
Contents

Preface XVII

Abbreviations XIX

1 Introduction 1

1.1 The Term Tribolog>' 1
1.2 Importance of Tribology 2
1.3 History of Tribology 2
1.3.1 The lndustrial Revolution 5
1.3.2 Benveen 1850 and 1945 5
1.3.3 From 1950 to the Present Day 6

References 7

2 The Tribological System 9
2.1 Tribological Surfaces 12
2.2 Wetting of Solid Surfaces 17
2.3 Tribo Contact Surfaces 19
2.4 Tribological Loading 21

References 23

3 Friction 25
3.1 Kinetic and Static Friction 25
3.2 Coëfficiënt of Friction 26
3.3 Stick-Slip 26

3.4 Sliding and Rolling Friction 27
3.5 Friction Regimes: Friction and Lubrication Conditions 28
3.5.1 Solid Friction (Dry Friction) 28
3.5.2 Boundary Friction 29
3.5.3 Fluid Film Friction 30
3.5.4 Mixed Friction 30
3.5.5 Stribeck Curve 31
3.6 Hydrodynamic and Elastohydrodynamic Lubrication 32

lndustrial Tribology: Tribos)'stems. Frktion, Wear and Surface Engineering, Lubrication
Theo Mang, Kirsten Bobzin, and Thorsten Bartels
Copyright © 2011 W1LEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-32057-8

Bibliografische Informationen
http://d-nb.info/1002408083

digitalisiert durch

http://d-nb.info/1002408083


VI Contents

3.6.1
3.6.2
3.6.3

4
4.1
4.1.1
4.1.2
4.1.3
4.1.4
4.2
4.3

5
5.1
5.1.1
5.1.2
5.1.2.1
5.1.2.2
5.1.2.3
5.1.2.4
5.2
5.2.1
5.2.1.1
5.2.1.2
5.2.1.3
5.2.2
5.2.3
5.2.3.1
5.2.3.2
5.2.4
5.2.5
5.2.6
5.2.7
5.3
5.3.1
5.3.2
5.3.2.1
5.3.2.2
5.3.2.3
5.4
5.4.1
5.4.2

Elastohydrodynamic Lubrication (EHL) Regime 32
Thermoelastohydrodynamic Lubrication (TEHL) 35
Plastohydrodynamic Lubrication 36
References 36

Wear 37
Wear Mechanisms 38
Adhesion 38
Tribochemical Reactions 40
Abrasion 41
Surface Fatigue 42
Types of Wear 44
Wear Parameters 44
References 47

Tribological Materials 49
Basic Principles of Materials Science 52
Influencing the Strength Properties 52
Influencing the Material Behavior at Higher Temperatures
Diffusion 56
Recovery, Recrystallization, and Grain Growth 57
Creep and Stress Relaxation 57
High Temperature Strength 59
Metallic Materials 60
Lightweight Metals 61
Aluminum and Aluminum Alloys 61
Magnesium and Magnesium Alloys 65
Titanium and Titanium Alloys 68
Copper and Copper Alloys 70
Iron and Iron Alloys 71
Cast Iron 74
Steel 75
Hard Alloys 80
Super-Alloys 83
Refractory Metals 87
Intermetallics 88
Non-Metallic Inorganic Materials 91
Structure of Hard Materials 91
Engineering Ceramics 93
Oxide Ceramics 94
Non-Oxide Ceramics 94
Silicate Ceramics 95
Organic Materials 95
Thermoplasts 98
Duroplasts 99

56



Contents VII

5.4.3 Elastomers 99
5.5 Composite Materials 100
5.5.1 Polymer Matrix Composites (PMC) 103
5.5.2 Ceramic Matrix Composites (CMCs) 103
5.5.3 Metal Matrix Composites (MMCs) 104
5.5.3.1 MMCs for Lightweight Constructions 104
5.5.3.2 MMCs for Maximum Wear Resistance 106

References 209

6 Surface Engineering 113
6.1 Introduction to Surface Engineering 115
6.1.1 Methodical Approach for Coating Development 136
6.1.2 Bonding Mechanisms 117
6.1.2.1 Mechanical Clamping 119
6.1.2.2 Diffusion 119
6.1.2.3 Pseudo-Diffusion 120
6.1.2.4 Adhesion 120
6.1.2.5 Chemical Bonding 120
6.2 Processes of Surface Engineering 120
6.2.1 Converting Processes 122
6.2.1.1 Anodizing 124
6.2.1.2 Phosphatizing 129
6.2.1.3 Chromatizing 133
6.2.1.4 Comparison of Chromatizing and Phosphatizing 136
6.2.1.5 Burnishing 137
6.2.2 Physical Vapor Deposition (PVD) 138
6.2.2.1 Generation of a Gaseous Phase or Plasma 139
6.2.2.2 Particle Transport 142
6.2.2.3 Condensation, Layer Growth 144
6.2.2.4 PVD Process Technology 146
6.2.2.5 PVD Tool Coating 352
6.2.2.6 PVD Component Coating 253
6.2.3 Chemical Vapor Deposition (CVD) 355
6.2.3.1 Thermodynamics of the Chemical Reaction 158
6.2.3.2 Reaction Chemistry 260
6.2.3.3 Coating Deposition Kinetics 262
6.2.3.4 CVD Processes 265
6.2.3.5 CVD Tool Coating 170
6.2.3.6 CVD Component Coating 172
6.2.4 Sol-Gel Deposition 373
6.2.4.1 The Sol as Starting Material 275
6.2.4.2 The Sol-Gel Transition 275
6.2.4.3 Wet-Chemical Synthesis Systems 275
6.2.4.4 Coarings With the Sol-Gel Process 277
6.2.4.5 Examples of Applications for Sol-Gel Coatings 279



VIII Contents

6.2.5 Electrochemical Metal Deposition 180
6.2.5.1 Thermodynamic Principles of Electrochemistry 182
6.2.5.2 Kinetic Principles of Electrochemistry 188
6.2.5.3 Electroplating 191
6.2.5.4 Chemical Deposition 194
6.2.5.5 Coating Systems for Electrochemical Metal Deposition 297
6.2.6 Thermal Spraying 203
6.2.6.1 Principle of Thermal Spraying Processes 204
6.2.6.2 Formation of Coatings with Thermal Spraying 206
6.2.6.3 Bonding of Thermal Spraying Coatings 208
6.2.6.4 Thermal Spraying Processes 210
6.2.6.5 Coating Materials and Examples of Thermal Spraying Applications 223
6.2.7 Deposition Weiding 225
6.2.7.1 Material Composites Produced by Deposition weiding 227
6.2.7.2 Deposition weiding Processes 227
6.2.7.3 Coating Materials and Examples of Applications for Deposition

weiding 232
6.2.8 Brazing 234
6.2.8.1 Principles of Brazing 235
6.2.8.2 Classification of Brazing Processes and Filler Metals 238
6.2.8.3 Deposition Brazing of Hard Material-Filler Metal

Composite Systems 242
6.2.8.4 Application of Armoring by Brazing 247
6.2.9 Thermo-Chemical Diffusion Treatment 251
6.2.9.1 Principles of Diffusion 253
6.2.9.2 Carburizing 257
6.2.9.3 Nitriding 260
6.2.9.4 Nitro-Carburizing 267
6.2.9.5 Boriding 269
6.2.9.6 Chromizing 271

References 274

7 Lubricants 282

7.1 Lubricants and their Market 282
7.2 Mineral Base Oils 284
7.2.1 Base Oils: A Historical Review and Outlook 285
7.2.2 Chemical Characterization of Mineral Base Oils 285
7.2.2.1 Carbon Distribution 286
7.2.2.2 Hydrocarbon Composition 286
7.2.2.3 Polycydic Aromatics in Base Oils 286
7.2.3 Refining 288
7.2.3.1 Distillation 288
7.2.3.2 De-Asphalting 289
7.2.3.3 Traditional Refining Processes 290
7.2.4 Base Oil Manufacturing by Hydrogenation and Hydrocracking 293



Contents IX

7.2.4.1 Lube Hydrocracking 294
7.2.4.2 Catalytic Dewaxing 295
7.2.4.3 Wax Isomerization 296
7.2.4.4 Hybrid Lube Oil Processing 296
7.2.4.5 The All-Hydrogen Route 296
7.2.4.6 Gas-to-Liquids Conversion Technology 297
7.2.4.7 Breakdown of the Base oil Market 298
7.2.5 Boiling and Evaporation Behavior of Base Oils 298
7.2.6 Other Physical-Chemical Properties of Base Oils 300
7.2.6.1 Thermal Volume-Expansion Coëfficiënt 300
7.2.6.2 Compressibility 301
7.2.6.3 Gas Solubility 302
7.2.7 Base Oil Categories and Evaluation of Various Petroleum Base Oils 302
7.3 Synthetic Base Oils 303
7.3.1 Polyalphaolefins 304
7.3.2 Polybutenes 305
7.3.3 Alkylated Aromatics 305
7.3.4 Synthetic Esters 306
7.3.4.1 Esters of Carboxylic Acids 306
7.3.4.2 Dicarboxylic Acid Esters 306
7.3.4.3 Polyol Esters 307
7.3.4.4 Other Carboxylic Esters 307
7.3.4.5 Dimeric Acid Esters 307
7.3.4.6 Complex Esters 308
7.3.4.7 Phosphate Esters 308
7.3.5 Polyalkylene Glycols 308
7.3.6 Perfluorinated Polyethers 310
7.3.7 Polysiloxanes (Silicone Oils) 320
7.4 Rheology of Lubricants 322
7.4.1 Viscosity 311
7.4.2 Influence of Temperature on Viscosity ( V - T Behavior) 323
7.4.2.1 Viscosity Index 314

7.4.3 Viscosity-Pressure Dependency 315
7 AA The Effect of Shear Rate on Viscosity 3 3 7
7.4.5 Special Rheological Effects 327
7.4.5.1 Greases 328
7.4.6 Viscosity Grades 318
7.4.6.1 ISO Viscosity Grades 319
7.4.6.2 Engine Oils 319
7.4.6.3 Automotive Gear Oils 329
7.4.6.4 lndustrial Gear Oils 329
7.4.6.5 Base Oils 329
7.5 Additives 320
7.5.1 Antioxidants 321
7.5.1.1 Phenolic Antioxidants 322



X Contents

7.5.1.2 Aromatic Amines 322
7.5.1.3 Compounds Containing Sulfur and Phosphorus 322
7.5.1.4 Organosulfur Compounds 322
7.5.1.5 Organophosphorus Compounds 323
7.5.1.6 Synergistic Mixtures 323
7.5.1.7 Testing the Oxidation Stability 323
7.5.2 Viscosity Modifiers 323
7.5.3 Pour point Depressants 324
7.5.4 Detergents and Dispersants 326
7.5.4.1 Phenates 327
7.5.4.2 Salicylates 327
7.5.4.3 Thiophosphonates 327
7.5.4.4 Sulfonates 327
7.5.4.5 Ashless Dispersants 328
7.5.5 Antifoam Agents 328
7.5.5.1 Silicon Defoamers 329
7.5.5.2 Silicone-Free Defoamers 329
7.5.6 Demulsifiers and Emulsifiers 329
7.5.6.1 Demulsifiers 329
7.5.6.2 Emulsifiers 329
7.5.7 Antiwear (AW) and Extreme Pressure (EP) Additives 330
7.5.7.1 Phosphorus Compounds 330
7.5.7.2 Compounds Containing Sulfur and Phosphorus 332
7.5.7.3 Compounds Containing Sulfur and Nitrogen 332
7.5.7.4 Sulfur Compounds 332
7.5.7.5 Chlorine Compounds 332
7.5.7.6 Solid Lubricating Compounds 333
7.5.8 Friction Modifiers (FMs) 333
7.5.9 Corrosion Inhibitors 333
7.5.9.1 Antirust Additives (Ferrous Metals) 334
7.5.9.2 Metal Passivators (Nonferrous Metals) 335
7.6 Lubricants for Internal Combustion Engines 335
7.6.1 Function of Engine Oils in Four-Stroke Engines 336
7.6.2 Viscosity Grades 337
7.6.3 Performance Specifications 337
7.6.4 Formulation of Engine Oils 337
7.6.5 Engine Oil Testing 338
7.6.6 Passenger Car Engine Oils 339
7.6.7 Engine Oil for Commercial Vehicles 339
7.6.8 Classification and Specification 339
7.6.8.1 MIL Specifications 339
7.6.8.2 API and ILSAC Classifications 340
7.6.8.3 ACEA Specifications 340
7.6.9 Future Trends (see also Section 8.5.8) 343
7.6.10 Fuel Efficiency 343



Contents XI

7.6.11 Low Emission 346
7.6.12 Two-Stroke Oils 347
7.6.13 Tractor Oils 349
7.6.14 Marine Diesel Engine Oils 349
7.6.14.1 Low-Speed Crosshead Engines 349
7.6.14.2 Medium-Speed Engines 350
7.6.14.3 Lubricants 350
7.6.15 Other Combustion Engines 352
7.7 Gear Lubrication Oils 352
7.7.1 Requirements of Gear Lubrication Oils 352
7.7.2 Tribology of Gears 354
7.7.2.1 Toothed Wheels 354
7.7.2.2 Load and Speed Conditions During Tooth Engagement 354
7.7.2.3 Static and Dynamic Load Distribution Within Tooth Engagement 354
7.7.2.4 Lubrication Film Generation Within Tooth Contact 355
7.7.2.5 Lubrication Conditions 356
7.7.3 Gear Lubrication Oils for Motor Vehicles 357
7.7.4 Driveline Lubricants for Commercial Vehicles 358
7.7.5 Driveline Lubricants for Passenger Cars 359
7.7.6 Lubricants for Automatic Transmissions and CVTs 360
7.7.7 Multifunctional Fluids in Vehicle Gears 360
7.7.8 Gear Lubricants for lndustrial Gears 361
7.7.8.1 lndustrial Gear Oil Specifications 362
7.7.8.2 Important Requirements of Lubricants for lndustrial Gears

Viscosity-Temprature Characterisrics 363
7.7.8.3 Open Gear Drives 365
7.7.8.4 Comparison of Various Types of lndustrial Gear Oils 365
7.8 Hydraulic Oils 367
7.8.1 Elements of a Hydraulic System 368
7.8.2 Composition of Hydraulic Fluids (Base Fluids, Additives) 368
7.8.3 Characteristics of a Hydraulic Fluid 368
7.8.4 Selection Criteria for Hydraulic Fluids 369
7.8.5 Classification of Hydraulic Fluids 370
7.8.6 Fire-Resistant Hydraulic Fluids 371
7.8.7 Biodegradable Hydraulic Fluids 382
7.8.8 Food-Grade Hydraulic Fluids 382
7.8.9 Hydraulic Fluids for Aircraft 383
7.8.10 International Requirements of Hydraulic Oils 384
7.8.11 Contaminants, Oil Cleanliness Categories, and Filtration 384
7.8.12 Machine Tool Lubrication: Fluid Family 384
7.8.12.1 OilInsteadofEmulsion 387
7.8.12.2 Fluid Families and Multifunctional Fluids for Machine Tools 389
7.8.12.3 Future Perspectives: "Unifluid" 392
7.8.13 Composition of Hydraulic Fluids 392
7.9 Turbine Oils 392



XII Contents

7.9.1 Demand on Turbine Oils 392
7.9.2 Formulation of Turbine Oils 392
7.9.3 Requirements and Classification of Turbine Oils 393
7.10 Compressor Oils 393
7.10.1 Air Compressor Oils 393
7.10.1.1 Lubrication of Reciprocating Piston Compressors 400
7.10.1.2 Lubrication of Rotary Piston Compressors 400
7.10.1.3 Lubrication of Screw Compressors 401
7.10.1.4 Lubrication of Roots Compressors 402
7.10.1.5 Lubrication of Turbo Compressors 402
7.10.2 Lubrication of Compressors for Oxygen and Hydrocarbons 402
7.10.2.1 Oxygen 402
7.10.2.2 Hydrocarbons 402
7.10.3 Specifications of Compressor Oils 402
7.10.4 Lubricants for Refrigerating Compressors (Refrigeration Oils) 403
7.10.4.1 Minimum Requirements of Refrigeration Oil 403
7.10.4.2 Refrigeration Oils for CO2 403
7.10.4.3 Mixture Viscosity in Relationship to Temperature, Pressure,

and Refrigerant Concentration 407
7.10.4.4 Miscibility Gap and Solubility Threshold 408
7.10.4.5 Chemical Reactions in the Cycle 409
7Al Metal-Working Fluids 420
7.11.1 Chip-Forming Operations 410
7.11.1.1 Action of Machining 420
7.WA.2 Friction and Wear Assessment Methods for the Use of Cutting

Fluids 420
7.11.1.3 Water-Miscible Cutting Fluids 420
7.11.1.4 Neat Cutting Fluids 422
7.11.1.5 Machining with Geometrically Defined Cutting Edges 422
7.11.1.6 Machining with Geometrically Non-Defined Cutting Edges 412
7.11.1.7 Specific Requirements for Machining Operations 411
7.11.1.8 Metal-Working Fluids Circulation Systems 411
7.11.1.9 Monitoring and Maintenance of Neat and Water-Miscible

Cutting Fluids 412
7.11.1.10 Splitting and Disposal of Cutting Fluids 422
7.11.1.11 CoolantCosts 412
7.11.1.12 New Trends in Coolant Technology 412
7.11.2 Forming Lubricants 412
7.11.2.1 Sheet Metal-Working Lubricants 412
7.11.2.2 Sheet Metal-Forming in Automobile Manufacturing 412
7.11.2.3 Lubricants for Wire, Tube, and Profile Drawing 422
7.11.2.4 Hydroforming 413
7.11.2.5 Lubricants for Rolling 413
7.11.2.6 Solid Metal-Forming Lubricants (Solid-Forming, Forging,

and Extrusion) 413



Contents XIII

7.12 Lubricating Greases 423
7.12.1 Definition 413
7.12.2 Classifkation 414
7.12.3 Thickeners 415
7.12.3.1 Soaps 415
7.12.3.2 Complex Soaps 416
7.12.3.3 Other Thickeners 428
7.12.4 Base Oils 418
7.12.5 Additives 429
7.12.6 Manufacture of Greases 419
7.12.6.1 Metal Soap-Based Greases 419
7.12.7 Applications of Greases 420
7.12.7.1 Rolling Bearings 422
7A2J.2 Cars, Trucks, and Construction Vehicles 421
7.12.7.3 Steel Mills 423
7A2.7A Mining 424
7.12.7.5 Railroads and Railways 424
7.12.7.6 Gears 424
7.12.7.7 Other Applications 425
7.12.7.8 Application Techniques 425
7.13 Solid Lubrication 425
7.13.1 Classification of Solid Lubricants 426
7.13.1.1 Structural Lubricants 426
7.13.1.2 Mechanical Lubricants 426
7.13.2 Products Containing Solid Lubricants 428
7.13.2.1 Powders 428
7.13.2.2 Solid Lubricants in Carrying Media 429
7.13.2.3 Dispersions and Suspensions 429
7.13.2.4 Greases and Grease Pastes 430
7.13.2.5 Pastes 430
7.13.2.6 Dry-Film Lubricants 431
7.13.3 lndustrial Uses of Products Containing Solid Lubricants 432
7.13.3.1 Screw Lubrication 432
7.13.3.2 Roller-Bearing Lubrication, and Slide Guideways 433
7.13.3.3 Chain Lubrication 433
7.13.3.4 Plastic and Elastomer Lubrication 434
7AA- Laboratory Methods for Testing Lubricants 434
7.15 Lubricants in the Environment 435
7.15.1 Terminology and Focus of Development 435
7.15.2 Tests to Evaluate Biotic Potential 445
7.15.2.1 Biodegradation 445
7.15.2.2 Ecotoxicity 445
7.15.3 Environmental Legislation 447
7.15.3.1 REACh (Registration, Evaluation and Authorization

of Chemicals) 447



XIV Contents

7.15.3.2 The GHS (Globally Harmonized System) of Classification
and Labeling 447

7.15.4 Environmentally Friendly Lubricants - Driving Forces 448
7.15.5 Standardization of Environmentally Compatible Hydraulic Fluids 452
7.15.5.1 The German Regulation VDMA 24 568 452
7.15.5.2 ISO Regulation 15 380 451
7.15.6 Environmental Seal 451
7.15.6.1 Global Eco-Labeling Network 451
7.15.6.2 European Eco-Label 457
7.15.6.3 The German "Blue Angel" 457
7.15.6.4 Nordic Countries (Norway, Sweden, Finland, Iceland): The White

Swan 458
7.15.6.5 The Canadian "Environmental Choice" (Maple Leaf) 458
7.15.6.6 Other Eco-Labels 459
7.15.7 Biodegradable Base Oils for Lubricants 460
7.15.8 Additives 462
7.16 Disposal of Used Lubricants 462
7.16.1 Possible Uses of Waste Oil 462
7.16.2 Legislative Influences on Waste Oil Collection and Reconditioning 462
7.16.3 Re-Refining 463
7.16.3.1 Sulfuric Acid Refining 464
7.16.3.2 Propane Extraction Process (IFP, Snamprogetti) 464
7.16.3.3 Mohawk Technology (CEP-Mohawk) 465
7.16.3.4 The KTI Process 465
7.16.3.5 PROP Process 465
7.16.3.6 Safety Kleen Process 466
7.16.3.7 DEA Technology 466
7.16.3.8 Other Re-Refining Technologies 466

References 466

8 Mechanical-Dynamic Tribology and Testing Methods 479
8.1 Introduction 479
8.2 Tribological System Categories within Mechanical-Dynamic Tests 482
8.3 Simple Tribological Mechanical-Dynamic Test Machines

and Test Methods 482
8.3.1 Four-Ball Appararus 482
8.3.2 Brugger Appararus and Reichert's Friction-Wear Balance 484
8.3.3 Falex Test Machines 486
8.3.3.1 Falex Block-on-Ring Test Machine 486
8.3.3.2 Falex Pin and Vee Block Test Machine. 487
8.3.3.3 Falex High-Performance Multispecimen Test Machine 487
8.3.3.4 Falex Tapping Torque Test Machine 487
8.3.4 Timken Test Machine 489
8.3.5 High-Frequency Reciprocating Test Machines 490
8.3.5.1 High-Frequency Reciprocating Rig (HFRR) 490



Contents XV

8.3.5.2 High-Frequency, linear-Oscillation Test Machine (SRV) 491
8.3.6 Mini Traction Machine (MTM) 492
8.3.7 Low-Velocity Friction Appararus (LVFA): The Tribometer 494
8.3.8 Diesel Injector Apparatus 494
8.3.9 Further Standardized and Non-Standardized Test Machines

and Test Methods 495
8.4 Tribology of the Gearbox, Transmission, and Transfer Case 495
8.4.1 Variety of Gear and Transmission Types 495
8.4.2 Gears and Roller Bearings 497
8.4.2.1 Gears 497
8.4.2.2 Roller Bearings 499
8.4.3 Gear and Roller Bearing Tribo-Performance Test Rigs 499
8.4.3.1 Older Test Rigs Used for Gear and Axle Application 499
8.4.3.2 FZG Gear-Test Rig 501
8.4.3.3 The Micro-Pitting Rig (MPR) 503
8.4.3.4 The High-Temperature Bearing Tester (HTBT) 504
8.4.3.5 The Roller Bearing Test Apparatus (FE8) 505
8.4.3.6 The Roller Bearing Test Apparatus (FE9) 506
8.4.4 Types of Tooth Flank and Roller Bearing Damage 508
8.4.4.1 Wear and Wear Performance Tests 508
8.4.4.2 Scuffing/Scoring and Performance Tests 510
8.4.4.3 Surface Fatigue/Micro-Pitting and Performance Tests 523
8.4.4.4 Sub-Surface Fatigue/Pitting and Performance Tests 525
8.4.4.5 Tooth Fracture 518
8.4.5 Gear Efficiency and Fuel Economy 528
8.4.6 Transmission Trends with Regard to Tribology and Oil Aging 529
8.4.7 Synchronizer Applications and Performance Tests 522
8.4.7.1 Area of Application 522
8.4.7.2 Function and Tribology of the Synchronizer 522
8.4.7.3 Standardized Test Rigs and Test Methods 526
8.4.8 Wet Clutch Applications and Performance Tests 529
8.4.8.1 Area of Application 529
8.4.8.2 Function and Tribology of the Friction Disks 530
8.4.8.3 Standardized Test Rigs and Test Methods 531
8.4.9 Variator Applications and Performance Tests 535
8.4.9.1 Area of Application 535
8.4.9.2 Function and Tribology of Chain, Push Belt, and Fluid 538
8.4.9.3 Standardized Test Rigs and Test Methods 539
8.5 Tribology of Internal Combustion Engines 541
8.5.1 Variety of Internal Combustion Engines 541
8.5.2 Area of Application and Operation of Two-Stroke Engines 542
8.5.3 Tribology of Two-Stroke Engines and Performance Tests 544
8.5.4 Area of Application and Operation of Four-Stroke Engines 546
8.5.5 Tribology of Four-Stroke Engines and Performance Tests 548
8.5.5.1 Piston 550



XVI Contents

8.5.5.2 Piston Pin to Piston Contact 552
8.5.5.3 Piston Skirt to Cylinder Block 552
8.5.5.4 Piston Rings to Cylinder Block 553
8.5.5.5 Crankshaft and Crankshaft Bearings 555
8.5.5.6 Camshaft to Cam Follower, Valves, Valve Mechanisms,

and Valve Train 557
8.5.5.7 Gear Trains: Timing Gear Chain and Timing Belt 559
8.5.5.8 Fuel Supply System 560
8.5.5.9 Oil Pump 561
8.5.5.10 Oil Filter 563
8.5.5.11 Single- and Dual-Mass Flywheel Systems 563
8.5.5.12 Auxiliary Assemblies 565
8.5.5.13 Engine Testing 565
8.5.6 Rotary Engines 565
8.5.6.1 Application and Operation of Rotary Engines 565
8.5.6.2 Tribology of Rotary Engines 570
8.5.7 Gas Turbines: High-Power Engines 572
8.5.7.1 Area of Application and Operation of Gas Turbines 572
8.5.7.2 Tribology of Gas Turbine Engines 575
8.5.8 Future Trends 577
8.5.8.1 Fuel Economy 577
8.5.8.2 Extended Drain and Biofuel Compatibility 578
8.5.8.3 Emissions 579
8.5.8.4 Weight Reduction 580
8.6 Tribology of Hydraulic Pump and Circuit Design 580
8.6.1 Hydraulic Fundamentals 580
8.6.2 Area of Hydraulic Application and Operation 582
8.6.3 Hydraulic System Components and Loop Circuits 582
8.6.4 Tribology of Hydraulic Pumps and Performance Tests 584
8.6.4.1 Gear Pumps 585
8.6.4.2 Vane Pumps 587
8.6.4.3 Piston Pumps 589
8.6.4.4 Hybrid Pumps 592
8.6.5 Tribology of Valves 593
8.6.6 Tribology of Seals, Gaskets, and Elastomers 594
8.6.7 Fuel Efficiency and Emissions Reductions 597
8.6.7A Trends and Key Factors 597
8.6.7.2 The Role of Hydraulic Fluids for Energy Efficiency 597
8.6.7.3 Hydraulic Pump Efficiency Test Rigs and Test Methods 598
8.6.7.4 Test Results of Pump Efficiency Tests and Field Test Verification 602
8.7 Interpretation and Precision of Tribological Mechanical-Dynamic

Testing 622
References 622

Index 623


