
Contents

Preface xi

1 Introduction to 4D Printing: Concepts and Material Systems 1
Xiao Kuang, Liang Yue, and H. Jerry Qi

1.1
1.2
1.2.1
1.2.2
1.3
1.3.1
1.3.1.1
1.3.1.2
1.3.1.3
1.3.1.4
1.3.1.5
1.3.2
1.3.2.1
1.3.2.2
1.3.3
1.3.3.1
1.3.3.2
1.3.4
1.3.4.1
1.3.4.2
1.4
1.5

Background 1
Overview of 3D Printing Techniques 3
Single-Material 3D Printing Techniques 3
Multi-Material 3D Printing 5
Shape-Programmable Materials for 4D Printing 7
Shape-Memory Polymers and Composites 7
Single SMP 8
SMP Nanocomposites 10
Printed Active Fiber-Reinforced Composites 11
Bilayer SMPs 13
Multi-material SMPs 14
Hydrogels and Composites for 4D Printing 16
Single-Material Hydrogels and Composites 17
Multi-Material Hydrogels 18
Liquid Crystal Elastomers 19
Single-Material LCEs 20
LCE-Based Multi-Materials 21
Magnetoactive Soft Materials 21
Single Magnetoactive Soft Material Composite 22
Multi-material MSMs 23
Modeling-Guided Design for 4D Printing 24
Summary and Outlook 26
Acknowledgments 27
References 27

2 Strategies in 3D Bioprinting of Cell-Laden Bioinks 43
Jun Yin, Changxue Xu, Zhengyi Zhang, Yifei Jin, and Yong Huang

2.1
2.2
2.2.1
2.2.2

Introduction 43
Drop-on-Demand (DOD)-Based Inkjet Printing 46
Introduction to Inkjet Printing 46
Droplet Formation During DOD Inkjetting of Cell-laden Bioink 47

https://d-nb.info/1261654153


vi Contents

2.2.2.1
2.2.2.2
2.2.3
2.2.3.1
2.2.3.2
2.2.3.3
2.3
2.3.1
2.3.2
2.3.2.1
2.3.2.2
2.3.3

Bioink Preparation and Experimental Setup 47
Representative Droplet Formation Observations 49
Cell Distribution Within Microspheres During Inkjet-Based Bioprinting 50
Effect of Cell Concentration on Cell Distribution 50
Effect of Polymer Concentration on Cell Distribution 52
Effect of Excitation Voltage on Cell Distribution 53
Laser Printing 54
Introduction to Laser Printing 54
Effects of Living Cells on the Bioink Printability 56
Representative Observations During Laser Printing of Cell-laden Bioink 56
Effects of Living Cells on Printing Dynamics and Jetting Behaviors 58
Freeform Drop-on-Demand Laser Printing of 3D Alginate and Cellular
Constructs 61

2.3.3.1
2.3.3.2
2.4
2.4.1
2.4.2

Overhang Construct Fabrication 62
Bifurcated Alginate/Cellular Constructs 62
Support Bath-Enabled Printing-then-Solidification Extrusion 65
Introduction to Support Bath-Enabled 3D Printing 65
Printing-then-Solidification Extrusion of Alginate and Cellular
Structures 68

2.4.2.1
2.4.2.2
2.4.3
2.4.3.1
2.4.3.2
2.5
2.5.1
2.5.2

Carbopol-Enabled Two-Step Gelation Approach 68
3D Bioprinting of Y-Shaped Tubular Structures 68
Printing-then-Solidification of Liquid Materials in Nanoclay Suspension 71
Laponite Utilized as the Support Bath Material for Extrusion Printing 71
Gelatin-Based Cellular Construct Fabrication 72
Continuous Precuring Digital Light Processing (DLP) Printing 74
Introduction to DLP Printing 74
Theoretical Prediction of DLP Working Curve for Photocurable
Materials 77

2.5.2.1
2.5.2.2
2.5.3
2.5.3.1
2.5.3.2
2.5.3.3
2.6

Analytical Model of Jacobs Working Curve 78
Influence of UV Absorber Concentration 80
Pre-curing Digital Light Processing (DLP) Printing 81
The Tunable Pre-curing DLP Printing Approach 81
Improving DLP Printing Efficiency by Pre-curing DLP Printing 82
Validation of Pre-curing DLP Printing 84
Summary 86
References 87

3 Alloy Design for Metal Additive Manufacturing 93
Dovgyy Bogdan and Minh-Son Pham

3.1
3.1.1
3.1.2
3.1.3
3.1.3.1
3.1.3.2
3.1.3.3
3.1.3.4
3.2
3.2.1

Additive Manufacturing 93
Metal-Based Additive Manufacturing 94
Alloy Development 96
Available Alloys 97
Ti-6A1-4V 99
Superalloys 103
316L Stainless Steel 107
AlSilOMg 108
Melting and Cooling Processes and Associated Defects 110
The Process 110



Contents vii

3.2.2
3.2.2.1
3.2.2.2
3.2.2.3
3.2.2.4
3.2.2.5
3.2.2.6
3.2.2.7
3.2.2.8
3.2.2.9
3.2.3
3.2.3.1
3.2.3.2
3.2.3.3
3.2.3.4
3.2.3.5
3.2.3.6
3.3
3.3.1
3.3.2
3.3.3
3.3.4
3.3.5
3.3.6
3.3.7
3.3.7.1
3.3.7.2
3.3.7.3
3.4

Defects 112
Solidification Cracks 112
Liquation Cracks 113
Solid-State Cracking and Residual Stress 113
Lack-of-Fusion Porosity 114
GasPores 114
Keyhole Porosity 115
Compositional Changes 115
Balling 115
Summary 116
Roles of Material Chemical-Physical Properties 116
Absorptivity/Backscattering Coefficient 117
Heat Capacity and Enthalpy of Melting 117
Thermal Conductivity 119
Surface Tension 120
Boiling Temperature and Volatility 122
Thermal Expansion and Contraction 123
Alloy Design Methodology 125
Keyhole Formation 125
Evaporation of Alloying Elements 126
Balling Defects 127
Solidification Cracking Models 128
Solid-State Defects 129
Modifications to Solidification Behavior 131
Examples of Alloy Design for Additive Manufacturing 133
Titanium Alloy for Medical Applications 133
Creep-Resistant Ni-Based Superalloy 135
High Strength Co-Based Superalloy for High-Temperature Applications 136
Summary 139
Abbreviations 140
References 140

4 Laser and Arc-Based Methods for Additive Manufacturing of 
Multiple Material Components - From Design to 
Manufacture 155
Chao Wei, Heng Gu, Zhizhou Zhang, Yuan-Hui Chueh, and Lin Li 
List of Abbreviations 155

4.1
4.2
4.3
4.3.1
4.3.2
4.3.2.1
4.3.2.2
4.3.2.3
4.3.3
4.3.3.1
4.3.3.2
4.3.3.3

Background 156
MM AM components design 158
Multi-material L-DED 159
Introduction of L-DED 159
Material Feeding Mechanism in Multi-Material L-DED 161
Continuous Coaxial Powder Feeding 162
Discrete Coaxial Powder Feeding 163
Simultaneous Wire and Powder Feeding 163
Materials and Characteristics in Multi-Material L-DED 163
L-DED of Ni-Cu Bimetal 164
L-DED of Ni-SS Bimetal 165
L-DED of Ti-Al Bimetal 166



viii Contents

4.3.3.4 L-DED of Ti-Ni FGM and Ti-SS FGM with Diffusion Barrier Layers 166
43.3.5 L-DED of Fe-Cu Bimetal 167
4.33.6 L-DED of Ti-ceramic Material System 167
4.4 Multi-material L-PBF 168
4.4.1 Introduction of L-PBF 168
4.4.2 Material Deposition Mechanism in Multi-Material L-PBF 169
4.4.2.1 Unidirectional Material Composition Variation 170
4.4.2.2 Spatial material composition variation 170
4.4.23 Hybrid Methods for Discrete Powder Deposition 171
4.4.3 Materials and Characteristics in Multi-Material L-PBF 173
4.43.1 L-PBF of Multiple Metallic Materials 173
4.43.2 L-PBF of Hybrid Metal/Ceramic Materials 177
4.4.33 L-PBF of Hybrid Metal/Polymer Materials 178
4.43.4 Modeling and Simulation of Multi-Material L-PBF Processes 181
4.5 Multi-Material WAAM 183
4.5.1 Introduction of Multi-Material WAAM 183
4.5.2 Material Feeding Mechanism of Multi-Material WAAM 184
4.5.3 Materials and Characteristics in Multi-Material WAAM 184
4.53.1 WAAM of SS-Fe/SS Bimetals 185
4.53.2 WAAM of SS-Ni Bimetals 185
4.5.33 WAAM of Ti-Al Bimetals 185
4.53.4 WAAM of Fe-Al Bimetals 186
4.53.5 WAAM of Fe-Ni Bimetals 186
4.53.6 WAAM of Cu-involved Multi-Metals 187
4.6 Comparison of Multi-Material AM Technologies 187
4.7 Potential Applications of Multi-Material AM 188
4.8 Challenges of Multi-Material AM Technologies 190
4.8.1 Challenges in Multi-Material L-DED and L-PBF 190
4.8.2 Challenges in Multi-Material WAAM 194
4.9 Summary and Outlook 196
4.9.1 Summary 196
4.9.2 Outlook 196

References 197

5 Modified Inherent Strain Method for Predicting Residual 
Deformation and Stress in Metal Additive Manufacturing 219
Albert C. Tof Xuan Liang, and Wen Dong

5.1 Background 219
5.2 Modified Inherent Strain (MIS) Method 220
5.2.1 Theory for Modification 220
5.2.2 Remarks on the IS Method 222
5.3 Extraction of ISs for L-PBF Process 225
5.4 Governing Equations for MIS-Based Sequential Analysis 229
5.5 Experimental Validation: Double Cantilever Beam 232
5.6 Simulation-Driven Design for L-PBF Process 235
5.6.1 Support Structure Selection for Crack Prevention 235
5.6.1.1 Description of the Workflow 235
5.6.1.2 Determination of the Critical J-Integral for Solid/Support Interface 236
5.6.13 Calculation of J-Integral at Solid/Support Interface for as-Built Part 237



Contents ix

5.6.2
5.6.2.1
5.6.2.2
5.6.23
5.6.3
5.6.3.1
5.7

Support Structure Design Based on Topology Optimization 242
Description of the Workflow 245
Topology Optimization of the Support Structure 245
Residual Stress Estimation 247
Laser Scanning Path Design 253
Description of the Method 253
Summary and Outlook 260
Acknowledgment 261
References 262

6 High-Fidelity Modeling of Metal Additive Manufacturing 267
Hou Yi Chia and Wentao Yan

6.1
6.2
6.2.1
6.2.2
6.2.3
6.2.3.1
6.23.2
6.2.4
6.2.5
6.3
6.3.1
6.3.2
63.2.1
63.2.2
6.33
6.33.1
6.33.2
6.3.4
63.4.1
63.4.2
6.3.43
6.3.5
63.5.1
63.5.2
63.5.3
63.5.4
6.3.6
6.3.7
6.4
6.4.1
6.4.2
6.4.3
6.4.4
6.4.4.1
6.4.4.2
6.4.43
6.4.5

Background 267
Powder Spreading 269
Governing Equations 271
Model Validation 273
Spreading and Deposition Mechanisms 275
Rake-Type Powder Spreading 275
Roller-Type Powder Spreading 279
Guidance for Design and Optimization 282
Summary and Outlook 284
Powder Melting 284
Governing Equations 285
Heat Source Models 286
Heat Source Model of Laser Beam 286
Heat Source Model of Electron Beam 287
Evaporation and Recoil Pressure 288
Evaporation Model 289
Model of Flow in Common and Near-Vacuum Environments 291
Model Verification and Validation 292
Realistic Heat Inputs 292
Keyhole Shape and Dynamics 294
Molten Track Profile 295
Coupling with Powder Spreading Model 295
Single-Track Cases 299
Balling Phenomenon 301
Multi-Track Cases 304
Multilayer Cases 306
Porosity Reduction and Optimization 308
Summary and Outlook 309
Thermal Stress 309
Model Construction 310
Simulation Case 313
Stress Concentrations 314
Model Comparison and Application 314
Thermomechanical Model for Cross Comparison 314
Thermal Cracking 317
Thermal Stress-Induced Dislocation 320
Mitigation and Tailoring of Thermal Stress 322



x Contents

Index 381

6.4.6
6.5
6.5.1
6.5.1.1
6.5.1.2
6.5.1.3
6.5.2
6.5.2.1
6.5.2.2
6.5.23
6.5.3
6.6
6.A

Summary and Outlook 322
Modeling of Other Unique Phenomena 323
Powder Sintering in EB-PBF 323
Liquid-State Sintering 323
Phase-Field Model 323
Solid-State Sintering 324
Powder Spattering and Denudation in L-PBF 326
Multiphase Flow Model 326
Multiphase Flow Behaviors 327
Influence of Jetting Angle 331
Summary and Outlook 331
Conclusions 333
Material Properties for Thermal-Fluid Simulation 334
References 334

7 Modeling of Polymer Powder-Based Additive Manufacturing 339
Fei Shen, Pengfei Tan, and Kun Zhou

7.1
7.2
7.2.1
7.2.2
7.2.2.1
7.2.2.2
7.2.23
7.2.3
7.23.1
7.23.2
7.2.33
7.23.4
7.3
7.3.1
73.1.1
73.1.2
7.3.13
73.1.4
73.1.5
7.3.2
7.3.3
7.3.4
7.3.5
7.4

Background 339
Discrete Element Modeling of the Powder Recoating Process 341
Discrete Element Model 341
Polymer and Composite Powder Particles 343
Polymer Powder Particles 343
Composite Powder Particles 345
Powder Flowability 346
Recoating Quality of the Powder Bed 347
Layer Thickness Effect 348
Recoating Velocity Effect 349
Fiber Loading Effect 352
Particle Shape Effect 352
Finite Element Modeling of the SLS Process 353
Thermomechanical Model 356
Heat Source Model for Laser Beam 356
Transient Heat Transfer Model 357
Thermo-Elasto-Viscoplastic Constitutive Model 358
Recrystallization Model 359
Finite Element Simulation 360
Numerical Method of the Thermo-Elasto-Viscoplastic Model 361
Temperature Distribution 363
Process Parameter Optimization 366
Recrystallization, Strain, and Stress Results 369
Summary and Outlook 373
References 373


