tapered, taper-
stepped and stepped. In all three field shapers the effective length, outer diameter, inner
diameter, total length, materials properties were constant. These field shapers were kept
inside the same multi-turn solenoid coil for all the experiments. It was found that the taper-
stepped field shaper results better in terms of impact velocity, Lorentz force, temperature
generation, less heating, uniformity in crimping among the three types of field shaper. The
effectiveness of the taper-stepped field shaper was found to be higher compare to stepped
field shaper than that of tapered field shaper. The proposed explanations regarding the joint
formation is mechanical joining and the joint formation takes place based on pressure
because of high strain rates and plastic deformation of the flyer causes a solid state crimped
joint. Joule heating will also takes place in all the parts such as coil, field shaper, flyer tube,
and the base rod. The numerical study was carried out by using LS-DYNA
electromagnetism (EM) module which includes the electromagnetic/thermal
/mechanical/structural coupled solver. This module helps in linking the source electrical
current into the conductors as well as develops an interface between mechanical and

electromagnetic solver.

7.1 Experimentation

7.1.1 Machine and materials

A circular cross-section copper wire was used to manufacture the multi-turn solenoid coil. The
diameter of the circular cross-section was 5 mm. The pitch of the coil used was 8.0 mm and

the number of turns on the solenoid coil was 11. The materials of the coil and field shaper used
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was copper-beryllium alloy. The materials properties of the copper and the aluminum used for

tube and rod is given in Table 7.1.

The dimensions of the tube and the rod used for the experiment is listed in the Table
7.2. The copper tube used was of 0.64 mm thickness. The standoff used was of 0.27 mm in the
entire experiment. In the experiments helical solenoid coil having 11 number of turns and of
8.0 mm pitch was used. Three types of field shapers were used namely tapered, taper-stepped
and stepped. The actual image along with the three dimension model of the three types of the
field shapers used is shown in Fig. 7.1. The actual image along with the three dimension model

of the three types of the field shapers used is shown in Fig. 7.2.

7.1.2 Finite element modelling

The Maxwell’s equations are the governing equation for the electromagnetic field. The
Maxwell’s equations in the simplified version can be expressed by equations (7.1) to (7.4). In
Maxwell’s equations, equation (7.1) summarises the effects of matter plus Coulomb’s law of
forces. The equation (7.2) represents an extension of Ampere’s circuital law, the equation (7.3)
proclaims Faraday’s law of induction and equation (7.4) represents the non-existence of

magnetic monopoles.

V-D=

P (7.1)

L, . 0D
H=]+— (7.2)

V X J+ T

VXE = 9B
T (7.3)
V-B=0 (7.4)

where the vector functions E, D, B, and H are known as
E : Electric field (V/m)
D : Electric displacement field (coulomb/m?)
B : Magnetic induction (Tesla)
H : Magnetic field (A/m)
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Some sources generate the electromagnetic field and those sources are

J : Electric current density (A/m?)
p : Electric charge density (C/m?®)

The electric current density and the electric charge density are related through the continuity

equation which is given by equation (7.5).

5 d 7.5
v j=-2 (75)

The EMC is a high strain-rate process and hence Johnson Cook equation was used for the finite
element study. The Johnson Cook equation has a special characteristics that it includes the
strain rate hardening effect in the flow stress for high strain rates. The mathematical form of

the Johnson Cook equation is given by the equation (7.6).

o, = (A + Be™) (1+Clne,) (1 — (;__7;2>m> (7.6)

Table 7.1 Material properties of Cu 1010 and Al 1050

Properties Units Cu 1010 Al 1050
Density (p) Kg/m?® 8940 2705
Modulus of elasticity (E) GPa 54 69
Poisson’s ratio (v) - 0.31 0.33
Electrical conductivity (¢) MS/m 59 37.67
Heat capacity (C) JIKg-K 3.94 921
Thermal conductivity (k) W/m-K 391 231

In equation (7.6), g, is flow stress of the material, A, B are the yield strength parameters, ¢ is
equivalent plastic strain, n is the strain hardening index, C is the strain rate sensitivity, &, is
plastic strain rate, T is absolute temperature, T, is the room temperature, T, is the melting
temperature of the material and m is the thermal softening index. These parameters have
different values for different materials and can be determined experimentally for each

materials. The Johnson Cook parameters used in the study are tabulated in Table 7.3.
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Table 7.2 Dimensions and materials of the tube and rod

] ] Outer Inner ]
Specimen  Materials _ _ Length  Thickness Stand-off
diameter  diameter

Flyer tube  Copper 9.52mm 824 mm 60 mm 0.64 mm -
Base rod Al 1050 7.70 mm - 60 mm - 0.27 mm

In a shock compressed solid analysis, pressure has to be determined. Therefore, an equation of
state is required to define the relation between volume and pressure in the Johnson Cook
equation. In this study, linear polynomial equation of state given by equation (7.7) was used
[66].

P =co+ cipu+ i + c3i® + E (¢4 + Csp + o) (7.7)

In equation (7.7), P is pressure, c,, ¢4, ..., C¢ are the constant parameters of linear polynomial

equation of state, E, is the internal energy, and u = pﬂ — 1 is compression factor where £ is

Po

the ratio of density of medium and initial density of medium. The constant coefficients of linear

polynomial equation of state for copper and aluminum are presented in Table 7.4 [66].

In the simulations, after computing electromagnetic fields by electromagnetic solver at each
node the Lorentz force was evaluated and added to the mechanical solver. In the LS-DYNA
thermal solver, the electromagnetic fields also added a Joule heating term which is given by

equation (7.8).

Table 7.3 Values of Johnson-Cook material constant parameters

Materials A (MPa) B (MPa) n C Tm(K) m

Copper [67] 92 292 0.31 0.025 1338 1.09

Al 1050 [61] 110 150 04 0.01 918 1
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Pitch 8.0

Pitch 8.0

(©)
Fig. 7.1 Dimensions of the complete assembly with the (a) tapered, (b) taper-stepped, and (c)
stepped field shaper
Q=yJ* (7.8)

where Q is the heat generated per unit volume (in W/m?), J is the current density (in A/m?),
and p is the specific electrical resistivity (in Q m). The deformation in the tube was obtained
by mechanical model which results in new geometry. The temperature generation in the tube
was due to tube deformation by high velocity impact and Joule heating. In the simulated model,

mainly two thermal properties were used namely thermal conductivity (k) and the heat capacity

(©).
Table 7.4 Values of linear polynomial equation of state
Materials o (o cy c3 Cy Cs Ce E, v,
Copper [68] 0 140 2.8 1.96 0.47 0 0 0
Aluminum [69] 0 74.2 60.5 36.5 1.96 0 0 0 1

The input load in the simulation was the discharge current curve, which was measured from
the experiment with the help of Rogowski current coil and oscilloscope. The change in the
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electrical conductivity of the flyer, coil, field-shaper and the base materials was assumed to be

constant in the simulation because it leads to increase in the simulation time as well as the

.

complexity of the problem.

(a) Tapered

(b) Taper-stepped

(c) Stepped

Fig. 7.2 Three types of field shaper used (a) tapered, (b) taper-stepped, and (c) stepped

7.2 Results and Discussion

7.2.1 Discharge current measurement

The discharge current in the EMC process curve is typically a damped sinusoidal waveform.
The discharge current in the experiment, passing through the multi-turn solenoid coil was
measured by a Rogowski coil and oscilloscope. The waveform of the discharge current at five
different values of discharge energy is shown in Fig. 7.3. The values of the discharge energies
used were 4.5 kJ, 5.1 kJ, 5.8 kJ, 6.5 kJ and 7.2 kJ for these energies the peak values of the
discharge current were 124 kA, 136.4 kA, 148.8 kA, 161.2 kA and 173.6 kA respectively. The
measured discharge current was used as input load in the EMC. Only the first peak of the
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discharge current was responsible for high-velocity impact of the flyer tube. The high-velocity

impact in the flyer tube results in the deformation and joining with the base rod.

160 - — 45k
| —5.1kJ
120 - ——5.8kJ
' —— 6.5k
80 — 7.2k
$ 40-
& O
S 4
S -401
-80 1
1201
160 +—————

40 60 80 100 120 140 160 180
Time (us)

Fig. 7.3 Measured discharge current waveform at five different energies

The discharge current curve which is typically a damped sinusoidal curve can be well expressed
by the mathematical relation given by equation (3).

I(t) = % e PTsin(wr) (7.9)

where Vo is the initial discharge voltage, L is the equivalent inductance of the system, w is the

angular frequency, and {3 is the damping exponent [70].

The samples crimped by the EMC process are shown in Fig. 7.4. Five different values of the
discharge currents were used in the experiments with the three types of the field shapers. The
cross-section of the crimped samples were analyzed and compared with the simulated results.

7.2.2 Temperature measurement

The temperature generated in the working zone was studied and the same was also simulated
to compare the performance of the three field shapers. The thermographic image of the
arrangment of the working zone with three different field shapers is shown in Fig. 7.5. The
temperature generated in the working zone in the experiment with three types of field shaper
was measured by using infrared thermometer. The infrared thermometer works on the principle
that each body with a temperature above the absolute zero emits electromagnetic radiation from

its surface, which is proportional to its intrinsic temperature or infrared radiation. At four
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different locations P1, P2, P3, and P4, on the tube the current was measured. The temperature
was also calculated at four different elements H72357, H72447, H71997, and H72376 in the
simulated model. The locations where the temperature was measured in the experiments and
in the simulation is depicted in Fig. 7.5. These locations were selected due to visibility while

measuring the temperature by the infrared thermometer.

Fig. 7.4 Sample produced by (a) tapered, (b) taper-stepped, and (c) stepped field shapers

The values of the temperature measured at four different locations, both in the
experiment as well as in the simulation was plotted. The variation in temperature with discharge
energy (a) experimental and (b) simulated results is shown in Fig. 7.6 with tapered, taper-

stepped and stepped field shapers.

The temperature changes in the coil and the field shaper was also studied. However, the
changes in temperatures in the field shaper as well as in the coil were minimal, and that was
below 5 °C. The temperature generated in the tube with the taper-stepped field shaper is 2.9 %
more than stepped and 4.5 % than tapered field shaper. Hence, the detailed study was not
reported for this range of the discharge energy. The fringe pattern of the temperature (in K)

generated in the tube with three types of field shapers is shown in Fig. 7.7.

110|Page

TH-2137_146103008



Chapter 7 Study of the Temperature Genertaion with Field Shaper

Experimental results

Simulated results rﬂ

Fringe Le.els
3771e+02 _

Fringe L~ vels
3%29e+02 _
3.566e+02 _
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{72375 17 72447 3.3150+02

Lhzsary

Fringe Levels
3.451e+02 _
3.442e+02 _
3.392e+02
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et agp T 32046402
H 72375 | 72447 3.245e+02

S

(c) Stped

Fig. 7.5 Thermography view of the working zone with (a) tapered, (b) taper-stepped, and (c)
stepped field shaper

The comparative plot of simulated values of the maximum temperature with the peak
value of the discharge current is shown in Fig. 7.6(b). It was found that the maximum
temperature generated in the simulation was more than that of the experimental values. This
variation can be due to leakage of the current and losses in the experiment. The maximum

variation in the values of the simulated one was found to be 5.4 %.
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Fig. 7.6 Temperature (in K) variation with discharge current (in kA) (a) in experiments, and

(b) in simulations
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Fig. 7.7 Fringe pattern of the temperature developed with (a) tapered, (b) taper-stepped, and
(c) stepped field shaper at 7.2 kJ of discharge energy

The outer diameter of the crimped sample obtained at 6.2 kJ was measured by using digital
microscope. The outer diameter of the model obtained from the simulation at the same energy
was also measured. The outer diameter of the crimped sample obtained from the experiment
simulations was compared with that obtained from the simulations. There was a variation found
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in the values obtained from the experimental and simulations and it was around 1.9 %, 2.0 %

and 1.8 % respectively for tapered, taper-stepped and stepped field shaper.

The outer diameter of the measured crimped sample, in experiment and from
simulations is shown in Fig. 7.8. In the Fig. 7.8, D represents the outer diameter, C is the
circumference, and S is the area of the circle. The difference in the outer diameter, from the
simulations and that obtained from the experiment was due to coarse mesh of the elements in
the simulation. Coarse mesh causes relatively more gap at the interface, due to large element
size and hence increase the outer diameter. The element size used in this work was sufficient
for the objectives obtained in this work, and hence no finer mesh or mesh refinement was done.
Fine mesh leads to higher simulation time as well as complexity in the convergence of the

solutions.

The variation in the outer diameter of the crimped sample with the discharge energy from the
experiment is shown in Fig. 7.9(a). The variation in the outer diameter of the simulated model

with the discharge energy is shown in Fig. 7.9(b).

o D=9.075 mm
A $=64.682 mm"2

A

(a) Tapered

(b) Taer-stepped - (©) Steped

Fig. 7.8 Outer diameter of the sample (top simulation, bottom experiment) with three types of
the field-shaper at 6.2 kJ of the discharge energy
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The magnetic field, plastic strain and impact velocity of the tube were also studied in the
simulated model. The variation in the magnetic field, plastic strain, and impact velocity with

the discharge current for three types of field shapers is shown in Fig. 7.10.

9.55
95] 7 v v v v
9.50 |
— —a— Tapered =
9.4 €
E —e— Taper-stepped £ 9.45 —=— Tapered
= —a— Stepped 5 —e— Taper-stepped
% 9.3 v— Tube T 9.40- —a— Stepped
£ 1S —v— Tube
K S
S 2 9.35-
o 92 2]
5 >
o (@)
~e— o g1 9.30 |
9.1 e
-
T T T T T T 9.25 T T T T T T
45 5.0 55 6.0 6.5 7.0 75 4.5 5.0 5.5 6.0 6.5 7.0 75
Discharge energy (kJ) Discharge energy (kJ)
(a) (b)

Fig. 7.9 Variation in the outer diameter of the crimped sample with the discharge energy for

three types of field shaper (a) experimental values, and (b) simulations values

7.2.3 Distribution of the Lorentz force, magnetic field and current density

The validated finite element model based on the temperature variation and the outer diameter
obtained, was used for comparative study of the field-shapers. In the comparative study, the
results compared were the Lorentz force, the magnetic field and the current density developed
in the tube. The results of the maximum value of the Lorentz force, the magnetic field and the
current density plot revealed that the effectiveness of the taper-stepped field-shaper was higher
compared to that of the other two field-shaper, tapered and stepped. The vector plot of the
Lorentz force developed on the flyer tube with the three types of field-shaper is shown in Fig.
7.11. The maximum values of the Lorentz force on the flyer tube with the three field shapers
namely tapered, step-tapered and stepped were 550 N, 1093 N and 790.2 N respectively, at 7.2
kJ of discharge energy.
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Fig. 7.10 Variation in the (a) magnetic field (in Tesla), (b) plastic strain, and (c) velocity (in

m/s) with discharge current (in kA)
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Fig. 7.11 Vector pattern of the Lorentz force developed on the flyer with (a) tapered, (b)
taper-stepped, and (c) stepped field shaper at 7.2 kJ of discharge energy

115|Page

TH-2137_146103008



Chapter 7 Study of the Temperature Genertaion with Field Shaper

The vector plot of the magnetic field generated on the flyer tube with the three types of field-

shaper is shown in Fig. 7.12.

Fringe Levels ___.-Eringelevels-
 1.487e+01 _ P e e : 401 5
1.339e401 / !
| 11908401
|| hodresot

(a) Tapered

(0 stepped
Fig. 7.12 Vector plot of the magnetic field developed on the flyer with (a) tapered, (b) taper-
stepped, and (c) stepped field shaper at 7.2 kJ of discharge energy

The maximum values of the magnetic field on the flyer tube with the three field shapers namely
tapered, step-tapered and stepped were 14.87 Tesla, 17.14 Tesla and 15.70 Tesla respectively,
at 7.2 kJ of discharge energy. The concentration of the magnetic field in tube in case of taper-
stepped and stepped field shapers were at the centre of the effective length while in the case of
tapered field shaper the concentration of the magnetic field was at the end of the effective

length of the field shaper.

The vector plot of the current density developed on the flyer tube with the three types
of field-shaper is shown in Fig. 7.13. The maximum values of the current density on the flyer
tube with the three field shapers namely tapered, step-tapered and stepped were 0.0345 A/m?,
0.0639 A/m? and 0.0539 A/m? respectively, at 7.2 kJ of discharge energy.
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Fig. 7.13 Vector plot of the current density developed on the flyer with (a) tapered, (b) taper-
stepped, and (c) stepped field shaper at 7.2 kJ of discharge energy

From the vector plot of Lorentz force, magnetic field and current density with three types
of field-shapers it can be concluded that the current density obtained with the taper-stepped
field-shaper was higher compared to other two field-shapers. Hence, the geometry of the taper-

stepped field-shaper was more efficient than that of the tapered and stepped field-shaper.

7.3 Summary

The EMC is a high speed and high strain rate metals joining technique. Numerical as well as
experimental study was performed to produce the copper crimped aluminum rods. The
specialty of this technique is that the crimped copper distributed uniformly over the
circumference of the inner aluminum rod. For this study three types of field-shapers were used
and their results were compared. The outer diameter of the copper crimped aluminum rod
obtained from the experiment was compared with that obtained from the experiments, and
maximum of variation 2.0 % was found. The temperature generated in the flyer copper tube
as well as in the field shaper was measured and also simulated. The maximum values of the
Lorentz force, magnetic field and current density with taper-stepped field shaper were 1093 N,
17.14 Tesla, and 0.0639 A/m? respectively. The results of outer diameter and temperature
generated showed that the samples produced with the step-tapered field shaper were better in
favor among the tapered, step-tapered and stepped field shapers. Copper crimped Al rod can
be a replacement for electrical applications of aluminum rod having minimum electrical loss

due to electrical resistance and higher electrical conductivity.

* *
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8 Effect of Field Shaper Tapered Angle on the Electromagnetic

Crimping Process

OVERVIEW

The objective of this study is to study the effect of the field shaper tapered angle on the
performance of the field shaper i.e. on the impact velocity of the flyer tube, plastic strain in
the tube and magnetic field generated on the tube. For this study the tapered angle of the
tube used was 14.4°,15.2°,15.9°, 16.7°, and 17.4°. The other parameters related to the field
shaper such as outer diameter, total length, inner diameter, and working length were kept
constant. From this study, it was found that with the increase in the tapered angle of the
field shaper, and maintaining the other parameters constant the impact velocity of the tube,

magnetic field and plastic strain developed in the tube increase.

8.1 Materials and method

In this work, first of all the multi-turn solenoid coil was manufacture by using a circular cross-
section copper wire. The diameter of the wire was 5 mm, the pitch of the coil was 8.0 mm, and
the number of turns was 11 for the solenoid coil. To increase the performance and life of the
coil stepped field shaper was also used in this work. The material of the field shaper as well as
the coil were copper-beryllium alloy. The mechanical properties of the materials used for the
field shaper and for the coil are tabulated in Table 8.1. The dimensions of the samples used for
the crimping are tabulated in the Table 8.2. The field shapers used have constant outer diameter
of 38 mm, inner diameter of 12 mm, total length of 84 mm, working length of 14 mm. The
configuration of the field shaper along with the details dimensions is shown in Fig. 8.1 and the

actual images of the filed shaper used in the experiment is shown in Fig. 8.2.

8.1.1 Physics of the process

In the numerical model, Maxwell’s equations were used for the electromagnetic field. The
Maxwell’s equations can be expressed by equations (8.1) to (8.4). In Maxwell’s equations,

equation (8.1) summarises the effects of Coulomb’s law of forces. The equation (8.2)
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represents an extension of Ampere’s circuital law, the equation (8.3) represents the Faraday’s

law of electromagnetic induction and equation (8.4) shows the non-existence of magnetic

monopoles.
. > 14 |« «—38—>
2.5 _T
12 38
|
- 84 > )«
Fig. 8.1 Dimensions of the field shaper (all dimensions are in mm)
Table 8.1 Mechanical properties of tube (Cu 1010) and rod (Al 1050)
Properties Units Cu 1010 Al 1050
Modulus of elasticity (E) GPa 54 69
Poisson’s ratio (v) - 0.31 0.33
Heat capacity (C) JIKg-K 3.94 921
Electrical conductivity (¢) MS/m 59 37.67
Thermal conductivity (k) W/m-K 391 231
Density (p) Kg/m? 8940 2705
Table 8.2 Dimensions and materials of the flyer tube and rod
) ) Outer Inner )
Specimen  Materials Length Thickness  Stand-off

diameter diameter

Flyer tube Copper 9.52mm  8.24mm 60 mm 0.64 mm -
Base rod Al 1050 7.70 mm - 60 mm - 0.27 mm
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Fig. 8.2 Actual image (a) top view and (b) front view of the tapered field shaper (all

dimensions are in mm)

aD
g_7.9%Y (8.2)
VxH ]+6t
. 0B
VXE =—— (8.3)
ot
V-B=0 (8.4)

In the above equations vector functions E, D, B, and H are known as Electric field (V/m),
Electric displacement field (coulomb/m?), Magnetic induction (Tesla) and Magnetic field
(A/m) respectively. Electric current density (f , A/m?) and electric charge density (p, C/m®) are
the sources which generate the electromagnetic field. These sources are related through the

continuity equation which is given by equation (8.5).

V-J=—-— (8.5)

8.1.2 Johnson Cook materials model

In the EMC process, the magnitude of the strain-rate is high, therefore Johnson Cook equation
can be used for analysis of the process which incorporate the high strain. The Johnson Cook
equation has a special characteristics that it includes the strain rate hardening effect in the flow
stress for high strain rates. The mathematical form of Johnson Cook model can be represented

by the equation (8.6).

gy = (A+Be") (1+Clne,) (1 _ (;—_ 7;r>m> (8.6)
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In equation (8.6), g, represents materials flow stress, 4, B are the parameters related to the
yield strength of the material, € is equivalent plastic strain, n is the strain hardening index, C
is the strain rate sensitivity, £, represents plastic strain rate, T is absolute temperature, T, is
the room temperature, T, represents the materials melting temperature and m represents the
thermal softening index. These parameters have different values for different materials and can
be determined experimentally for each materials. For this study, the values of the Johnson Cook

equation are given by Table 8.3.

8.1.3 Linear polynomial equation of state

In a shock compressed solid analysis, pressure has to be determined. Therefore, an equation of
state is required to define the relationship between volume and pressure in the Johnson Cook
equation. In this study, the linear polynomial equation of state given by equation (8.7) was used
[66].

P =c,+cipt+ cu? + c3p® + Eo (¢ + cspt + coi?) (8.7)

In equation (8.7), P is pressure, c,,cq,...,C¢ are the constant parameters of the linear

polynomial equation of state, E, is the internal energy, and u = pﬁ — 1 is compression factor

where £ is the ratio of the density of medium and initial density of the medium. The constant

Po

coefficients of the linear polynomial equation of state for copper and aluminum are presented
in Table 8.4 [66]. In the simulations, after computing electromagnetic fields by electromagnetic
solver at each and every node in the model the Lorentz force was calculated and added to the
mechanical solver. In the LS-DYNA thermal solver model, the electromagnetic fields also

included a Joule heating term for thermal study which is given by equation (8.8).

Table 8.3 Johnson Cook constant used in the simulation model

Materials A (MPa) B (MPa) n C Tm(K) m
Copper [67] 92 292 0.31 0.025 1338 1.09
Al 1050 [61] 110 150 04 0.01 918 1
Q=v/? (8.8)
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where Q is the heat generated per unit volume (in W/m?®), J represents the current density (in
A/m?), and y is the specific electrical resistivity (in Q m). The deformation in the tube was
obtained by a mechanical model which results in new geometry. The temperature generation
in the tube was due to tube deformation by high-velocity impact and Joule heating. In the
simulated model, mainly two thermal properties were used namely thermal conductivity (k)
and the heat capacity (c).

Table 8.4 Values of linear polynomial equation of state

Materials C, c1 cy c3 Cy Cs Ce E, v,

Copper [68] 0 140 28 1.96 0.47 0 0 0

Aluminum [69] 0 742 605 36.5 1.96 0 0 0 1

The input load in the simulation was the discharge current curve, which was measured from
the experiment with the help of Rogowski current coil and oscilloscope. The change in the
electrical conductivity of the flyer, coil, field-shaper and the base materials was assumed to be
constant in the simulation because it leads to increase in the simulation time as well as the
complexity of the problem. The parameter varied was the tapered angle of the field shaper. The
five different tapered angles used were 14.4°, 15.2°, 15.9°, 16.7°, and 17.4°. Five different
models of the field shaper were used in the study. The dimensions of the numerical model used

in this study are shown in Fig. 8.3.

8.2 Results and Discussions

8.2.1 Discharge current measurement

The discharge current in the electromagnetic crimping process curve is typically a damped
sinusoidal waveform. Digital oscilloscope and Rogowski coil were used to measured the
discharge current in the experiment, passing through the multi-turn solenoid coil. The damped
sinusoidal curve of the discharge current at five different values of discharge energy is shown
in Fig. 8.4. The values of the discharge energies varied are 4.5 kJ, 5.1 kJ, 5.8 kJ, 6.5 kJ and 7.2
kJ for these energies the peak values of the discharge current were 124 kA, 136.4 kA, 148.8
kA, 161.2 kA, and 173.6 kA respectively. The measured discharge current was used as the
input load in the electromagnetic crimping process. In this joining process, only the first half

cycle of the discharge was was responsible to obtain the maximum impact velocity in the flyer
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tube. The impact of the flyer tube onto the rod with high-velocity causes platic deformation of

the flyer tube, and results in the formation of joint with the copper rod.

(a) Angle = 14.4°

(b) Angle = 15.2°

(c) Angle =15.9°

(d) Angle = 16.7°

(e) Angle = 17.4°

84 = 13

Fig. 8.3 Five different types of field shaper used in the study
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Fig. 8.4 Measured discharge current sinusoidal curve at five values energies

The discharge current is a typical damped sinusoidal curve and it can be well expressed by the

mathematical relation given by equation (8.9).

I(t) = % e PTsin(w1) (89)

where Vo represents the initial discharge voltage, L represents the equivalent inductance of the

system, w represents the angular frequency, and S represents the damping exponent [70].

8.2.2 Outer diameter measurement and calculation

The outer diameter of the model calculated from the simulation (shown in Fig. 8.5(a)) was
compared with the outer diameter of the crimped sample measured (shown in Fig. 8.5(b)). In
the measured outer diameter of the crimped sample as shown in Fig. 8.5(b), D represents the

outer diameter, C is the circumference, and S is the area of the circle.

There was a difference in the simulated diameter and measured diameter. The reason for the
difference was due to the coarse mesh of the elements in the simulation. Coarse mesh causes
relatively more gap at the interface, due to large element size and hence increase the outer
diameter. The element size used in this work was sufficient for the objectives obtained in this
work, and hence no finer mesh or mesh refinement was done. Fine mesh leads to higher

simulation time as well as complexity in the convergence of the solutions.
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D=9.111 mm

———G=28622mm——
5=65.190 mm*2

)
A

(a) Simulation (b) Experiment

Fig. 8.5 Outer diameter of the crimped sample measured in (a) simulation, and (b) experiment

at 7.2 kJ of discharge energy

8.2.3 Temperature calculation and measurement

The temperature generated in the associated components such as the coil, field shaper and flyer
tube at the working zone was studied, and the same was also simulated and compared. The
thermo-graphic image of the arrangement of the working zone with field shaper is shown in
Fig. 8.6(a). The temperature generated in the working zone in the experiment was measured by
using an infrared thermometer. The infrared thermometer works on the principle that each body
with a temperature above the absolute zero emits electromagnetic radiation from its surface,
which is proportional to its intrinsic temperature or infrared radiation. At four different
locations P1, P2, P3, and P4, on the tube the temperature was measured. The temperature was
also calculated at the same locations as the experiments in the simulated model. The locations
were the temperature measured in the experiments and the simulation is depicted in Fig. 8.6(a).

Fringe Leels
3.2 71e+02 _
3.280e+02 _
3.249e+02
3.218e+02

N 3.187e+02

H 72375 4| 72447 3.156e+02

R T

(b) (c)

Fig. 8.6 Four different locations of temperature measurement (a) experimental result, (b)

simulated result, and (c) magnified view of simulated result

Although, the temperature generated in all the components were studied. However, the

variation in the temperature in the field shaper as well as in the coil were minimal, and that was
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below 5 °C. The comparative plot of simulated values of the maximum temperature with the
peak value of the discharge current is shown in Fig. 8.7. It was observed that the maximum
temperature generated in the simulation was more than that of the corresponding experimental
values. This variation can be due to leakage of the current and losses in the experiment. The
maximum variation between the values of the simulated from the experimental one was found
to be 5.4 %.

330  —® Experiment
—e— Simulation

Temperature (K)

300 T T T T T
120 130 140 150 160 170 180

Discharge Current (kA)

Fig. 8.7 Comparison of temperature measured in the experiment and the simulated

8.2.4 Magnetic field calculations

The magnetic field generated on the flyer tube circumference with five different tapered angles
of the field shaper 14.4°, 15.2° 15.9° 16.7°, and 17.4° is shown in Fig. 8.8. From the
magnetic field based analysis it was observed that with the increased in the tapered angle
on the field shaper the magnetic field generated on the tube was also increased. The field
shaper field having a tapered angle of 17.4° was found more efficient among the five

different field shapers used.

The fringe pattern of the magnetic field generated in the flyer tube with the different types of
the field shaper is shown in Fig. 8.9. From the analysis, it was found that with the increase in
the magnitude of the tapered angle the magnetic field was also increased. The peak value of
the magnetic field develops on the flyer tube with three different tapered angles 14.4°, 15.9°,
and 17.4° at 7.2 kJ of the discharge energy are 11.51 Tesla, 12.20 Tesla, and 12.75 Tesla
respectively.
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Fig. 8.8 Magnetic field comparison of five different types of field shaper at (a) 4.5 kJ, (b) 5.8
kJ, and (c) 7.2 kJ

8.2.5 Impact velocity and plastic strain results

In this process, flyer tube will impact on the rod with high-velocity. The magnitude of the
velocity of impact of the flyer tube will be changed with the change in the taper angle of the
field shaper. For five different tapered angles, the velocity of impact was compared and it is
shown in Fig. 8.10(a). From this comparison, it was found that with the increase in the tapered
angle of the field shaper the velocity of impact also increases. The high-velocity impact of the
tube on the rod causes a plastic strain in the tube. The magnitude of the plastic strain also
affected by the tapered angle of the field shaper. The magnitude of plastic strain was compared

for five different tapered angles at 7.2 kJ of discharge energy and it is in Fig. 8.10(b).
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Fig. 8.9 Fringe pattern of the magnetic field of three different types of field shaper with (a)
17.4°, (b) 15.9°, and (c) 14.4° tapered angle at 7.2 kJ of the discharge energy
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Fig. 8.10 Comparison of (a) impact velocity, and (b) plastic strain of five different field

shapers at 7.2 kJ of discharge energy

The numerical model was simulated for different values of the discharge energy or discharge

current. From the simulations, it can be concluded that with the increase in the magnitude of
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the discharge energy the impact velocity of the tube and the plastic strain developed in the tube
increases. The peak value of the impact velocity developed in the tube at different discharge
energy for five different types of field shaper is shown in Fig. 8.11(a). The maximum value of
the plastic strain developed in the tube at different discharge energies for five different types
of field shaper is shown in Fig. 8.11(a).
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Fig. 8.11 Variation of (a) impact velocity, and (b) plastic strain of five different field shapers

with the discharge energy

8.3 Conclusion

The strength of the joint can be increased by increasing the magnitude of the peak value of the
discharge current or by increasing the amount of the discharge energy. In this study, a validated
numerical model based on temperature and the outer diameter of the tube was used to study the
effect of the tapered angle of the field shaper. For this study, the tapered angle of the tube was
varied as 14.4°, 15.2°, 15.9°, 16.7°, and 17.4° and other parameters like outer diameter, total
length, inner diameter, and the working length of the field shaper were kept constant. The
increase in the tapered angle of the field shaper, and maintaining the other parameters constant
the impact velocity of the tube, magnetic field and plastic strain developed in the tube also

increase.
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9 Conclusions and Scopes of Future

9.1 Conclusions

The electromagnetic crimping is a high energy, high strain rate, high velocity and green

mechanical joining technique. This technique can be used for joining either similar or

dissimilar materials. The important results obtain from the thesis work are as follows:

Initially, feasibility study and the optimization of the process parameters of the
electromagnetic crimping process was carried out. From the numerical results and
experimental work it was found that process parameters such as stand-off distance,
discharge energy and impact velocity is the governing parameters. To obtain the joint
between the mating parts minimum value of these parameters must be maintained.
The life of the solenoid coil used in the experiment was very short, not more than 10
shorts. From the experimental work it was observed that the life of the coil can be
increased significantly minimum up to 100 by using the field shaper.

To increase the strength of the joint produced by electromagnetic crimping process
three types of profiles threaded, knurled, and plain were created on the base rod. Based
on the mechanical tests of the joints it was concluded that the strength of the joint
produced with the threaded profile was more than that of the knurled and plain profiles.
The performance of the field shaper can be increased by modifying the geometry of the
field shaper. Three combinations of the field shapers step-tapered, stepped and tapered
field shaper were studied in the experiment. From the experimental work it can be
concluded that the performance of the step-tapered field shaper was better among them.
The performance of the step-tapered, stepped and tapered field shaper was also
compared based on the numerical study. From the numerical study it can be concluded
that the magnitude of the Lorentz force, magnetic field and current density developed
with the step-tapered field shaper was higher than the stepped and tapered field shaper.
The maximum value of the Lorentz force, magnetic field and current density developed
at 7.2 kJ of the discharge energy with the step-tapered field shaper was 1093 N, 17.14
Tesla and 0.0639 A/m?.
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9.2 Future Scopes

Few more studies can be done in this field. Some of those studies can be

= The study of effect of the slit geometry of the field shaper on the magnetic field density
and impact velocity of the flyer tube during EMC.

= Study based on the effect of heating of flyer tube and/or base rod on the strength of the
joint in the EMC.

= Effect of surface roughness on the rod and/or inside surface of the tube on the bond
strength and joint quality during EMC.

= Effect of the different surface coating on the joint strength and quality of the joint during
EMC.

= Effect of the conductivity of the base rod on the joint strength and joint quality during
EMC.

= Measurement of magnetic field generated in the flyer and field shaper in EMC.
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