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(ABSTRACT)

High glass transition (eg. 360 °C) melt processsable thermoplastic polyimide homopolymers
and poly(imide-siloxane) segmented copolymers were prepared from a number of diamines
and dianhydrides via solution imidization, polydimethylsiloxane segment incorporation and
molecular weight control with non-reactive phthalimide end-groups. The adhesive bond per-
formance of these polyimides was investigated as a function of molecular weight, siloxane
incorporation, residual solvent, test temperature, and polyimide structure via single lap shear
samples prepared from treated Ti-6Al-4V alloy adherends and compression molded film ad-
hesives or scrim cloth adhesives. The adhesive bond strengths increased greatly with
siloxane segment incorporation at 10, 20 and 30 weight percent, and decreased slightly with
total polymer molecular weight. As the test temperature was increased, adhesive bond
strength increased, decreased or showed a maximum at some temperatures depending on
the polyimide structure and siloxane content. The presence of residual solvent increased
adhesive bond strength at ambient temperature but decreased the strength at the elevated
temperatures. The variation of adhesive bond strength with residual solvent, siloxane and test
temperature was attributed to the influence of these parameters on the britile-ductile transi-
tion behavior of the polyimide system. This conclusion was supported by stress-strain
measurements which indicated that tensile strength and modulus decreased with siloxane
concentration and test temperature, demonstrating that there was an optimum combination
of strength and strain for maximum adhesive bond strength. A model was developed to de-
scribe this behavior. The poly(imide-30%siloxane) segmented copolymer and a miscible

poly(ether-imide) also demonstrated excellent adhesive bond strength with poly(arylene ether



ketone) PEEK®-graphite composites. Oxygen or ammonia gas plasma treatment was very ef-
fective in further improving adhesive bond strength of melt laminated PEEK®-graphite com-

posites.



Jo
my Grandmother

Chung Ha Choi-Yoon
for

her unending love and support



Acknowledgements

The author would like to express his gratitude to Dr. J. E. McGrath for his support and super-
vision throughout this research effort, and for the opportunity to attend meetings to gain new
knowledge. In particulér, support from the Virginia Institute for Materials System (VIMS) and

Center for Adhesive and Sealant Science (CASS) is greatfully acknowledged.

The author would also like to extend his thanks to Dr. T. C. Ward, Dr. J. P. Wightman, Dr. N.
S. Eiss and Dr. J. S. Riffle for helpful suggestions and for serving on his committee. The author
wishes to acknowledge Dr. C. A. Arnold, Dr. E. S. Moyer, Dr. D. Waldbauer Dr. A. Gungor and
Ms. B. E. McGrath for precious polymer samples. The author would like express thanks to F.

Cromer for XPS and SEM data.

The author would like to express sincere thanks to his wife, Regina for her love and encour-
agement. He also wish to thank his grandmother, Chung Ha Choi-Yoon, parents, Mr. & Mrs.

Yoon, uncle and aunt, Mr. & Mrs. Lee, and in-laws, Dr. & Mrs. Kim.

Acknowledgements v



Table of Contents

Chapter L. Introduction .. ...... ... ittt nrinneenrtonnenneanreneienssans 1
Chapter Il. Literature Review .. ...........iii it iiitinrtvrinennrernnasraraenns 5
2-1 Adhesion and adhesive bonding ... ... .. ... 5
2-1-1 Mechanisms of adhesion . ........ ... . ... ... 8
2-1-1-1 Mechanical interlocking .. ... ... . . . 8
2-1-1-2 Diffusion theory . . ... e e 9
2-1-1-3 ElectroniC theory ... ... .. e 9
2-1-1-4 Adsorption theory .. ... . . .. . . . . e e 10
2-1-1-5 Weak boundary Layer .. ...... . .. . . 12
2-1-2 Thermodynamics of adhesion . ......... ... . .. . .. .. . .. . . .. 12
2-1-3 Design of adhesive bonds . .. ... .. .. .. ... e 15
2-1-4 Testing of adhesive bonds . ... .. ... . . . . .. 19
2-1-4-1 Lap sheartests ... .. ... . . . . e e 24
2-1-4-2 Peel and cleavagetests .. .. ... ... . . . .. 27
2-1-4-3 Durability tests . .............. R 29
2-1-4-4 Non-destructive testing .. ......... ... 29

Table of Contents vi



2-1-5 Fracture mechanics of adhesive bonds . ... ... ... ... .. .. . . .. ... . . ... 31

2-1-5-1 Tension mode .. ... . ... 32
2-1-5-2 Shearmode . ... ... ... 34
2-1-5-3 Cleavage mode . .. ... ... 36
2-1-6 Energy dissipation and viscoelasticity ........... .. ... .. .. ... ... .. ... 37
2-2 High temperature structural adhesives .. ......... ... .. ... .. o .. 38
2-2-1 Historical background ... ... ... . . ... 38
2-2-2 Classifications . ... ... . . e 41
2-2-3 Epoxy-based Adhesives ... ... ... . . .. 42
2-2-4 Polyimides . ... ... .. . e 44
2-2-5 Polybenzimidazole . ...... .. ... . e 45
2-3 Factors governing polyimide adhesion . ........ ... .. ... .. . .. .. . . .. ... 47
2-3-1 Molecular weight control . ... .. ... .. .. . ... . . e 48
2-3-2 Scrim cloth adhesives; influence of drying conditions . ... ............... 48
2-3-3 Bonding conditions . .. ... 50
2-3-4 High temperature aging .. .. ... .. .. i e 53
2-3-5 Scrim cloth characteristics . ......... ... . .. . ... . .. 54
2-4 Composite materials . ......... . .. . . e 55
2-4-1 FibeIS .. 57
2-4-2 MatrixX resing . .. ... 57
2-4-3 Fabrication . ... ... .. 60
2-4-4 Surface treatment of composite materials . ...... ... ... ... ... .. .. 62
2-4-4-1 Solvent cleaning . .. ... .. .. e 63
2-4-4-2 Grit blasting . .. ... .. e e e 63
2-4-4-3 Plasmatreatment . ... ... .. . . .. 63
2-4-5 Joining techniques for composites ... ... ... .. . o 64
2-4-5-1 Adhesive bonding .. ... .. ... e e 65
2-4-5-2 Welding . ... .. e e 65

Table of Contents vii



2-5 Titanium alloy adherend .. ...... .. . .. . .. . e 66

2-5-1 Titanium and its 4a||oys .......................................... 66
2-5-2 Surface treatment of titanium alloys .. ... . ... ... . . oL, 68
2-5-3 Joining of titanium alloys . . ... .. .. .. . e 70
Chapter lll. Experimental .......... et e e e 71

3-1 Synthesis and characterization of polyimide homopolymers and segmented

COPOIYMEES L . e e e e e 72
3-1-1 Reagents and solvents .. ... .. . . . . . .. e 72
3-1-2 Purification of reagents and solvents . ... ... ... ... ... ... ... .. L. 73
3-1-3 Calculation of PA concentration for molecular weight control . ... ......... 76
3-1-3-1 Model calculation for a homopolyimide . .............. ... .. ....... 77
3-1-3-2 Model calculation for a poly(imide-siloxane) segmented copolymers ... ... 80
3-1-4 Synthesis of poly(amic-acid) homopolymers . ............... .. ........ 83
3-1-5 Synthesis of poly(amic-acid-siloxane) segmented copolymers ............. 83
3-1-6 Solution Imidization .. ... .. . . 86
3-1-7 Characterization . ..... ... . . . . e 88

3-2 Adhesion investigation with polyimides .. ...... ... ... ... ... .. .. . ... 90
3-2-1 Materials . ... . e e g0
3-2-2 Adherend preparation .. ... ... e 92
3-2-2-1 Surface treatment of Ti-6Al-4V alloys .. ... ... ... .. . .. . 92
3-2-2-2 Surface treatment of PEEK-graphite composites ...................... g3
3-2-3 Adhesive preparation ... ... ... 94
3-2-3-1 Compression molded film adhesives . ... ..... ... ... . ... . .. .. .. ... 94
3-2-3-2 Scrim cloth adhesives . ... .. ... . . . ... 94
3-2-4 Bonding preparation of single lap shearsamples . ..................... 95
3-2-4-1 Ti-BAIl-4V alloy adherend ... ... ... ... . .. ... 95
3-2-4-2 PEEK-graphite composite adherend . ......... ... .. ... . .. . .. 98

Table of Contents viil



3-2-5 Testing of single lap shear samples . ...... ... ... . ... .. .. . . . 98

3-3 Stress-strain analysis .. ... ... e 99
3-3-1 Materials ... ... . e 99
3-3-2 Sample preparation . ... ... .. e 99
3-3-3 Testing ... e e e 99

3-4 Surface characterization of PEEK-graphite composites . ................... 101
3-4-1 X-ray photoelectron spectroscopy (XPS) . ...... ... .. ... ... . .. ... 101
3-4-2 Scanning electron MiCrosCopY . .. .. . i e 102
3-4-3 Contact angle measurement ... ... . ... .. e 102

Chapter IV. Results and Discussions . .......... ittt tnrartoennroraens 103

4-1 Characterization of polyimide homopolymers and poly(imide- siloxane) segmented

COPOIY MBS L . e e e e e 103
4-1-1 FT-IR study . ..o e 103
4-1-2 Intrinsic viscosity measurement . ... ... ... L e 105
4-1-3 Glass transition temperature determination .. .......... ... .. .. ..., ... 107
4-1-4 Thermal Stability . ...... ... . 109
4-1-5 Thermo-mechanical analysis . ..................... S 112
4-1-6 Compression molding temperature .. .......... ... ... .. ... .. .. .. ... 114
4-1-7 Effect of polyimide structure ... ... ... .. . . .. .. e 115

4-2 Mechanical properties of polyimides . .......... ... ... .. . .. .. . . . .. .. 118
4-2-1 Effect of molecularweight . . ... ... ... . .. . . .. e 118
4-2-2 Effect of polydimethylsiloxane segment incorporation . .................. 119
4-2-3 Effect of test temperature .. ... .. ... . .. 124
4-2-4 Polyimide structure . ... ... ... ... 127

4-3 Adhesion study of Ti-BAI-4V alloys . ... ... ... e 132
4-3-1 Ti-6Al-4V alloy adherend .. ... .. ... . .. e 132
4-3-2 Bonding condition optimization . ......... ... . ... . . . e 134

Table of Contents ix



4-3-3 Effect of molecular weight . .. .. ... ... 135

4-3-4 Polyimide-siloxane segmented copolymers .. ..... ... ... ... ... ... .. ... 139
4-3-5 Effect of test temperature ... ... .. . . .. e 142
4-3-6 Comparison with previous literature studies . ......... ... .. ... ... ... ... 146
4-4 Effect of residual solvent on adhesion behavior ....................... ... 147
4-4-1 Residual solvent determination ......... ... . .. . .. . i 147
4-4-2 Flow behavior of scrim cloth adheives . ........ ... ... ... ... ... .... 151
4-4-3 Bonding temperature optimization ........... ... .. .. . o oL 151
4-4-4 Influence of scrim cloth adhesives drying temperature ... ............... 155
4-4-5 Effect of siloxane incorporation on adhesive bond strength ... ........... 158
4-4-6 Comparison of scrim cloth adhesives with film adhesives ............... 161
4-5 Effect of polyimide structure on adhesion behavior .. ................... ... 164
4-5-1 Bonding condition optimization . ......... ... ... . . . . .. . 164
4-5-2 Adhesive bond strength of high Tg polyimides . ....................... 165
4-5-3 Effect of residual solvent on the adhesive bond strength .. .............. 168
4-6 Failure mode analysis of adhesivebonds . ....... ... ... ... .. ... ... . ... ... 170
4-6-1 Failure modes of polyimide film adhesives from BTDA-mDDS ............ 171
4-6-2 Failure mode of polyimide scrim cloth adhesives . ..................... 176
4-6-3 Effect of polyimide structure on failure mode . ........................ 179
4-7 Proposed model .. ... . e e 179
4-8 Adhesion study of PEEK-graphite composite . ... ... ... ... ... .. .. ... ... ... 184
4-8-1 Bonding temperature optimization . .... ... .. ... ... ... ... ., 184
4-8-2 Effect of surface treatment on adhesive bond strength . .. ............... 186
4-8-3 Surface analysis of treated PEEK-graphite composite ................... 191
4-8-4 Topology change by surface treatment . ... ..... .. ... . ... ... ... .. .. 196
4-8-5 Contact angle measurement . .. ... ... . . .. .. e 198
Chapter V. Summary and Conclusions ................. Che e P e, 202

Table of Contents b'¢



Chapter VI. Suggested future studies ....... e e e 207

Bibliography .............. e e e et ettt e e e e 210
Appendix A. Complexity of adhesive bond formation using ill-defined polyimides ...... 220
Vita ... i i i i e e Chaaan et 223

Table of Contents xi



List of lllustrations

Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure

Figure

10.
1.
12.
13.
14.
15.
16.
17.
18.
18.
20.
21.

. A'liquid drop resting at equilibrium on a solid surface .................. 13
Types of stress in a adhesive joints [71] .. ..... ... ... ... ... ... . .... 17
Joint stress evaluation [71] ... .. .. . L 18

Types of adhesive joints used in adhesive bonding of flat adherend ends [71] 20

Adhesive shear stress distribution of Al-Al lap joint [77] ................. 21
. Stress in a single lap shear joint [77] ... ... .. .. . . ... . . 22
Single lap shear shear sample (ASTM D-1002) ........... ... .n. 25
Deformation of Lap shear sample intension [77] ...................... 26
. Double cantilever beam test specimens ... ........ ... ... ... . . ... 28
Commonly used durability test methods . .......... ... ... ... ... ... ... 30
Thin and thick adhesive layers in tension and in sheartest .............. 33
Cleavage test with stiff and flexible detaching portion . ................. 35
Effect of test rate on stress-strain behavior of polymers [107] ............. 39
Effect of test temperature on stress-strain behavior of polymers [107] ...... 40

Relationships between molecular weight and physical properties and viscosity. 49
Effect of plasticizer on mechanical behavior of polymers [107] ............ 51

Comparison between conventional monolithic materials and composites [74] 56

Monomers used for polyimides synthesis . ... ....... ... ... ........ 74
Apparatus used for poly(amic-acid) homopolymer synthesis . ............ 84
Synthetic scheme for polyimide homopolymer .. ................... ... 85
Synthetic scheme for poly(imide-siloxane) segmented copolymer ......... 87

List of Hlustrations xii



Figure
Figure
Figure
Figure
Figure

Figure

Figure

Figure

Figure
Figure
Figure
Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

22.
23.
24.
25.
26.

27.

28.

29.

30.
31.
32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43

Apparatus used for solution imidization ............ ... ... . oL 89
Preparation of sjngle lap shearsample ......... .. .. .. ... ... .. .. . ... 96
Bonding procedure for polyimides . ....... ... ... .. .. ... . . 97
Dimensions of stress-strain samples . ........... ... .. ... . ... .. .... 100
FTIR of polyimide homopolymer form BTDA-mDDS (20,000 g/mole) ..... 104
DSC of polyimide homopolymer and poly(imide-siloxane) copolymers (20,000
9/MOle) . 108
Isothermal TGA of polyimide homopolymer and poly(imide-siloxane)

copolymers from BTDA-mDDS {30,000 g/mole) at 360°C ............... 110
Dynamic TGA of polyimide homopolymer and poly(imide-siloxne) copolymers
(20,000 G/MOIE) .« v o v o et 111
TMA of polyimide homopolymers and poly(imide-siloxane) copolymers .... 113
FTIR spectrum of polyimide from 6FDA-pPD .. ... ... ... ... ......... 116
DMTA of polyimide from 6FDA-pPD (20,000 g/mole) ................... 117
Effect of molecular weight on stress-strain behavior of homopolyimide .... 120

Stress-strain behavior of polyimide homopolymer and poly(imide-siloxane)
copolymers (30,000 g/mole) at ambient temperature .................. 122

Effect of siloxane block { <Mn> =1550 g/mole) incorporation on the stess-
strain behavior of polyimides . . ... ... . .. .. .. ... ... . 123

Stress-strain behavior of polyimide homopolymer and
poly(imide-30%siloxane) copolymers as a function of temperature ....... 125

Effect of test temperature on the stress-strain behavior of polyimides
homopolymer and poly(imide-siloxane) copolymers .................. 126

Effect of test temperature and molecular weight on the stress-strain behavior
of poly(imide-10% siloxane) copolymers . ... .......... .. .. ... . ..... 128

Stress-strain behavior of polyimide from 6FDA-pPD, Ultem and Kapton as a
function of temperature .. ....... ... ... ... L. e 130

SEM micrographs of as-received and sand blated/Pasa Jell 107 treated
Ti-6Al-4V alloy adherends . .. .. ... ... . .. .. . . .. 133

Effect of bonding temperature on the adhesive bond strength of polyimide
homopolymers and poly({imide-siloxane) segmented copolymers ........ 136

Effect of molecular weight on the adhesive bond strength of polyimide
homopolymers and poly(imide-siloxane) copolymers (BTDA-mDDS) ...... 138

. Effect of siloxane incorporation on the adhesive bond strength of polyimide 140

List of lllustrations xiii



Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure
Figure

Figure

Figure

Figure

Figure

Figure

Figure
Figure
Figure
Figure

Figure

44.

45.

46.

47.

48.

49,

50.

51.

52.

53.
54.
55.

56.

57.

58.

59.

60.
61.
62.
63.
64.

Effect of test temperature on the adhesive bond strength of polyimides ... 143

Effect of scrim cloth adhesive drying temperature on the residual solvent
measured by TGA . . ... .. e 150

Effect of scrim cloth adhesive drying temperature and siloxane incorporation
on the flow behavior of scrim cloth adhesives ........ ... ... ..... ... 152

Effect of bonding temperatures on the adhesive bonding of scrim cloth adhe-
SV L . e 154

Effect of scrim cloth drying temperatures on the adhesive bond strength ... 156

Effect of siloxane on the adhesive bond strength of polyimide with scrim cloth

adhesives ... e e 159
Comparison of adhesive bond strength from scrim cloth adhesive with that

from film adhesives ... ... . .. .. e 162
Effect of polyimide structure on the adhesion behavior of polyimides ...... 167
Effect of scrim cloth adhesive on the adhesive bond strength of high Tg
POlYimMides . ... e e 169
Examples of failure mode of film adhesive from BTDA-mDDS polyimide .... 175
Examples of failure mode of scrim cloth adhesive of homopolyimide . ... .. 178

A possible model for the relationship between strength, ductility and bond
strength at a given strainrate . ......... ... .. . ... . . . .. 181

Proposed model for adhesive bond strength variation with test temperature at
agivenstrainrate . ... .. ... e 182

Effect of surface treatment on the adhesive bond strength of PEEK-graphite

composite with poly{imide-30%siloxane) copolymer and Ultem 1000 . ... .. 187
Effect of treatment time of gas plasma and a combination of gas plasma and

grit blasting on adhesive bond strength with polyimide copolymer ....... 189
Effect of treatment time of gas plasma and a combination of gas plasma and

grit blasting on adhesive bond strength of Uitem 1000 .. .............. 190
Atomic concentration ratio change by surface treatments in XPS analysis .. 183
Deconvolution of C1s peaks of surface treated PEEK-graphite composite ... 195
O1s peaks of surface treated PEEK:-graphite composites ............... 197
SEM micrographs of PEEK-graphite composites . .................. ... 199

Effect of surface treatment on the water contact angle of PEEK-graphite com-
POSI eSS . . e e e 200

List of lllustrations Xiv



List of Tables

Table 1. Advantages and disadvantages of adhesion [32] ............. ... .. .. .... 6
Table 2. Definitions in adhesion science (ASTM standard V15.06, 1989) ............. 7
Table 3. Bond type and typical bond energies [35} ............. ... ... ... ..... 11
Table 4. Testing methods (ASTM Standard) .. ........ ... . ... . . . . .. 23
Table 5. Mechanical properties of selected polyimides[140] .......... R 46
Table 6. Effect of scrim cloth drying conditions on volatiles, flow and bond strength [12] 52
Table 7. Characteristics of fibers [168] . ... ... ... . . . . . . . . i 58
Table 8. Mechanical properties of polymeric matrix materials [168] ............... 59
Table 8. Composite fabrication routes [167] . ....... .. ... ... . . . . . 61
Table 10. Mechanical properties of selected metals [168] ........................ 67
Table 11. Classification of surface pretreatment for adhesive bonding of Titanium [194] . 69
Table 12. Reagents and solvents used for polyimide synthesis .................... 75
Table 13. Incorporated mole percent of phthalic anhydride utilized for molecular weight
control with non-reactive end-groupd . ... ... ... .. . .. .. i e 78
Table 14. Materials for adhesion study . ......... ... ... ... . .. .. . .. ... .. ... .. 91
Table 15. Characteristics of polyimide adhesives .......... ... ... ... .. ... .... 108
Table 16. Mechanical properties of polyimide by stress-strain. ................... 131
Table 17. Nomenclature of scrim cloth adhesives as a function of drying condition .. .. 149
Table 18. Effect of bonding temperature and pressure on the adhesive bond strength of
6FDA-pPD and 6FDA-pDDS polyimides .. ... .. ... . i 166
Table 19. XPS results of failure analysis . ......... ... . i, 172
Table 20. Summary of failure mode of film adhesive from BTDA-mDDS polyimide .... 174

List of Tables xv



Table 21. Summary of failure mode of scrim cloth adhesive from BTDA-mDDS polyimide 177
Table 22. Bonding temperature optimization of PEEK-graphite composite ........... 185
Table 23. Summary of surface analysis of PEEK-graphite composites .. ......... ... 192

Table 24, Characteristics and adhesive bond strength of ill-defined polyimide adhesives 222

List of Tables xvi



Chapter I. Introduction

A strong demand for high temperature polymers for military, aerospace and electronic appli-
cations has led to a tremendous research effort to develop new polymeric materials which
meet the rigorous requirements. Polyimides are one of the best high temperature aromatic
polymers and have received a great deal of attention due to their excellent properties. These
include their thermal and mechanical properties, thermo-oxidative stabilities and high glass
transition temperature. However, their utilization has been limited due to poor processability
and/or the production of water during the standard in situ poly(amic-acid) to polyimide trans-
formation. Consequently, instead of employing fully cyclized polyimide, poly(amic-acid)
(which cyclizes upon processing) supported on scrim cloth (E-glass fabric) has been nearly

exclusively utilized in the adhesion field.

Although utilization of poly{(amic-acid) intermediates enhanced processability, scrim cloth
based adhesives still have unsolved problems such as unremoved solvent and water evolution
upon cyclization. This might be expected to have a very strong influence on the adhesive

bond performance, especially at elevated temperatures. A number of approaches to enhance
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the processability of fully imidized polyimides, such as incorporation of flexible bridging units
into polyimide backbone [1-3] and bulky side groups [4], and utilization of diamines containing
meta linkages [5], were somewhat successful in developing soluble and processable high Tg
polyimides. Recently, our laboratory has succeeded in synthesizing soluble and processable
thermoplastic high Tg polyimides without detracting from their excellent proerties by utilizing
newly developed techniques such as solution imidization, siloxane incorporation, and molec-

ular weight control with non-reactive end groups [6-9].

Although there has been a great amount of research on the development of high Tg structural
adhesives, the major variables affecting their adhesive properties have not been fully inves-
tigated in detail, but only confined to preliminary studies. The major requirements for optimal
adhesive performance are good bond consolidation and good mechanical properties. The
molecular weight should be high enough to afford chain entanglements which yield good
mechanical properties, but low enough to provide good melt flow under bonding conditions.
Earlier studies [10,11] have shown that the bond strength as well as other mechanical prop-
erties certainly depend on the polyimide molecular weight. However, the range of molecular

weight used in those studies was fairly narrow and melt stability issues were not addressed.

Scrim cloth adhesives coated with poly(amic-acid) have been exclusively used in adhesion
studies of polyimides. However, only few studies have been conducted to study the effect of
scrim cloth adhesives on the adhesive bond strength, as well as the behavior of scrim cloth
adhesives themselves. Dezern and Young [12] have found that scrim cloth adhesives con-
tained quite an amount of residual solvent and unconverted poly(amic-acid), uniess dried at
very high temperature. They also reported that the adhesive bond strength of scrim cloth
adhesives is a function of scrim cloth drying temperature and bonding temperature, which

controlled flow and thus bond consolidation.

Adhesive bond strengths vary with test temperatures and some studies [12-17] have shown

decreased bond strength of scrim cloth adhesives while others [18-19] have shown slightly
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increased bond strength with test temperature. It has aiso been observed [12,20] that aging
of adhesive bonds from scrim cloth adhesives at elevated temperatures decreased bond
strength at room temperature, but increased it at the elevated test temperatures. However,
no clear explanation has been provided yet. In addition, no comparison of adhesive bond
strength of a scrim cloth adhesive with that of a melt fabricated film has been made, although

some polyimides have been claimed to be thermoplastic.

Due to advantages such as high specific strength and specific modulus and other advantages
such as high corrosion resistance and design flexibilities, polymeric composite materials have
been used increasingly for aerospace, electronic materials, biomaterials, sporting goods and
automobile applications. However, a number of obstacles, such as joining difficulty, high cost
and processing limitations have to be overcome before high volume applications will be fea-
sible. Adhesive bonding, as opposed to mechanical fastening, has been increasingly utilized
for composite joining. A number of bonding techniques such as resistance heating, ultrasonic
welding, focused infrared heating [21] as well as microwave processing [22] have been intro-
duced. In order to achieve strong and durable adhesive bonding, proper surface treatments
and good adhesives have also been demonstrated to be vital requirements. Various papers
have indicated that gas plasma treatment is a promising technique to enhance bond strength
of polymers [23-26], polymeric composites [27-30] and metals [31>]. The nature of the

polymeric adhesive also plays a very important role on the bond performance [28].

In this thesis, the adhesive bond strength of polyimides was investigated as a function of mo-
lecular weight, siloxane incorporation, test temperature and polyimide molecular structure
using compression molded film adhesives, as well as scrim scrim cloth adhesives. Secondly,
an extensive study has been conducted on the effect of residual solvent on adhesive bond
performance with scrim cloth adhesive and fully imidized thermoplastic polyimide, as a func-
tion of scrim cloth drying temperature, bonding and testing temperature. Adhesive bond
strengths of the film adhesive were also compared with those of the scrim cloth adhesive.

Thirdly, it was attempted to correlate adhesive bond strength with mechanical properties
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measured by stress-strain tests. Finally, adhesive bond performance of PEEK®-graphite
composite with poly(imide-30%siloxane) copolymer and poly(ether-imide) Ultem® 1000 was
investigated as a function of surface treatments such as acetone/distilled water washing, grit

blasting and gas plasma treatment (oxygen, ammonia, nitrogen and argon).
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Chapter Il. Literature Review

2-1 Adhesion and adhesive bonding

Although adhesion has been utilized for a long time as a means of joining materials, system-
atic investigation of adhesion did not begin until the middle of 20th century. The recognition
of the many advantages of adhesive bonding (Table 1) over mechanical fastening [32], has
accelerated attempts to understand adhesive joints. A major objective has been to achieve

strong and durable adhesive bonds.

Adhesion may be defined [33] as the state in which two surfaces are held together by
interfacial forces which may consist of valence forces, mechanical interlocking forces or both.
Other commonly accepted terminologies of adhesion science are listed in Table 2. The ad-
hesive bonds derive their strength from interactions of molecules, atoms and ions at the sur-
face [32,34]. The magnitude of these attractive forces varies from strong chemical bonds to
weak van der Waals dispersion forces, and is a function of distance between the two materi-
als. Therefore, intimate contact which is often termed good "wetting” is essential for good

adhesion.
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Table 1. Advantages and disadvantages of adhesion [32]

Advantages

1. Ability to join dissimilar materials,

eg. metal to composite

Ability to join thin sheet materials

Improved stress distribution of bonded joints
Convenient and cost effectve

Increased design flexibility

Improved appearance-smooth, blemish free
Improved corrosion resistance

NoOoakWN

Disadvantages

Elaborate surface treatment may be required

Limited upper service temperature

Mechanical strength may be limited in tension and shear
Difficult to repair and inspect

Healith hazard (for solvent processing)

May require long process time

(=3, I N U
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Table 2. Definitions in adhesion science (ASTM standard V15.06, 1989)

Adherend
Adhesive

Structural adhesive

Bond

Bond strength

Adhesive failure

A body which is held to another body by an adhesive

A substance capable of holding materials together
by surface attachment

A bonding agent used for transferring
loads between adherends, exposed to service environments typical
for the structuring loads between adherends

The union of materials by adhesive joint: The location
at which two adherend are held together with a layer of
adhesive

The unit load applied in tension, compression,

flexure, peel, impact, cleavage or shear, required to break

an adhesive assembly with failure occuring in or near the plane
of the bond

Rupture of an adhesive bond, such
that the separation appears to be at the adhesive and adherend
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The science of adhesion includes two major fields; chemistry and physics of surfaces and
interfaces, and fracture mechanics of adhesive bonds under various environments. The for-
mer deals with bond formation and attempts to predict the magnitude of the intrinsic adhesive
bond strength. The latter includes mechanical analysis of adhesive bonds and the develop-
ment of reproducible and representative test methods. Although there has been a tremen-
dous effort to explain the existing adhesion phenomena and to elucidate the mechanisms of
adhesion, adhesion science is still a somewhat primative area of research. Therefore, better

theories, materials and processing advances are needed.

2-1-1 Mechanisms of adhesion

In addition to the intimate contact between adhesive and adherend, the nature and magnitude
of the adhesion forces are also mportant for a strong, durable adhesive bond. The intrinsic
adhesion forces operating across the adhesive/adherend interface are critical to the mech-
anisms of adhesion and may involve physical (mechanical interlocking, adsorption, or dif-
fusion) and chemical bonding (covalent, hydrogen or ionic bonds). Although, there are many
widely accepted theories on the mechanisms of adhesion, such as mechanical interlocking,
electronic (eg. acid-base), adsorption, diffusion and weak boundary‘layer theory, none can
satisfactorily explain all of the existing important adhesion phenomena [35-39]. Several of

these these theories are reviewed in the following sections.

2-1-1-1 Mechanical interlocking

This theory proposes that adhesive bond strength arises mainly from the mechanical inter-
locking of the adhesive onto the substrate. Thus, an “Ink-bottle” type pit present on the
adherend is considered to be the ideal case for this theory but is practically seldom encount-

ered. However, anodization of aluminium alloy usually results in deep cylindrical pores which

Chapter Il. Literature Review 8



may lead to mechanical interlocking [40]. Surface preparation methode such as grit blasting,
on the other hand, increases surface roughness rather than creating "pits” per se and thus is
less likely to result in mechanical interlocking. Although there are some good examples
[40-43] in which mechanical interlocking is the main mechanism for adhesive bond strength,
other cases also exist where perfectly smooth mica [44] and optically smooth rubber result in
good adhesion [45]. Therefore, adhesion phenomena can not be attributed solely to me-

chanical interlocking

2-1-1-2 Diffusion theory

The diffusion theory of adhesion, proposed by Voyutskii [46], states that intrinsic polymer-
polymer adhesion is due to the mutual diffusion of polymer molecules across the interface.
Therefore, this theory is applicable only to those polymers whose chain mobility and mutual
solubility are high enough for inter diffusion. These conditions are met usually in the
autohesion of elastomers and in the solvent welding of compatible amorphous polymers.
However, diffusion is unlikely to occur in polymers which have dissimilar solubiiity parame-
ters, or where they are highly crosslinked, crystalline or below the glass transition temper-

ature,

2-1-1-3 Electronic theory

When two substrates have different electronic band structure, there is iikely to be some
electron transfer upon contact to balance the Fermi levels, resulting in the formation of elec-
trical double layer. An electrostatic forces arising from the electrical double layer could be
the main source of adhesive bond strength. The electronic theory of adhesion was proposed

by Deryaguin and co-workers [47]. Although it has been demonstrated in some cases that
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electrostatic forces from electrical double layer are the major source of adhesion strength

[48-50], it is not a general phenomenon and has not been proven in other cases.

2-1-1-4 Adsorption theory

The adsorption theory of adhesion is the most widely applicable one among those proposed
and has been studied in depth [51-54]. According to this theory, the adhesive bond strength
arises from the interatomic and intermolecular forces between the atoms and molecules at the
interface of the adhesive/substrate, provided that there is a good interfacial contact. The re-
acting forces are divided into three groups (Table 3)[35]; primary bond, secondary bond and
donor-acceptor interaction. The first category includes ionic, covalent and metallic bonds. Van
der Waal’s forces are the most common forces in adhesion and belong to the secondary bond
which also includes hydrogen bonds. The acid-base interaction pioneered by Fowkes [55.56]
has strength falling between secondary and primary bonds. A number of studies indicate the

importance of acid-base interaction [57-59]

One of the main advantages of this theory is that the the adhesive bond strength can be de-
duced from the measured work of adhesion employing the Young-Dupre equation. Thus, the
adhesive bond strength is thought to stem from two components; the dispersion and acid-base
interaction forces. In general, the théoretical calculations predict a much lower adhesive bond

strength strength than the experimental value due to energy dissipation.

It is obvious that the introduction of active chemical groups into the surface of adhesive and
adherend will improve the adhesive bond strength as well as durability [60-62]. This might

be achieved by proper surface treatments or by applying coupling agents.
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Table 3. Bond type and typical bond energies [35}

Bond Type Bond Energy (kJ/mol)
Primary bonds
Ionic 600-1100
Covalent 60-700
Metallic 110-350
Donor-acceptor bonds
Bronsted acid-base interactions Up to 1000
(i.e. up to a primary ionic bond
Lewis acid-base interactions Up to 80
Secondary bonds
Hydrogen bonds
Hydrogen bonds involving fluorine Up to 40
Hydrogen bonds excluding fluorine 10-25
Van der Waals bonds
Permanant dipole-dipole interactions 4-20
Dipole-induced dipole interactions Less than 2
Dispersion (London) forces 0.08-40
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