Table of Contents

INTRODUCTION . . ..o e 1
REfEIeNCES . . o .ottt ettt e e 3
PartI Techniques of Electron Microscopy
1  OVERVIEW OF TECHNIQUES ........... ... .. ... ..., 7
REfEIONCES . . o .ottt ettt e e 14
2 TRANSMISSION ELECTRON MICROSCOPY:
FUNDAMENTALS OF METHODS AND INSTRUMENTATION ... ... 15
21 ABrief HiStOry . ...ououie it 15
2.2 Fundamentals of Electron Optics and Instrumentation ............ 17
2.2.1  Some Fundamental Properties of Electrons ............... 17
222 Electron Lenses ............oevuiuiuirinininininiienennn. 19
223  Electron-Optical Aberrations and Resolution ............. 22
224 Vacuum SyStem.............ouiiiiiiiiiiiiiiiiii 26
23 Thelnstrument.............oouiuiriininiiiiininiiiannenns 27
231  Electron GUN ......oitiiii 30
232 Ilumination System............c.oouviuiriininienenenn... 33
233  Objective Lens and Specimen Stage....................... 35
2.3.4 Image-Forming System................. ... 36
2.3.5  Viewing Chamber and Image Acquisition................. 37
23.6  Alignment and Operation of Transmission Electron
MICTOSCOPES . vv it 39
2.4 Fundamentals of Image Formation ......................oooiiat, 40
2.41  Scattering Mechanism and Contrast Formation ........... 41
2.4.2  Electron Diffraction and Diftraction Contrast ............. 44
2.43  Fundamentals of the Imaging Process .................... 46
References. .........ooouiiuii 50
3  TRANSMISSION ELECTRON MICROSCOPY: CONVENTIONAL
AND SPECIAL INVESTIGATIONS OF POLYMERS................. 53
3.1 Conventional Investigations Utilising Mass-Thickness Contrast. .. .. 53
3.2 Electron Diffraction............covuiiiiiiiiiiinii it 55



XIv Table of Contents
3.21  Selected Area Diffraction ....................ooiiLl 55

3.2.2  Structure Analysis .......... ... 55

3.3 High-Resolution Transmission Electron Microscopy............... 57
331  Introduction.............c.c.oiiiiiiiiiiii 57

3.3.2  Evaluation and Reduction of Radiation Damage . .......... 57

3.3.3  Application of HRTEM . .......ooiiiiiiiiiiiiini. 58

3.4 Phase Contrast Transmission Electron Microscopy ................ 60
3.4.1  Phase Contrast at Large Defocus Values .................. 60

3.42  Phase Contrast by Means of Phase Plates.................. 60

3.5 Electron Holography . ............oiiiiiiiiiiiiiiiii i, 62
351 Introduction............. ..., 62

3.5.2  Image Plane Off-Axis Holography ........................ 62

353  Examples........oiiii 64

3.6 Low-Voltage Transmission Electron Microscopy................... 64
3.61 Introduction............. ...l 64

3.6.2 A Dedicated Low-Voltage TEM and its Application ........ 64

3.7 High-Voltage Transmission Electron Microscopy .................. 65
371  Introduction............. ... ..o, 65

3.72  Advantages and Applications of HVTEM ................. 65

3.8 Scanning Transmission Electron Microscopy...................... 66
381 Introduction................. i 66

3.8.2  Similarities and Differences between STEM and TEM ..... 67

3.83  Application of Bright-Field and Dark-Field Modes ........ 68

3.9 Analytical Transmission Electron Microscopy..................... 70
391 Introduction............. ... 70

3.9.2  EELS Investigations .......................oooi.L 72

3.9.3  Electron Spectroscopic Imaging .......................... 75

3.10 Electron Tomography .........c.ooiuiiiiiiniiiiiniineenn.. 78
3.0.1  Introduction.............c.c.oeiiiiiiiiiiiiiii 78
3.10.2 Data Acquisition, Image Alignment and Reconstruction ... 79
3.10.3 Resolution of Reconstructed Data ........................ 80
3.10.4 Application of Electron Tomography ..................... 81
References........ ..o 81
4  SCANNING ELECTRON MICROSCOPY (SEM) ...........cvnnn.. 87
41 ABrief History of SEM . .....o.iiiiii i 87
4.2 Fundamentals of Electron Optics and Signal Generation ........... 88
421  Principle of SEM ... ...t 88

4.2.2  The Lateral Resolution Power of SEM..................... 89

423  Comparison of Various Cathode Types ................... 92

424 Depthof Focus .........coiuiiiiiiiiiiiiiiiiini. 92

425 Interaction of Primary Electrons with Sample ............. 92

4.3  The Instrumentation of SEM............ ... .. .o 95
431 TheColumn............cooiiiiiiiiiiiiiiiiii. 95

432  Specimen Chamber and Goniometer ..................... 97



Table of Contents XV

433  Detectors...... ..ot 98

4.3.4  Signal Display and Magnification......................... 99

4.4 Contrast Formation and Charging Effects......................... 100
44.1  Secondary Electron Contrast. ...............covevinin.... 100

4.42  Contrast of Backscattered Electrons (Solid State Detector) . 103

443 Charging Effect ................ ... 103

4.5 X-Ray Microanalysis .............. ... i 105
451  Physical Fundamentals of the Generation of X-Rays ....... 105

452  X-Ray Microanalysis Techniques ......................... 107

453  Detector for EDX Analysis.............cooviiiiiin.... 108

454  Quantitative EDX Analysis ...............cocoiiii. 111

455 X-RayMapping......oooviiiiiiiiiiiiiiiiii 112

4.5.6  Wavelength Dispersive X-Ray Microanalysis (WDX) ...... 112

4.6 Environmental Scanning Electron Microscope (ESEM™) ........... 116
4.61 Low-Vacuum SEM and ESEM™........................... 116

4.6.2 Avoiding Charging. ..., 116

463 TheWetMode.......oovininiiiiiiiiiiiiiiii i, 117

4.6.4 'The Gaseous Secondary Electron Detector (GSED) ........ 119
References..... ... 120
5 ATOMIC FORCE MICROSCOPY (AFM) ............ccoiiieaannn.. 121
501 Introduction ...........c.oeiininiii 121
5.2 Methodical and Instrumental Fundamentals ...................... 124
5.3 Modes of Operation. ... .......ueueutenerei e eaeanenns 127
531 ContactMode ............ i 127

5.3.2  Force Modulation Mode ...............coooiiiiiiiin.... 130

5.3.3  Dynamic Operational Modes ............................ 131

53.4 TappingMode ......... ... .. 132

5.4 Typical and Special AFM Applications. ....................... ... 137
REfEIENCES . . o .ottt ettt e 142
6 INSITUMICROSCOPY . ... e 145
6.1 OVEIVIEW ..ottt ittt e e 145
6.2 Micromechanical In Situ Tests .........c.vviiniiiniinanen. 147
6.2.1  Technical Equipment............c.coiiiiiiiiiiiin... 147

6.2.2  In Situ Microscopy in (E)SEM ..............cooiiian... 148

6.2.3  In Situ Microscopy in (HV)TEM ......................... 150

6.3 In Situ Microscopyin AFM ......... ... ..o i 154
REfErences . . ..ottt 158
7  IMAGE PROCESSING AND IMAGE ANALYSIS . ................... 161
71 OVEIVIEW ..ottt e 161
72 ImageProcessing ........... ... il 162
73 Image Analysis ...t 163
74  Fourier Transformation ...t 165



XVI Table of Contents

75  Stereoscopic Imaging ............. ... ..o 167
References. ... .ouiui i 171

PartII Preparation Techniques

8 PROBLEMS ASSOCIATED WITH THE ELECTRON MICROSCOPY

OFPOLYMERS . . .. e 175
81  OVEIVIEW ..ottt e 175
8.2 Irradiation Sensitivity of Polymers ....................ccoiiiat 176
8.3 Low Contrast of Polymers ............c..ooiiuiiiiiiiiini ., 177
8.4 Methods of Investigating the Morphologies of Polymers ........... 178
8.41  Powders, Particles, FIbres . ......ovvuveeeeeeiiae. .. 178

8.42 BulkPolymers ..........coooiiiiiiiiiiiiiiiiii 178

8.5 Methods for Studying Micromechanical Processes................. 180
References. ... ....ouein o 183
9  PREPARATION OF SURFACES ...... ... .. 185
9.1 OVEIVIEW ..ottt e 185
9.2 Surfaces in Their Natural Form .......................cooiiiat, 185
9.3 Smooth and Etched Surfaces. ...t 186
9.31  Chemical Etching ... 187

9.3.2  Physical Etching ... 191

9.4 FractureSurfaces ... 192
9.5 Investigation of Surfaces............. .. .. . il 195
References..... ..o 196

10 PREPARATION OF THIN SECTIONS:

(CRYO)ULTRAMICROTOMY AND (CRYO)MICROTOMY ......... 199
10.1 OVEIVIEW . .outit it 199
10.2 Instrumentation ................. ool 200
10.2.1  MICrotOmes ......ooiniiiiiiiiiii i 200
10.2.2 Ultramicrotomes. ...........oooiiiiiiiiiiiiinaann.. 200
10.2.3  Cryomicrotomes and Cryoultramicrotomes............... 200
1024 Knives ..o 200
1025 ModernTrends ..ot 202
10.3 Working with a Microtome and an Ultramicrotome ............... 203
10.4 Specimen Preparation.......... ...t 204
1041 Embedding......... ... 204
10.4.2  Specimen Trimming ....................... ... ... 205
10.4.3  Fixation and Staining. ........... ..., 205
10.5 Ultrathin Sectioning .............ooiiuiiiiii . 206
10.5.1  Sectioning Parameters......................ooiiiii 206
10.5.2 Wet and Dry Sectioning Techniques . ..................... 206

10.5.3 Room Temperature Ultramicrotomy...................... 208



Table of Contents XVl

11

12

13

10.5.4  Cryoultramicrotomy ... 208
10.5.5 Collecting Sections on Grids............................. 209
10.6 Problems, Errors and Solutions ..................coiiiiiiiat, 212
10.6.1  OVeIVIEW ...ttt 212
10.6.2 Typical Errors and Possible Solutions . .................... 212
References. ...t 217
SPECIAL PREPARATION TECHNIQUES ......................... 219
1.1 Preparation of Polymer Films from Solutions ..................... 219
1ILL1  Introduction...............ooiieiiiiiiiiiiiinininn.. 219
11.1.2  Solution Behaviour of Polymers.......................... 220
111.3 Spin-Coating ...........cooiiiiiiiiiiiiii 220
1114 Dip-Coating. ...t 222
11.1.5  Solution Casting ..........c.oeuiriiniirniniiinnenennn.. 223
11.1.6  Examples and Problems ....................coooii 224
112 Preparation Using the Focussed Ion Beam Technique .............. 227
11.21  Introduction.................oioiiiiiiiiiiiiiiiii.. 227
1122 Principle . ..o 228
1123 Examples. ......ouininiiiiiii e 229
References. .. ... ..o 230
PREPARATION FOR (IN SITU) DEFORMATION TESTS ........... 231
121 OVEIVIEW ..ttt e e 231
12.2 Specimen Preparation.............. ... oo 234
References..... ..o 240
CONTRASTENHANCEMENT ........... ... ... ..ot 241
131 OVEIVIEW ..ttt 241
13.2 Hardening (Fixation) ............c.ooiiuiiiiiiinininiannenns 241
13.21  Physical Hardening (Fixation) ........................... 242
13.2.2  Chemical Fixation ..................ocoiiiiiii. 243
13.3 Chemical Staining Procedures ..........................oLL 243

13.3.1  Media Used to Perform Chemical Staining of Polymers .... 243
1332 Chemical Staining of Compact Specimens

Before Sectioning ... 246

13.3.3  Chemical Staining of Thin Sections....................... 248

13.4 Enhancement of Contrast Through Physical Effects................ 248
13.41 Contrast Enhancement by y- or Electron Irradiation. ...... 248
13.4.2  Straining-Induced Contrast Enhancement ................ 254

13.5 Problemsand Artefacts.....................oooinn 256

REfOIONCES . . vttt 259



XVII Table of Contents

Part III Main Groups of Polymers

14 STRUCTURAL HIERARCHY OFPOLYMERS...................... 263
141 OVEIVIEW ..ottt e 263
14.2 Macromolecular Structures ..............oeiiuiiiiiiiii ., 263
14.2.1  Constitution. ... 265
14.2.2  Configuration ...............oooiiiiiiiiiiiiiiiiii. 265
14.2.3  Conformation ............c.veuiiiininieniinninenann.n. 265
14.2.4 Macromolecule Size..........cooiiiiiiiiiiiiiii. 267
14.3 Supramolecular Structures. ...........c.coiiiiiiiiiiiii . 269
144 MOrphology .. ..ot 271

14.5 Basic Relationships Between Macromolecular Parameters
and (Micro)mechanical Properties ................c.cooiiia.... 273
ReEferences . . ..ottt 276
15 AMORPHOUSPOLYMERS . ... .. i 277
151 OVEIVIEW ..ottt e e 277
152 MOTphology . ... oe ettt 277
15.3 Micromechanical Behaviour ...l 281
15.4 Additional Examples of Amorphous Polymers .................... 287
References . ... ..o 293
16 SEMICRYSTALLINEPOLYMERS .................cooiiiiinnen... 295
16.1 OVEIVIEW ..ottt e 295
16.2 MOTPhology . ..ottt 296
16.2.1  Structural Hierarchy in Semicrystalline Polymers. ......... 296
16.2.2  Methods of Morphological Analysis ...................... 299
16.3 Micromechanical Behaviour .........................ooo 310
16.3.1  Brittle Behaviour........................ooo 310
16.3.2 Ductile Behaviour ............. .. .. ... 313
16.3.3 High-Strength Fibresand Parts .......................... 319
16.4 Additional Examples of Semicrystalline Polymers ................. 321
REfEreNCeS . .o\ vttt 327
17 POLYMERBLENDS . ... . 329
171 OVEIVIEW ..ottt 329
172 Morphology . ......oooiui 331
17.3  Micromechanical Behaviour . ........... ..., 338
174 EXAMPLES. . .o oottt et 341
1741  Blends of Amorphous Polymers.......................... 341
1742 Blends of Amorphous and Semicrystalline Polymers. .. .... 343
1743  Blends of Semicrystalline Polymers....................... 343

REfOIeNCES . . oottt 349



Table of Contents XIX
18 HIGH-IMPACT RUBBER-MODIFIED POLYMERS ................. 351
I8.1 OVEIVIEW ...ttt e 351
182 MOrphology .. ..o 352
18.3 Micromechanical Processes.............c.oooiiuiiiinininiinnine 357
18.4 Additional Toughening Mechanisms ............................. 368
References. . ......ouu it 370
19 BLOCKCOPOLYMERS ....... ...ttt 373
191 OVEIVIEW ..ottt 373
19.2 Morphology . ......oouiiuii 375
19.21 Block Copolymer Nanostructures via Self-Assembly . ...... 375
19.2.2  Examples of Tailored Block Copolymer Morphology....... 379
19.3 Deformation Mechanisms in Block Copolymers................... 385
19.4 Special Cases of Self-Assembly and Applications .................. 389
References. ..... ..o 391
20 RUBBERSANDELASTOMERS. ...t 393
201 OVEIVIEW ..ttt et 393
20.2 Morphology of Rubbers and Elastomers .................c..ooout. 395
20.3 Micromechanical Deformation Behaviour .................... ... 398
References..... ..o 402
21 POLYMERCOMPOSITES ...... .. ... . 405
2L1 OVEIVIEW ..ttt et 405
21.2 Particle-Reinforced Polymer Composites ......................... 406
21.3 Fibre-Reinforced Polymer Composites ..................c..c...... 414
References. .........ooouiiuiii 417
22 POLYMERNANOCOMPOSITES ........... . it 419
221 OVEIVIEW ..ottt 419
22.2 Examples of Different Classes of Nanocomposites ................. 422
22.21 Polymer Nanocomposites Based on Zero-Dimensional
Filler Particles (POSS) ...t 422
22.2.2  Polymer Nanocomposites Based on One-Dimensional
Filler Particles MWOCNT) .....ovtiiiii i 424
22.2.3 Polymer Nanocomposites Based on Two-Dimensional
Filler Particles (MMT) ...t 425
22.2.4 Polymer Nanocomposites Based on Three-Dimensional
Filler Particles (SiO2) ... .vivrei e 427
References..... ..o 428
23 BIOMATERIALS .. ... e 429
231 OVEIVIEW ..ottt e 429
23.2 Electron Microscopy of Polymeric Biomaterials:
Specific Problems and Solutions. ..., 431



XX Table of Contents
23.3 EXaMPLeS. ..ottt e 432
23.3.1 Natural Biomaterials: Bone .............................. 432
23.3.2 UHMWPE in Orthopaedics ...........cccovuieiiina... 433
23.3.3  Acrylic Bone Cements. .........covvviuiiiininnineninn... 434
23.3.4 Bioactive Composites for Bone Replacement .............. 435
23.3.5 Dental Composites................oooiiiiiiiiiii.... 436
23.3.6 Sutures, Scaffolds and Meshes............................ 437
23.3.7 Ureter Stents .........oiiiiiiiiiii e 439
23.3.8 Silicone-Based Tracheal Stents and Voice Prostheses ... .... 439

R EIENCES . o o\ttt e e e e 443
24 SPECIAL PROCESSINGFORMS ...ttt 445
O @ /< 74 1= PP 445
24.2 Multilayered Films . ... ... ..o 446
2421 Introduction. ...........ooeiiriie i, 446
2422 Morphology .. ..o 446
24.2.3 Micromechanical Deformation Mechanisms .............. 448

24.3 Hot-Compacted Self-Reinforced Polymers........................ 451
2431 OVEIVIEW ..ttt et et it aee e eaieeans 451
2432 Morphology ...t 452

24.4 Nanofibres by Electrospinning ..............ccocoiiiiiiiiiin... 455
2441  OVeIVIEW 'ttt e 455
2442 Morphology ... ..o 456
24.4.3 Micromechanical Deformation Mechanism ............... 458

24.5 Microformed Materials..............coiiii i 460
2451  OVeIVIEW 'ttt e 460
2452 Several Examples ... 460
REfOIENCES . . oottt e 462

SUBJECT INDEX . ... e 465



