
IX ◆

contents

Chapter 1 introduction 1

1.1	 introduction 1

Chapter 2 Wear and friction properties of surfaces 7

2.1	 introduction 7

2.2	 abrasive Wear 9

2.2.1	 low  -stress scrAtching AbrAsion 10

2.2.2	 high-stress grinding AbrAsion 11

2.2.3	 gouging AbrAsion 12

2.3	 adhesive Wear 12

2.4	 case study: solid lubricants and triboloGical 
 characterisation hereof  16

2.4.1	 block-on-ring test for solid lubricAnts 17

2.4.2	 fAlex pin And vee block test for solid lubricAnts 19

2.5	 fatiGue Wear 21

2.6	 corrosive Wear 22

2.6.1	 cAse study: fretting 23

2.7	 erosive Wear 27

2.8	 references 33

2.9	 recommended additional readinG 33

2.10	 relevant standards 33

Chapter 3 introduction to corrosion 37

3.1	 introduction 37

3.2	 the pourbaix diaGram 48

3.3	 strateGies for corrosion protection 52

3.3.1	 conversion coAtings As corrosion protection 52

3.3.2	 AdditionAl corrosion protection strAtegies  55

3.4	 typical appearance of surface corrosion 56

3.4.1	 uniform corrosion 57

3.4.2	 gAlvAnic corrosion 61

3.4.3	 crevice or deposit corrosion 63

3.4.4	 fretting corrosion 68

3.5	 recommended additional readinG 69

Part1.indb   9 21/04/13   21.28



◆ X

Advanced  Surface  Technology

Chapter 6 Guidelines for Electro-chemical Deposition� 149

6.1	 Introduction� 149

6.2	 Material distribution and geometry� 149

6.2.1	 Types of overpotential (polarization types)� 149

6.2.2	 Optimizing material distribution� 151

6.2.3	 current efficiency� 152

6.2.4	 Electroplating in practice� 156

6.3	 Continuous plating� 162

6.3.1	 Coil Coating� 162

6.3.2	 Reel-to-reel plating� 163

6.4	 Brush plating� 167

6.5	 Environmental requirements� 169

Chapter 7 Electrolytic plating of zinc� 173

7.1	 Introduction� 173

7.2	 Corrosion of zinc� 175

7.3	 Processes for electroplating pure zinc� 177

7.3.1	 Cyanide-based electrolytes� 177

7.3.2	 The alkaline, cyanide-free zinc electrolyte� 182

7.3.3	 Acid zinc electrolytes � 186

7.3.4	 Comparing the different zinc electrolytes� 188

7.4	 Alloy zinc plating � 191

7.5	 Post-treatment of zinc� 193

7.5.1	 Clear and blue chromates (A and B)� 194

7.5.2	 Yellow chromates (C)� 194

7.5.3	 Olive drab (D)� 194

7.5.4	 Black chromates (E)� 194

7.5.5	 Chromate-free conversion coatings� 199

7.6	 References� 202

7.7	 Recommended additional reading� 202

7.8	 Relevant standards� 202

Chapter 8 Electrolytic plating of nickel� 205

8.1	 Introduction� 205

8.1.1	 The development of nickel plating� 205

8.2	 The Watts bath� 208

8.2.1	 Technical electrolytes� 209

8.2.2	 Semi-bright electrolytes� 209

8.2.3	 Bright nickel electrolytes� 212

Chapter 4 Basic electrochemistry for surface modifications� 71

4.1	 Introduction� 71

4.2	 Basic electrolytic processes� 72

4.2.1	 Hydration of the metal ion� 72

4.2.2	 Dissociation of the solution � 73

4.2.3	 Interaction between different ions � 73

4.3	 The Law of Faraday� 79

4.4	 The electrochemical double layer� 80

4.5	 Activation overpotential� 83

4.6	 Concentration overpotential� 90

4.7	 Crystallization overpotential� 94

4.8	 The ohmic resistance of an electrolyte� 97

4.9	 Other relevant factors� 97

4.10	 Additives for electroplating� 98

4.11	 References� 102

4.12	 Recommended additional reading� 102

Chapter 5 Intro. to chemical and electrochemical processes� 105

5.1	 Introduction� 105

5.1.1	 Chemical/electrochemical plating� 105

5.1.2	 Conversion coatings� 106

5.1.3	 Chemical/electrochemical polishing� 106

5.2	 Electrochemical plating of metals � 107

5.2.1	 Electrolytic plating� 107

5.2.2	 Electroless plating� 115

5.3	 electroplatable Substrates� 118

5.4	 Pretreatment processes� 120

5.4.1	 Removing oil, grease and dirt� 120

5.4.2	 Important factors in the cleaning process� 124

5.4.3	 Removal of oxides� 126

5.4.4	 Electrocleaning� 131

5.4.5	 Activation� 133

5.4.6	 Pretreatment of al, cu, cu-alloys and strong oxygen getters� 134

5.5	 Plating of non-conductive materials� 140

5.5.1	 Molded interconnect devices� 144

5.6	 References� 147

Part1.indb   10 21/04/13   21.28



XI ◆

Table of Contents

Chapter 6 Guidelines for Electro-chemical Deposition� 149

6.1	 Introduction� 149

6.2	 Material distribution and geometry� 149

6.2.1	 Types of overpotential (polarization types)� 149

6.2.2	 Optimizing material distribution� 151

6.2.3	 current efficiency� 152

6.2.4	 Electroplating in practice� 156

6.3	 Continuous plating� 162

6.3.1	 Coil Coating� 162

6.3.2	 Reel-to-reel plating� 163

6.4	 Brush plating� 167

6.5	 Environmental requirements� 169

Chapter 7 Electrolytic plating of zinc� 173

7.1	 Introduction� 173

7.2	 Corrosion of zinc� 175

7.3	 Processes for electroplating pure zinc� 177

7.3.1	 Cyanide-based electrolytes� 177

7.3.2	 The alkaline, cyanide-free zinc electrolyte� 182

7.3.3	 Acid zinc electrolytes � 186

7.3.4	 Comparing the different zinc electrolytes� 188

7.4	 Alloy zinc plating � 191

7.5	 Post-treatment of zinc� 193

7.5.1	 Clear and blue chromates (A and B)� 194

7.5.2	 Yellow chromates (C)� 194

7.5.3	 Olive drab (D)� 194

7.5.4	 Black chromates (E)� 194

7.5.5	 Chromate-free conversion coatings� 199

7.6	 References� 202

7.7	 Recommended additional reading� 202

7.8	 Relevant standards� 202

Chapter 8 Electrolytic plating of nickel� 205

8.1	 Introduction� 205

8.1.1	 The development of nickel plating� 205

8.2	 The Watts bath� 208

8.2.1	 Technical electrolytes� 209

8.2.2	 Semi-bright electrolytes� 209

8.2.3	 Bright nickel electrolytes� 212

Part1.indb   11 21/04/13   21.28



◆ XII

Advanced  Surface  Technology

11.3.2	 Characteristic Coating cracks� 262

11.3.3	 Properties of hard chromium� 263

11.3.4	 Alternatives to hexavalent chromium� 268

11.4	 References� 270

11.5	 Recommended additional reading� 270

Chapter 12 Electrolytic plating of precious metals� 273

12.1	 Introduction� 273

12.2	 Silver� 274

12.2.1	 The silver plating process� 277

12.2.2	 Properties of silver� 279

12.2.3	 Silver migration� 280

12.3	 Gold� 282

12.3.1	 The gold plating process� 282

12.4	 Other precious metals� 292

12.4.1	 Palladium� 292

12.4.2	 Rhodium� 293

12.4.3	 Platinum� 294

12.4.4	 Ruthenium� 296

12.4.5	 Osmium� 296

12.4.6	 Iridium� 296

12.4.7	 Rhenium� 296

12.5	 References� 297

12.6	 Recommended additional reading� 297

12.7	 Relevant standards� 297

Chapter 13 Electrolytic plating of alloys� 299

13.1	 Introduction� 299

13.2	 Basic theory behind alloy plating� 300

13.3	 Grouping binary alloys� 306

13.4	 Commercially applied alloys� 308

13.4.1	 Lead/tin alloy plating� 308

13.4.2	 Nickel/phosphorus alloy plating� 308

13.4.3	 Nickel/tungsten alloy plating� 309

13.4.4	 Tin/zinc alloy plating� 310

13.4.5	 Copper/tin alloy plating� 310

13.4.6	 Nickel/tin alloy plating� 311

13.4.7	 Copper/zinc alloy plating� 313

13.4.8	 Nickel/iron alloy plating� 314

8.3	 Satin nickel coatings� 216

8.4	 Mechanical properties of nickel coatings� 219

8.4.1	 Electroforming� 220

8.5	 References� 223

8.6	 Recommended additional reading� 224

8.7	 Relevant standards� 224

Chapter 9 Electrolytic plating of copper� 227

9.1	 Introduction� 227

9.2	 The plating process� 227

9.3	 Copper plating applications � 230

9.3.1	 Copper coatings on Zn, Al and Mg� 231

9.3.2	 Copper plating for conductivity purposes � 231

9.3.3	 Copper plating for printing rolls� 232

9.3.4	 Electroforming� 235

9.3.5	 Copper plating as part of plating on polymers� 237

9.4	 References� 240

9.5	 Relevant standards� 240

Chapter 10 Electrolytic plating of Tin� 243

10.1	 Introduction� 243

10.2	 The plating process� 243

10.3	 properties of tin coatings� 244

10.3.1	 Corrosion properties of Tin� 244

10.4	 Tin whiskers� 246

10.5	 Tin soldering� 248

10.6	 References� 252

10.7	 Recommended additional reading� 252

10.8	 Relevant standards� 253

Chapter 11 Electrolytic plating of Chromium� 255

11.1	 Introduction� 255

11.2	 The chromium plating process� 257

11.3	 Bright and hard chromium plating� 258

11.3.1	 Current efficiency� 260

Part1.indb   12 21/04/13   21.28



XIII ◆

Table of Contents

11.3.2	 Characteristic Coating cracks� 262

11.3.3	 Properties of hard chromium� 263

11.3.4	 Alternatives to hexavalent chromium� 268

11.4	 References� 270

11.5	 Recommended additional reading� 270

Chapter 12 Electrolytic plating of precious metals� 273

12.1	 Introduction� 273

12.2	 Silver� 274

12.2.1	 The silver plating process� 277

12.2.2	 Properties of silver� 279

12.2.3	 Silver migration� 280

12.3	 Gold� 282

12.3.1	 The gold plating process� 282

12.4	 Other precious metals� 292

12.4.1	 Palladium� 292

12.4.2	 Rhodium� 293

12.4.3	 Platinum� 294

12.4.4	 Ruthenium� 296

12.4.5	 Osmium� 296

12.4.6	 Iridium� 296

12.4.7	 Rhenium� 296

12.5	 References� 297

12.6	 Recommended additional reading� 297

12.7	 Relevant standards� 297

Chapter 13 Electrolytic plating of alloys� 299

13.1	 Introduction� 299

13.2	 Basic theory behind alloy plating� 300

13.3	 Grouping binary alloys� 306

13.4	 Commercially applied alloys� 308

13.4.1	 Lead/tin alloy plating� 308

13.4.2	 Nickel/phosphorus alloy plating� 308

13.4.3	 Nickel/tungsten alloy plating� 309

13.4.4	 Tin/zinc alloy plating� 310

13.4.5	 Copper/tin alloy plating� 310

13.4.6	 Nickel/tin alloy plating� 311

13.4.7	 Copper/zinc alloy plating� 313

13.4.8	 Nickel/iron alloy plating� 314

Part1.indb   13 21/04/13   21.28



◆ XIV

Advanced  Surface  Technology

Chapter 16 Conversion coatings� 371

16.1	 Introduction� 371

16.2	 Anodizing of aluminum� 372

16.2.1	 Areas of application� 379

16.2.2	 The base material� 380

16.2.3	 The anodizing process� 386

16.2.4	 Coloring of anodized aluminum� 389

16.3	 Special processes� 395

16.3.1	 Hard anodizing� 395

16.3.2	 Chrome acid anodizing� 399

16.3.3	 Plasma Electrolytic Oxidation� 400

16.4	 Interference colors from oxide growth� 405

16.4.1	 Interference colors on titanium� 405

16.4.2	 Interference colors on stainless steel � 408

16.4.3	 Fundamental mechanism of thin-film interference� 412

16.5	 Chemical conversion coatings � 414

16.5.1	 Chromating of aluminum� 415

16.5.2	 Phosphating of steel� 426

16.6	 References� 433

16.7	 Recommended additional reading� 434

16.8	 Relevant standards� 434

Chapter 17 Introduction to gas-phase and plasma processes� 437

17.1	 Introduction� 437

17.2	 Plasma processes � 442

17.2.1	 Particle energies and temperatures� 444

17.2.2	 The mean free path between collisions� 445

17.2.3	 interaction between electron and molecules� 445

17.2.4	 The shielding effect of a plasma� 448

17.2.5	 Interactions between a plasma and the surroundings� 449

17.3	 DC-plasma� 450

17.3.1	 a simple example� 450

17.3.2	 A closer look at the DC-plasma� 452

17.3.3	 Power supplies for DC-plasma� 454

17.4	 Other types of diode plasmas� 455

17.5	 Other processes� 455

17.6	 Plasma characterization� 456

17.6.1	 Langmuir-probe� 456

17.6.2	 Optical Emission Spectroscopy� 456

17.7	 References� 458

13.4.9	 Zinc/nickel alloy plating� 314

13.4.10	 Cobalt/zinc alloy plating� 314

13.5	 References� 314

13.6	 Relevant standards� 316

Chapter 14 Electroless plating of metals� 319

14.1	 Introduction� 319

14.2	 Autocatalytic (electroless) copper plating� 322

14.3	 Autocatalytic (Electroless) nickel plating� 324

14.3.1	 Processes involving hypophosphite� 324

14.3.2	 processes involving boron and hydrazine� 328

14.3.3	 Conducting the autocatalytic nickel process� 328

14.3.4	 Hardening of autocatalytic nickel coatings� 330

14.3.5	 Selection of autocatalytic nickel� 331

14.3.6	 Stress in autocatalytic nickel coatings� 333

14.3.7	 Electric and magnetic properties� 335

14.3.8	 Welding and soldering� 338

14.4	 Dispersion plating� 340

14.5	 OTHER ELECTROLESS PLATING PROCESSES� 345

14.5.1	 Electroless plating of gold� 345

14.5.2	 Electroless plating of silver� 347

14.5.3	 Autocatalytic (Electroless) plating of palladium� 349

14.5.4	 Ion exchange plating of tin� 350

14.5.5	 Ion exchange (Electroless) plating of bronze� 352

14.6	 References� 353

14.7	 Relevant standards� 353

Chapter 15 Chemical and electrochemical polishing� 355

15.1	 Introduction� 355

15.2	 Metals suitable for polishing� 356

15.3	 The mechanism of electropolishing� 357

15.3.1	 Current/polarization conditions during polishing� 358

15.3.2	 Oxygen development during electropolishing� 360

15.3.3	 Electropolishing stainless steel� 361

15.3.4	 Electropolishing of weldings� 363

15.3.5	 Additional applications for electropolishing� 364

15.4	 Chemical polishing� 366

15.5	 References� 368

Part1.indb   14 21/04/13   21.28



XV ◆

Table of Contents

Chapter 16 Conversion coatings� 371

16.1	 Introduction� 371

16.2	 Anodizing of aluminum� 372

16.2.1	 Areas of application� 379

16.2.2	 The base material� 380

16.2.3	 The anodizing process� 386

16.2.4	 Coloring of anodized aluminum� 389

16.3	 Special processes� 395

16.3.1	 Hard anodizing� 395

16.3.2	 Chrome acid anodizing� 399

16.3.3	 Plasma Electrolytic Oxidation� 400

16.4	 Interference colors from oxide growth� 405

16.4.1	 Interference colors on titanium� 405

16.4.2	 Interference colors on stainless steel � 408

16.4.3	 Fundamental mechanism of thin-film interference� 412

16.5	 Chemical conversion coatings � 414

16.5.1	 Chromating of aluminum� 415

16.5.2	 Phosphating of steel� 426

16.6	 References� 433

16.7	 Recommended additional reading� 434

16.8	 Relevant standards� 434

Chapter 17 Introduction to gas-phase and plasma processes� 437

17.1	 Introduction� 437

17.2	 Plasma processes � 442

17.2.1	 Particle energies and temperatures� 444

17.2.2	 The mean free path between collisions� 445

17.2.3	 interaction between electron and molecules� 445

17.2.4	 The shielding effect of a plasma� 448

17.2.5	 Interactions between a plasma and the surroundings� 449

17.3	 DC-plasma� 450

17.3.1	 a simple example� 450

17.3.2	 A closer look at the DC-plasma� 452

17.3.3	 Power supplies for DC-plasma� 454

17.4	 Other types of diode plasmas� 455

17.5	 Other processes� 455

17.6	 Plasma characterization� 456

17.6.1	 Langmuir-probe� 456

17.6.2	 Optical Emission Spectroscopy� 456

17.7	 References� 458

Part1.indb   15 21/04/13   21.28



◆ XVI

Advanced  Surface  Technology

20.5.1	 Gas nitriding � 519

20.5.2	 Overview of some PVD/CVD coatings� 519

20.5.3	 Diamond and diamond-like carbon coatings� 528

20.5.4	 Multiphase systems� 534

20.6	 CVD of parylene� 535

20.7	 Atomic Layer Deposition� 537

20.8	 PVD coatings for decorative applications� 538

20.9	 References� 541

20.10	 Recommended additional reading� 541

20.11	 Relevant Standards� 541

Chapter 21 Ion beam processes� 543

21.1	 Introduction� 543

21.2	 The Kaufman ion source � 545

21.3	 Sputter cleaning (ion etching)� 546

21.4	 Deposition� 547

21.4.1	 Sputter deposition with ion beams � 547

21.4.2	 Ion deposition � 548

21.4.3	 Ion beam assisted deposition� 549

21.5	 Ion implantation� 550

21.5.1	 The effect of implantation� 553

21.5.2	 Equipment for Ion beam implantation � 554

21.5.3	 Advantages and limitations� 558

21.5.4	 Typical applications � 558

21.6	 References� 560

Index	 563

The authors	 577

Chapter 18 Physical Vapor Deposition� 461

18.1	 Introduction� 461

18.2	 Non-reactive PVD processes� 462

18.2.1	 Evaporation� 462

18.2.2	 Sputtering� 469

18.2.3	 Different combination possibilities for non-reactive PVD processes�474

18.3	 Reactive PVD processes� 475

18.3.1	 Different combination possibilities for reactive PVD processes� 475

18.3.2	 Reactive evaporation� 475

18.3.3	 Reactive sputtering processes� 478

18.4	 Structural models for vacuum-based coatings� 481

18.5	 The quality of the deposited coating� 483

18.6	 References� 484

Chapter 19 Chemical Vapor Deposition� 487

19.1	 Introduction� 487

19.2	 Thermal CVD� 488

19.2.1	 Qualitative description of a CVD process� 488

19.2.2	 Kinetics� 493

19.2.3	 The structure of a CVD coating� 497

19.2.4	 Introduction to various CVD reactions� 498

19.2.5	 Common CVD reactions� 499

19.2.6	 Elementary subreactions—an illustrative example� 500

19.2.7	 CVD equipment� 501

19.2.8	 Pumps suitable for CVD� 503

19.2.9	 Pressure gauges suitable for CVD� 504

19.3	 Plasma-activated CVD� 504

19.3.1	 The basic principle of PACVD� 505

19.3.2	 Areas of application for the PACVD process� 507

19.4	 References� 507

19.5	 Recommended additional reading� 507

Chapter 20 Industrial pvd and cvd processes� 509

20.1	 Introduction� 509

20.2	 Coatings on metals and hard metals� 509

20.3	 Considerations prior to coating� 511

20.4	 Commercial PVD and CVD coatings� 513

20.5	 Commercial coatings based on PVD and CVD� 518

Part1.indb   16 21/04/13   21.28



XVII ◆

Table of Contents

20.5.1	 Gas nitriding � 519

20.5.2	 Overview of some PVD/CVD coatings� 519

20.5.3	 Diamond and diamond-like carbon coatings� 528

20.5.4	 Multiphase systems� 534

20.6	 CVD of parylene� 535

20.7	 Atomic Layer Deposition� 537

20.8	 PVD coatings for decorative applications� 538

20.9	 References� 541

20.10	 Recommended additional reading� 541

20.11	 Relevant Standards� 541

Chapter 21 Ion beam processes� 543

21.1	 Introduction� 543

21.2	 The Kaufman ion source � 545

21.3	 Sputter cleaning (ion etching)� 546

21.4	 Deposition� 547

21.4.1	 Sputter deposition with ion beams � 547

21.4.2	 Ion deposition � 548

21.4.3	 Ion beam assisted deposition� 549

21.5	 Ion implantation� 550

21.5.1	 The effect of implantation� 553

21.5.2	 Equipment for Ion beam implantation � 554

21.5.3	 Advantages and limitations� 558

21.5.4	 Typical applications � 558

21.6	 References� 560

Index	 563

The authors	 577

Table of Contents

Part1.indb   17 21/04/13   21.28


