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Preface

Fusion bonding is one of the three basic technologies available for joining polymer
matrix composites (PMCs) and dissimilar materials. The other two are the
traditional technologies of mechanical fastening and thermosetting adhesive
bonding; these have been extensively used in industry, although they are not the
best joining methods for composite structures. PMCs are particularly sensitive to
the holes and cut-outs required for mechanical fastening, as they introduce
significant stress concentrations. Adhesive bonding is excessively labour intensive,
with stringent surface preparation requirements and long curing cycles. Fusion
bonding, or welding, and the use of thermoplastic films as hot melt adhesives offer
an alternative to the traditional techniques. The main advantages of fusion bonding
over the other two technologies include short processing times, reduced surface
preparation requirements (particularly for thermoplastic matrix materials), the
absence of foreign material at the interface, the possibility of reprocessing if
subsequent non-destructive evaluation reveals defects, and the potential for on-line
quality control.

Fusion bonding, originally used in the thermoplastic polymer industry, has
gained renewed interest with the introduction of thermoplastic matrix composites,
which are currently regarded as candidates for primary structures in aeronautical
and automotive applications. The improvement of thermoplastic polymer matrices,
such as PEEK, PPS, PEI, PEKEKK, etc., has resulted in increased mechanical
performance, service temperature and solvent resistance (for semi-crystalline
systems), supporting the growth of interest for fusion bonding. In addition, the
current ever-increasing recycling requirements require more and more
manufacturers to choose adhesives that are recyclable (or at least allow for de-
montage); these include most hot melt thermoplastic adhesives but exclude most
thermosetting adhesives. This indicates that the future of thermosetting adhesive
bonding is limited, whereas that of thermoplastic fusion bonding may be
anticipated to prosper.

Fusion bonding has been addressed in about 400 scientific papers and in some
book chapters. Our aim in writing this book is to consolidate the knowledge in a
comprehensive publication. The principal objective of this book is to confer to the
reader the capability of designing and optimising fusion bonding. The book aims at
explaining the physical mechanisms occurring during the fusion bonding process.
Modelling techniques and tools available to describe these mechanisms are
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unveiled in order to develop mechanism-based processing models. An in-depth
understanding of the mechanisms leads to establishment of processing—
microstructure—performance relationships. Eventually, both mechanistic and
experimental procedures are used to construct an optimised processing window.

The research work from which this book arises was performed at the Centre for
Advanced Material Technology in the School of Aerospace, Mechanical and
Mechantronic Engineering, University of Sydney, Australia, from 1996 to 2000.
The authors would like to thank their friends and colleagues for useful discussion,
and help in the preparation of this book. The authors are particularly grateful to Y .-
W. Mai, M. Hou, A. Beehag, Q. Yuan and M. Yang, who have commented on
various chapters. Further thanks are due to K. Debschiitz, H.-J. Dilling and U. Hald
from DaimlerChrysler, whose encouragement made it possible to write this book.

Finally, L. Ye would like to thank his family, especially his wife, Pei, for their
patience, understanding and assistance over so many years.

Christophe Ageorges (Sindelfingen, 31.10.01)
Lin Ye (Sydney, 31.10.01)
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C|9 CZ’ C3
Cl,, Cl,

C2,,C2,
c3,,C3;

CAA
Carca

Geometric parameter for surface roughness

Length of a surface crack

Geometric parameter for initial surface roughness

Geometric parameter for initial surface roughness
Cross-section of heating element

Pre-exponential factor in thermal degradation model
Acrylonitrile butadiene styren

Surface area of the welding interface being thermally degraded
Atomic force microscopy

American Institute of Aeronautics and Astronautics
Parameter for calculating the crystal nucleation density
CF-reinforced PEEK with vy=61% manufactured by ICI
Parameter in Arrhenius law for reptation time

Automatic resistance welder

American Society for Materials

American Society of Mechanical Engineers

American Society for Testing and Materials

Total surface area of the welding interface

Width of the clamps

Geometric parameter for surface roughness

Geometric parameter for initial surface roughness

Parameter for calculating the crystal nucleation density
Bismaleimide (resin)

Pre-exponential parameter in Arrhenius law for reptation time
Crystallinity

Parameters in Icenogle’s crystallisation model
Pre-exponential parameters in the Velisaris and Seferis
crystallisation model

Empirical parameters in the Velisaris and Seferis crystallisation
model

Empirical parameter in the Velisaris and Seferis crystallisation
model

Chromic acid anodisation

Contact area in a gap
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CCD
CF
CIF
CMC
Cr
CTSF

Coo

d

FEA
FEM
FIRE
FPL
FRP
Fvcl

I ve2

g
Gy

GIC
Gr

HAZ
HE
HDPE
Hy

IPN
IR
IRW
IVW

Charge-coupled device

Carbon fibre

Composite integral fit

Ceramic matrix composite

Relative crystallinity

Composite transfer squeeze forming

Equilibrium crystallinity

Distance between the heating element mid-plane and the “de-
consolidation front”

Degree of autohesion

Degree of bonding

Double cantilever beam

Degree of thermal degradation

Diffusion-enhanced adhesive

Degree of intimate contact

Degree of penetration

Activation energy for thermal degradation model
Activation energy for crystal melting process in the Maffezzoli et
al. model

Activation energy for Choe and Lee’s crystallisation model
Finite element analysis

Finite element model

Focused infrared energy welding

Forest Product Laboratory (etching technique)
Fibre-reinforced plastics

Relative volume fraction crystallinity for first crystallisation
process in the Velisaris and Seferis crystallisation model
Relative volume fraction crystallinity for second crystallisation
process in the Velisaris and Seferis crystallisation model
Spherulitic growth rate in Icenogle’s crystallisation model
acceleration of gravity (9.81 m/s%)

Single geometric parameter for initial surface roughness
Parameter in Icenogle’s crystallisation model

Glass fibre

Interlaminar fracture toughness

Grashof number (dimensionless)

Heat transfer coefficient for natural convection
Heat-affected zone

Heating element

High density polyethylene

Total heat of crystallisation for a given cooling rate
Ultimate latent heat of crystallisation (for very slow cooling rate)
Current Intensity

Interpenetrating network

Infrared

Impulse resistance welding

Institut fiir Verbundwerkstoffe



LSS
M

M
Mcomposile
My
M;

Mnalrix
MMC
n

n

n

gl

n;

N
NDE
M hex

Nimpulsc
Nu

N

N,

P

Notation and Abbreviations xv

Thermal conductivity

Kinetic constant for the Maffezzoli et al. model

Pre-exponential factor for the Maffezzoli e al. model

Kinetic parameter in the Choe and Lee crystallisation model
Kinetic parameter in the Choe and Lee crystallisation model
Thermal conductivity of air

Longitudinal thermal conductivity of a reinforcing fibre
Transverse thermal conductivity of a reinforcing fibre

Thermal conductivity of an interface modelled using a gap
concept

Thermal conductivity of the matrix

Longitudinal thermal conductivity of a unidirectional composite
Transverse thermal conductivity of a unidirectional composite
Length of a resistor

Relevant dimension of the surface for determination of convection
heat transfer coefficient

Equivalent length of heating element for computing power density
Length of heating element

Contact length at an interface modelled using a gap concept
Load factor (for IRW)

Total length of one unit cell in an interface modelled using a gap
concept

Lap shear

Lap shear strength

Molecular weight

Nucleation density in Icenogle’s crystallisation model

Mass of a sample

Mass of a composite

Original mass of a sample (before any thermal degradation)
Final mass of a sample (after thermal degradation for infinite
time)

Mass of the matrix in a composite

Metal matrix composite

Kinetic parameter in Ozawa’s crystallisation model

Kinetic order in the Maffezzoli et al. model

Reaction order in thermal degradation model

Avrami exponent in the Velisaris and Seferis crystallisation model
Avrami exponent in the Velisaris and Seferis crystallisation model
Number of finite elements

Non-destructive evaluation

Number of finite elements in the non-embedded part of the
heating element along x-axis

Number of impulses for IRW

Nusselt number (dimensionless)

Number of finite elements in welding stack along x-axis
Number of finite elements along y-axis

Power
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PA
PAA
Papp
PAS
PC
PMC
PCM
Pd, (i=1 to 3)
PE
PEI
PEEK
PES
PI
Pinit
Prmax
PMC
Pmin
Pnom
PP
PPS
PPQ
Pr
PSU
R

R

Ra
Rclamps
Rcon
RF
RH
Rhc
Rmes
RT
Rwircs
SAM
SEC
SHA
Sol-gel
SRW
T

t

T.

by

T

tc]cc

Tﬁ]m

ly

Polyamide

Phosophoric acid anodisation
Applied pressure

Polyarylene sulfide
Polycarbonate

Polymer matrix composite
Polymer-coated material

Power density; definition 1, 2 or 3
Polyethylene

Polyetherimide
Polyetheretherketone
Polyethersulfone

Polyimide

Initial pressure

Maximum pressure

Polymer matrix composite
Minimum pressure

Nominal power

Polypropylene

Polyphenylene sulfide
Polyphenylquinoxaline

Prandtl number (dimensionless)
Polysulfone

Resistance

Universal gas constant

Rayleigh number (dimensionless)
Resistance of clamps

Contact resistance between clamps and heating element
Radio frequency

Relative humidity

Resistance of the heating element
Measured resistance

Room temperature

Resistance of electrical wires
Scanning acoustic microscope
Solar energy concentrator
Sodium hydroxide anodisation
Solution—gelation

Sequential resistance welding
Period of signal for IRW

time

Temperature at a remote location
Time required to achieve full bonding
Thermal degradation temperature
Electrified time

Maximum local temperature in neat resin film
Gap duration for IRW



Tg

The
zlheating
thiinal
thgap
th;

4

T, (i=1 to 4)
b

T,
Tlumi
Tm
Tm()

ADic(i)
AT,
AT,

AT,

Notation and Abbreviations xvii

Glass transition temperature

Maximum local temperature in heating element

Total heating time

Final thickness of the welding stack

Thickness of a gap

Initial thickness of welding stack

Impulse duration for IRW

Temperature at point i

Time required to achieve full intimate contact

Liquidus temperature

Maximum local temperature in mid-plane of a laminate
Melting temperature

Equilibrium thermodynamic melting temperature

Time required to achieve melting

Total processing time for resistance welding
Thermoplastic polymer

Thermoplastic matrix composite

Reptation time, or tube renewal time

Solidus temperature

Thermosetting polymer

Thermosetting matrix composite

Ultrasonic tape lamination

Fibre volume fraction

Matrix volume fraction

Width of the heating element

Geometric parameter for surface roughness at time ¢
Geometric parameter for initial surface roughness
Geometric parameter for initial surface roughness
Weight factor for the Velisaris and Seferis crystallisation model
Weight factor for the Velisaris and Seferis crystallisation model
Fibre mass fraction

Degree of crystal melting in Maffezzoli ef al.’s model
Poly-amideimide

Initial crystal volume fraction in Maffezzoli et al.’s model
Crystal volume fraction at ¢ in Maffezzoli et al.’s model
Coefficient of thermal expansion

Degree of conversion in thermal degradation model
Increment of crack growth

Increment in crystallinity

Increment in degree of intimate contact during step i
Increment in latent heat

Temperature amplitude along welding line determined
experimentally including edge effects

Temperature amplitude along welding line determined
experimentally ignoring edge effects

Temperature amplitude along welding line at the end of the
cooling gap preceding ¢, in IRW
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ATy Temperature amplitude along welding line at the end of the
heating impulse preceding #,, in IRW

ATy AT, at the end of the first heating impulse in IRW

AT, Temperature amplitude along welding line

A7) Temperature-dependent parameter for Ozawa’s crystallisation
model

n Viscosity

Nt Viscosity of the fibre—matrix system

P Density

P Resistivity

v Kinematic viscosity

o Mechanical strength of a surface experiencing autohesion

O.. Mechanical strength of a surface at infinite time

v Kinetic parameter in Choe and Lee’s crystallisation model

7 Kinetic parameter in Choe and Lee’s crystallisation model



Table of Contents

Notation and Abbreviations....................cccooiiiiiiiii Xiii
L. IEROAUCHTON s vvvsvsssmssssssmmmsmmansmsusasmvenmussss seemisimesssssassn ssnsssaomamnanneneses assoses sunenss 1
1.1 Advanced Thermoplastic Matrix Composites (TMPCS)............ccoceevernr.... 1
1.2 Joining Technology for Composite Materials...............c.ccccoovvveveevereeenennnn. 3
1.3 REfEICNCES ...ttt 4
2. The State of the Art in Fusion Bonding of Polymer Composites .................. 7
2.1 INrOAUCHION. .....cuiiiiiiiiiiciiet ettt ee e 7
2.2 Traditional TeChNOlOZIES ...........covveiiuiiiiiiieeeeeeeeeee e 8
2.2.1 Mechanical FaSstening .............ccocooviiiouiiiioeieeieeeeeeeee e 8
2.2.1.1 Bolted/Riveted JOINtS...........ccovveuririeeeieieeieieeeeeeeeee, 8

2.2.1.2 Integral Fit Joint Technology ..........cccccoeivveverrieerenrnnne. 13

2.2.2 Adhesive Bonding.........c.cccoovueiniiiiiniiniieeeeeeeee e 13
2.2.3 Solvent BONGING.....cousumsmsissmsmssnsssiimissisissos sosmononsssn sorence 16

2.3 Fusion Bonding Technology .............ccc.cooviviuiiiiieiieeiieeeeeeeeeeeeeeee e, 17
2.3.1 INtroduCtion.........ccuciiiiiiiiieiiiiec ettt 17
2.3.2 Fusion Bonding Techniques................c.ccoiiviuieieiiieiieeeeeeeeen. 18
2.3.2.1 Bulk Heating..........ccoooeiireiiiiiiicicieeeeeeee e 18

2.3.2.2 Frictional Heating..............c.oooooiiiiiviciiicecee e 21

2.3.2.3 Electromagnetic Heating ................occoooviieiiiviniveccn. 26

2.3.2.4 Two-stage Techniques........c.cocecvvvereireeriicreicierceeeeeee 35

2.4 Joining of Dissimilar Materials...............ocoeivvereieierieeeeceecce e, 37
2.4.1. INEOAUCTION s vsususssssvemssssssssmsssesssnssssssissssssssensnssannsassnssssmsanasnsssassan 37
2.4.2: Metal SUbStrates....oumwmamramomns e emam i e msnseanssnn 38
2.4.2.1 Surface Preparation ..............c.cocoocvevvioieceeeieeeeeeeeeseeeeenn. 38

2.4.2.2 Fusion Bonding of TPMCs and Metal Substrates .............. 39

2.4.3 TSMC SUDSLIALES ....c.eeueeeiriieieriiiieiieieee ettt 39
2.4.3.1 TP Hybrid Interlayer.............cccoeveeveiiiiiiieceeeeeeeeeee, 42

2.4.3.2 TP Film CO-CUIE.......cceruiiiiiiniiieieiieieeeeee e, 42

2.5 Comparative ASSESSIMENL ............ceeveviuiierieiereeieieeeeeeeeeeeeesereeseseeeeeeeeeeseens 43
2.5.1 Joint PErformance .............ccoceeueiiiinuieeicrieeeeeeeceeeeeeee e 43
2.5.1.1 SHENGHH iviiiivisiiinisiinmmnesssesrormsesseresessressoressssssorsssssssnesons 43

2.5.1.2 DUFabIlity: oo siminmscenmanassassnsssassssssveseens 46



viii

Fusion Bonding of Polymer Composites

2.5.2 Process PerfOrMANCE: cu s i sssssasmssrsmssisim sty 46
2.5.2.1 ‘Cost:and PEocessing TIMe  sscossesss sussssnissnssmssenssssmsspvsnmsssnss 46

2.5.2.2. TQUAILY corersunsnowssmessousss srssdstisesiss ¥ sssssns sssenasmsomssnsss s enamiasnes 47

2.5.2.3 Suitability to Automation/Production Environment........... 48

2.5.2.4 Minimal Surface Preparation............ccccevuerienceinieniennennnn. 48

253 Process Adaptability. oo srnmmmummnmtsopsasmssossasss 49
2.5.3.1 Flexibility .....ooovesssosssassssssssssissssssssssmnsssvasnssssssuessnsosnconennnss 49

2.5.3.2 Large-scale JOINING.........ccccviirieiniiiniieniieeiieciee e 49

2.5.3.3 Portability/Application to Repair...........ccccocciiiiiiiiinnnnn. 49

2.5.4 Environmental ASPECLS .......cueeiiriiiiiiiiiieiiiiiiieiiieee e 50
2.5.4.1 Reprocessing/Recycling .........ccccocveeieiiiiiiiiiiiiiiiniiiniinns 50

2.5.4.2 Environmental Friendliness............ccccceeviieniiiinicnniennnnenns 51

2.6 Concluding ReMAaTKS .cossusmeamssasosssmssomssssssssossnsnsesavssssoss s s o snis oot 51
2.7 RELCTONCES uvussunsussvssmsasmesnnmsaneys massmss s ousaass s s e s s S osass e AATa s 52
Heat Transfer in Fusion Bonding ..., 65
1 i 06 LT L) e T T —— 65
I & Ut (1T 213 o) 1 e mee————v— 66
3.2.1 Ultrasonic Welding ........cccoeeiiiieeiieiiieiieiieeeiee et 66
3.2.2 Induction Welding ........cccooviiiiiiiiiiiiiiiniciiceicceceee e 68
3.2.3 Resistance Welding........c..ccccoveviniiiiiiiiiininiiieicnicnceecreceseeee 70
3.2.3.1 Joule Heating........coccuiviiririiiiniiieciieiececieseeee e 70

BB TRW ccmmesinmsnss Soinnnenssissnsmmsnioi i ns fosissiiiisisd omdn s S R PR 71

3.3 Heat TTANSTEE cocousssmurosmsries s smnssssssi s s ses s s nss s s as s i 72
3.3.1 Modelling the Geometry through the FEM..................n, 73
3:3:2. Heat Transtet ThEOT soommsmmmmmaris e e mssss sy 75
3.3.3 Modelling of Interfaces Between Plies .........cccccceeieiiiiiniciiicennnenne VT
3.3.4 Non-uniform Heating...........ccccoeeviiiiiieeiiiiniieiieeieecieeeiee e 79
3.3.5 Improvement of Heat Transfer in Penetration Area.............cccee...... 79

3.4 Modelling Thermal Degradation............ccccceeeerininieieneneneneneeieeeiene 81
3.4.1 Approximation of Thermal Degradation...........ccccoceevevvvencriinnnnnenne. 81
3.4.2 Thermal Degradation Kinetic Model ...........cccccooeviiiiiiiniiiinieiniens 82

3.5 Aspects Influencing Heat Transfer in Resistance Welding............ccc.c....... 84
3.5.1 Matertial ProPertiCs s ummsmmmsmsnssississsmnsmsmanssvssmsm s ssmisasos 84
3.5.2 Basic Results for Heat Transfer ..........cccccevieiiiiiniiiiininiinicnn, 85
3.5.3 Effect:of Latent Heat. ..o sisnsessmsmssessmesmmssssomss 87
3.5.4 Effect of Rough Contact Surfaces..........ccovveviiiiiiiiniiieniieiieeneene 87
3.5.5 Non-uniform Heat Generation in Resistance Welding..................... 87

3.6 Simulations of Resistance Welding............cccccviviiiiininiiniiniieniiniecee 88
3.6.1 Temperature Uniformity in Welding Interface ...........cccccceeerennnne. 88
3.6.2 Processing WindOWS ...........cocuiiriieriiieeiiieeiie e e 91
3.6.3 Heat Transfer to Laminate ............ccccoovieiiiiiiiniiiieniencieie e 94
1 I — 96
3:6:4.1 10011 HE: cooommmmmmmamsms oot viesmssssmsssssmsss e 96

3642 EmMbedded HE ;. vuumemmammimmsmssssssmmssmsesssomsiss 99

3.7 Coneluding: REDTALKS .usessesmsmamsmusiests s s st as s s ssevsastises 100
3.8 REfCIENCES .....uiiiiieiiieiieiii ettt 102



Table of Contents ix

4. Consolidation MechaniSms ...........ccccccoiiiiiiiiiii 105
4.1 INEFOAUCHION ... .cuvieeiiirreeieereeeeeteseesee st e srtssrreera e s e s a e st e satesneen e sassnes s 105
4.2 Basic Mechanisms for Fusion Bonding ..........ccccooiiimiininincnnnn 105

4.2.1 Consolidation MechaniSms ...........cccccouriiirirmiiriniiennie e 105
4.2.2 Intimate Contact Model .........cocccooviiiiiiiiiinii 109
4.2.3 Autohesion Model..........coocooviiniiiiiiiiiiiiiiii 110
4.2.4 Non-isothermal Bonding Process..........ccoooeviiiiiiiinniiiniciiiinnns 111

4.3 Simulations of Consolidation for Resistance Welding..............ccoceveienns 115
4.3.1 Material Properties........c.coeviiiiiiiieniiniiniseeceeeienie s 115
4.3.2 Effect of Surface Roughness on Intimate Contact............ccccceene 115
4.3.3 Processing WindOWS ........c.ccooiiiiiiiiiiiiniiiecnceneicneecies s 118
4.3.4 Effect of Consolidation Pressure on Intimate Contact................... 124
4.3.5 TRW .ottt ettt ettt et et sttt 125
4.3.5.1 Simulations of Consolidation ............ccceeenininniiienncene. 125

4.3.5.2 Comparison with Experimental Data..............cccocconeecne 127

4.4 De-consolidation Phenomenon ...........cc.cccovuiiiiimieniinesieienienicnennee 128
4.5 Concluding Remarks.........ccccooiiiiiiiiiiiiiiiiiiic 130
4.6 RETEIEIICES ... uvvievreeeieeeireeieeeeeeesesteesatessaeesnnseebse s sasssssessbessenasssbtesansses 131

5. Crystallisation Kinetics ... 135
5.1 TUTOAUCHION. ...conneensssmnesnsnssis ies8mmsssasss s s ssmeas saesmanss sy s sosmasivave vussomano suvesnsmuvs 135
5.2 Description of Crystallisation Kinetics and Crystal Melting Kinetics

IMIOAELS ettt et sttt sae et b e bbb et 137
5.2.1 Ozawa’s Crystallisation Kinetics Model............cccoviniininn 137
5.2.2 Velisaris and Seferis’ Crystallisation Kinetics Model ................... 137
5.2.3 The Choe and Lee Crystallisation Kinetics Model ........................ 138
5.2.4 Icenogle’s Crystallisation Kinetics Model ..........ccconninninineennn 138
5.2.5 The Maffezzoli et al. Crystal Melting Kinetics Model .................. 139
5.3 A Transient Crystallinity Model for Resistance Welding ........................ 140
5.4 Simulations of the Crystallinity Level .........cccoiiiiii 143
5.4.1 Crystallisation KinetiCs ........cocoiiiiiiinieiininieiicei, 143
5.4.2 Crystallisation Kinetics Coupled with Crystal Melting Kinetics ... 148
5.4.3 Influence of Environmental Temperature ............ccccoccvieiiienieennn. 153
5.4.4 Influence of Latent Heat of Crystallisation and Crystal Melting ... 154
5.4.5 Evaluation of the CF-PP/PP Welding Configuration..................... 155
5.5 Concluding Remarks..........cccooiiiiiiiiiiiii 157
5.6 RETICTEICES ... .oeiveeiieieeeiie ettt ettt sttt 158

6. Processing-Microstructure-Property Relationship................c.c.c..... 161
6.1 INEOAUCHION .......oviiiiiieeiieeiee ettt ettt et e e e st 161
6.2 Experimental Techniques..........cccoiiiiiiiiiininic 162

6.2.1 LAMINALES . ..ccoureerrrennrnnneonesnessossssssnisssissss s ssiavins dsvmssssssses srssrsmessnsass 162
6.2.2' B! o.vvvvomvnssnnnen s smmomasio s 555588880 S 05 SO U VTS TO RS SR ARE oA SR s o 163
6.2.3 Resistance Welding: ...q::couassemsmm ssvssivassssinsssvssivesvvassvarsmammessonons 164
6.2.4 Temperature MEasurements.........ccooirureieiienienenieiieeiisisineenns 166
6255 NIOEITING 3 mmmmmmsirssmmummmsmsivssmustomonmsnennssmnonssmssmnssnsassnsmensn 166

6.3 Assessing Parent Materials Properties ..........cococoooeiinciniiniini 167



X

Fusion Bonding of Polymer Composites

6.4 Heat Generation and Heat Transfer............coooiiiinn. 168
6.4.1 Resistance OF HE .....c.oooieiieiieiiiiiiiiie et 168
6.4.1.1 Measurement of ReSIStance ........cccovvveeiiiiiininiininine 168
6.4.1.2 Dependency of Resistance of HE on Temperature............ 169

6.4.1.3 Influence of Clamping Force on Electrical Contact
EffICIENCY ..viuveveveieieiinieiiiieee s 171
6.4.2 Determination of Power Density........ccccooerierniiiiniiniininnnn 172
6.4.3 Efficiency of CF HES......cccoiiiiiiiiiiiiis 175
6.4.4 Temperature Measurements in LS Coupons ..........cococvvvvcnnicnn. 177
6.4.5 Comparison with FEM Predictions...........cocooiiiiiennninns 178
6.5 Determination of Processing Windows..........coceeiiieniiinininnnnn 179
6.5.1 Optimised Welding Times .........coormmmniiins 179
6.5.2 Welding Curves and Thickness Reduction .........cooocvniiiiiicnnn. 182
6.5.3 Welding Pressure and Consolidation Quality ........cccocoovvinncins 184
6.5.4 Failure MeChaniSIms ........cocvereerueiiuimmmeieeneeie st 186
6.5.5 Processing WinAOW........ccoceiriimeninieiinmniiiniis s 190
6.5.6 FADIIC HES ..oveoeeiiieeeeteeie et caee e ssee s s ns s 191
6.6 Concluding Remarks..........coooueiiininnniniiiiiiss e 193
6.7 REECIEIICES ..vveeeeeeeeeeeeeeeeeseeaesaeesieeeebeeaaaeaaas e e e b e et e sbs s s s e st 194
Full-scale Fusion Bonding ...t 197
71 TOEOAUCTION c.eeeeeeeeeeeeeeieeereeereeeieeeeiaeesnaeeeaeeesbessb e eiseesaae e s st e st 197
7.2 Strategies for Transition to Large-scale Fusion Bonding.......cccccoeeuiennninn. 198
7.2.1 Ultrasonic WeldINg ......cccecveueviiiiiimiiimnieinienieecsisiseets e 198
7.2.2 Induction Welding ........cceceeveeeuimimniiiimiinienisinensinee i 198
7.2.3 Resistance Welding.......coccccoviuiimimriinenininieinciiinsseen s 199
7.3 Large-scale Resistance Welding ........c..oooooiiiiie 200
7.3.1 Current Leakage to Laminate...........oooeenenieininmnnnininisieeee 200
7.3.2 Heat Transfer in Welding Stack ..o 202
7.3.3 Large Width LS COUPONS ....c.cvoiriiiiiiiiimnnisisisiicsssnnnis 205
7.3.4 DCB COUPOMS ....cevvuvemeniaienasesssessetesessssass sttt 206
7.4 Concluding REMArKS.........coooirieirimieiiieiiinc s 210
7.5 RETCIEIICES ..vveeeeeeeeeeeeeeieeeseeesseeeeteeueessaae e eas e aba e s e san e st et 210
Fusion Bonding of TSMC/TPMC Joints............cocoooiiiins 213
8.1 INtTOAUCTION ...eeeeeeeieeiteeeeee e et e et e e e i e e s e e s e 213
8.2 EXPErimental .........covimuriiinreinicicienicisiirisisis st 213
8.3 TP Hybrid INterlayer ........cocovoiimmmiiiieiniiiiniiiiiiiss e 215
8.4 MOAEIINE .....oovvieceeeiciciiiirte bbb 217
8.5 Characterisation of CF-Epoxy/CF-PEI JOINtS ......coovieiiiiininiiiiinieens 220
8.5.1 Consolidation and MiCrOStIUCUIE ........cceeerierrieeeiiiniiniiiiiiiieeeee 220
8.5.2 Failure MeChaniSImS .......ccoueerureeiuiiiiiiianiieniee st 221
8.5.3 Simulated ReSUIS......ccouieeiieiiiriiiiiiiieiie e 222
8.5.4 Optimisation of the Processing Windows ..........cocoovniniciinnins 223
8.6 Concluding REMATKS..........ccoovimmiiirieininiiiiiii s 227

8.7 REECICIICES .. vveeeeeeeeeeeeeeeeeeeiueeeasesesssesaiaeeeassesianeeasssess e e ebbeesat e s s e 228



