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3D ICs, three-dimensional integrated circuits, 438
3DAP, three-dimensional atom probe, 452

ab initio calculation, 12, See first-principles
calculation
ABAQUS
Norton—Bailey model, 287
UMAT, user-defined material subroutine, 290
activation energy, 219, 236
advanced ultrasupercritical (A-USC) units, 325
age
Bronze, 1
Information, 1
Iron, 1
Stone, 1
age hardening simulation, 181, See precipitation
kinetics simulation
AIMD, ab initio molecular dynamics, 31, 406
BOMD, Born-Oppenheimer molecular dynamics,
32
CPMD, Car—Parrinello molecular dynamics, 32
pair correlation, 418
pair distribution, 418
Al alloys, 296
7xxx wrought alloy, 296
A356 cast alloy, 297
A356 design guidance map, 301
AA6005, 254
AA6xxx, 254
alloy design, 324
design criteria, 329
design procedure, 330
two-way design, 334
alloy design applications, 178
AM, additive manufacturing, 450
anisotropy, 53
elastic, 378
erid, 73
interfacial energy, 54
surface tension, 73
ANSYS Fluent software, 372
antitrapping current term
nonvariational, 58

Arrhenius equation, 219

artificial neural network, 325
back propagation, 335

athermal frictional work, 271

atomic density field, 60

atomic mobility, 236
Jonssons’s equation, 237
magnetic ordering, 237

atomic-scale simulation method
first-principles calculation, 12
MD, molecular dynamics, 12

B/G, shear to bulk modulus ratio, 39
battery
safety, enthalpy of formation, 428
specific capacity, 422
Boltzmann—Matano method, 208
boundary groove method, 240
Burgers vector, 102
BW, Bragg—Williams approximation, 147

CA, cellular automaton model
classical, 69
modified, 71
neighborhood, 68
transition rule, 68
CAE, computational-aided engineering, 105
CALPHAD, 3, 86, 115
0D, 1D, and 2D calculations, 160
alloy design applications, 159, 178
assessment, 78, 155
database, 87, 155
database extended, 158
HTC, high-throughput calculation, 187
method, 51, 121
software, 123
CALPHAD modeling
absolute reference, 130
associate solution, 141
floating reference, 131
gas phase, 138
ionic melts, 145
liquid slag, 143-144
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CALPHAD modeling (cont.) conservation equation
magnetic contribution, 125 continuity, 391
pressure contribution, 127 enthalpy, 392
pure elements, 123 gas species, 392
quasichemical model, 143 momentum, 392
Redlich—Kister polynomial, 133 constituent, 147
stoichiometric compounds, 129 constitutive model, 97
sublattice model, 146 dislocation-based, 101
substitutional solution, 133 displacive transformation, 102
CALTPP, calculation of thermophysical properties phenomenological, 101
program, 239 contiguity, 364
carbide in steel continuum mechanics, 96
M»5Cs, 284 configuration, 97
M,C, 269 constitutive relation, 97
MC, 284 object, 96
MC, 282 strain, 97
nanosize, 282 stress, 97
primary, 277 converter slag, 442
castability, 276 coordinate system
Cauchy pressure, 438 laboratory, 97
CBED, convergent beam electron diffraction, 453 lattice, 97
CBM, conduction band minimum, 40 shape, 97
CEF, compound energy formalism, 147 coordination number, 227
cell voltage, 422 core—rim structure, 343
cellular networks, 1 corrosion, 268
cement, 442 aqueous, 269
cemented carbide, 342 electrode potential, 277
binder phase, 342 general, 277
binder phase,composite, 344 immunity, 277
gradient, 361 passivation, 277
hard phase, 342 passive film, 269
ultrafine, 344 Pourbaix diagram, 277
CFD, computational fluid dynamics, 372 standard hydrogen electrode, 277
ChemApp, 441 CP, crystal plasticity, 82, 95
chemical activity, 137 anisotropic, 95
chemical ordering, 141, 238 anisotropic heterogeneous, 96
chemical potential, 118 boundary element method, 103
gradient, 204 discrete element method, 103
classical cellular automation model FEM, finite element method, 103
continuous nucleation, 69 FFT, fast Fourier transform, 103
grain growth, 69 finite difference method, 103
CLE, coefficient of linear thermal expansion, 246 finite volume method, 103
coating. See deposition of coating smooth particle hydrodynamics, 103
collisions in plasma CPFEM, crystal plasticity finite element method, 96
charge exchange, 374 boundary conditions, 96
physical, 374 constitutive formulations, 96
complexion, 445 continuum mechanics, 96
diagram, grain boundary, 446 crystal orientations, 96
grain boundary adsorption diagram, 446 mechanical twinning mechanism, 102
transition, grain boundary, 445 CPFEM software
computational design of engineering materials, 1 DAMASK, Duesseldorf Advanced Material
algorithm, 2 Simulation Kit, 107
database, 2 MOOSE, 107
model, 2 PRISMS-Plasticity, 107
simulation, 2 CPFFT, crystal plasticity fast Fourier transform, 105
concentration gradient, 204 crack propagation, 361
concurrent design of materials and product, 5 crack susceptibility index, 186
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creep, 286 rate, 377
high temperature, 286 rim location, 397
secondary, 287 temperature, 372
creep-rupture lifetime, 329 DFT, density functional theory, 79, 443

CRSS, critical resolved shear stress, 101
crystal slip

direction, 100, 467

plane, 100, 461

rate, 100, 466

system, 100, 466

velocity, 101
crystallinity of multilayers, 382
Curie-Weiss law, 447
cutting tool material

¢—BN, cubic boron nitride, 370

Born-Oppenheimer approximation, 14
GGA, generalized gradient approximation, 20
Hamiltonian operator, 14

Hartree approximation, 15

Hartree energy, 42

Hartree equation, 15

Kohn—Sham equation, 16

LDA, local density approximation, 19
pseudopotential method, 21
Schrodinger equation, 14

wave function, 14

cemented carbide, 370 DICTRA (DIffusion Controlled Transformation)

ceramics, 370

software, 219

h-BN, hexagonal BN, 370 diffusion, 239

high-speed steel, 370
polycrystalline diamond, 371

CVD, chemical vapor deposition, 383
phase assemblage, 385
phase diagram, 372
reactor, 392

couple, 209
distance, 377
flux, 201
matrix, 239
path, 211
zero-flux, 218

cyclability, battery, 425 diffusion coefficient, 201

Jahn-Teller distortion, 426
lattice parameter, 425

Darken’s equation, 204
data mining, 7
database

evaluated technological, 2

chemical, 202

impurity, 229
integrated, 217

intrinsic, 202

self, 202

tracer self-diffusion, 202
Xin-Du equation, 236

original technological, 2 diffusion mechanism

scientific, 2

thermodynamic, 2

thermophysical, 2, 8
Debye frequency, 228

direct exchange, 205
indirect interstitial, 205
interstitial, 205

ring, 205

defect vacancy, 205
charged, 39 diffusion mechanism in intermetallic compound
formation energy, 39 antistructure bridge, 207
point, 39 interstitial, 207

deformation six-jump cycle, 207

isochoric, 98
volume only, 98

sublattice diffusion, 207
triple-defect, 207

deformation gradient tensor, 98 diffusivity, 201
elastic deformation component, 100, 468 dislocation

isochoric component, 98
plastic deformation component, 100, 468
polar decomposition, 99
volumetric component, 98
dehydrogenation performance, 412
Den Broeder method, 208
deposition of coating

annihilation, 101

density, 101

geometrically necessary, 102
heterogeneous distribution, 286
multiplication, 101

Nye’s tensor, 102

structure, 108

cathodic arc evaporation, 372 distribution coefficient, 163

magnetron sputtering, 374 double-well potential, 52

phase, 374 DSC, differential scanning calorimetry, 249
pressure, 387 Du and Schuster approach, 220
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EBSD, electron backscatter diffraction, 108, 346, 453
EDS, energy-dispersive X-ray spectroscopy,
453
EELS, electron energy-loss spectrometry, 453
Einstein relation, 232
elastic constants, single-crystal
energy—strain approach, 36
stress—strain approach, 36
elastic modulus, polycrystalline
Reuss scheme, 39
Voigt scheme, 39
VRH, Voigt-Reuss-Hill, 39
electric field, 447
external, 201
internal, 201
EMF, electromotive force, 169, 421
endmembers of solutions, 135, 149
energy density, 422, 429
energy materials, 9
engineering alloys, 2
engineering thermodynamics, 114
ensemble
canonical, 30
isothermal-isobaric, 30
microcanonical, 30
enthalpy, 117
of formation, ab initio, 35
of mixing, 138
entropy and enthalpy
formation of vacancy, 228
of migration, 228
EOS, equation of state
Birch—-Murnaghan, 33
Murnaghan, 33
Vinet, 34
epitaxial growth, 383
equilibrium
local, 275
metastable, 120, 161
para, 273
stable, 120, 160
unstable, 120
excess volume, 209, 247

FactSage, 122
fatigue resistance, 269
Favre averaged equations, 391, See conservation
equation
FDM, finite difference method, 28
FEM, finite element method, 28, 103, 212
virtual displacement, 103
virtual strain, 104
virtual strain energy, 103
virtual work, 103
FEM software
ABAQUS, 106
Adina, 106

ANSYS, 106
COMSOL Multiphysics, 106
Deform, 106
Marc, 106
Ferrium S53, 6
Fick’s first law, 207
Fick’s second law, 210
first-principles calculation
atomic configuration, 12
DFT, density functional theory, 12
phonon spectrum, 35
five-frequency model, 230
fluidity, 276
fracture probability, 349, 459
free energy
bulk, 51
interfacial, 51
from magnetic or electrostatic interactions, 51
strain, 51
free energy density
chemical, 55
local, 51
freezing range
equilibrium, 169
fluidity, 276
Scheil, 173
fugacity, 140

GA, genetic algorithm, 212
gas in CVD

density, 391

discharge method, 373

species, 386

velocity, 397
GBB, generalized broken-bond model, 441
genetic algorithm, 334
Ghosh—Olson model, 272
Gibbs adsorption equation, 445
Gibbs energy, 116

formation of vacancy, 228

internal energy, ab initio, 35

vibrational energy, ab initio, 35
Gibbs—-Thomson coefficient, 73
Gibbs-Thomson effect, 446
gradient descent method, 213
grain boundary

chemistry, 266

cohesion, 268

diffusion, 223

energy, 446

engineering, 446
grain refining dispersion design, 279, See microvoid

formation

Guggenheim model, 445

HAADF, high-angle annular dark field, 381, 453
Hall-Petch relationship, 364
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hard-coating dislocation density, 380
CVD, chemical vapor deposition, 360 effective composition, 243
PVD, physical vapor deposition, 360 kinetic attachment time, 53
hardness model, 344 mobility, 53
HEA, high-entropy alloy, 170 width, 59
heat capacity, 36, 117 work of separation, 381
heat treatment interface model
furnace/plant design, 303 diffuse, 50
heat transfer, 287 sharp, 50
optimization, 303 thermodynamic, 446
simulation, 181 interfacial energy, 52, 239
T6, 308 anisotropic, 359
Helmbholtz energy, 35, 117 coherent, 242
heterointerface, 445 estimation, 182
high-energy-density polymer nanocomposites, Johnson—Cahn model, 274
434 solid-liquid, 353
high-throughput methods ionization rate, 373
diffusion, 212 IPF, inverse pole diagram, 347
phase-field, 89
high-throughput calculation, 300 jellium model. See potential, EAM
honeycomb cubic particle, 347 jump rate, 228
hot cracking, 184
hot tearing, 184 Kauzmann’s paradox, 124
HRA, Rockwell hardness, 344 Kirkendall effect, 202-203
Hume—Rothery rule, 3 Kubo-Green formalism, 232
hydrides, complex light metal, 404 KWN, Kampmann—-Wagner numerical model, 4,
LiBH4, lithium borohydride, 404 181, 302
hydrogen embrittlement, 268
hydrogen storage materials, 403 labyrinth factor, 361
dehydrogenation, 404 Lagrange function, 123
landing gear, aircraft, 268
ICMD, integrated computational materials design, 6  laser-flash method, 248
ICME, integrated computational materials lattice or maker velocity, 218
engineering, 3 lattice parameter, equilibrium
IMM, Integral Materials Modeling, 6 EOS, equation of state, 33
incipient melting, 174, 309, 317 misfit, 329
industrial structure optimization, 33
slag, 442 ledeburite, 166
waste, 442 lever rule, 120
inhomogeneity LIB, Li-ion battery, 169, 419
chemical, 65 LMO, lithium manganese oxide, 422
displacive, 65 light alloys, 295
inhomogeneous inclusion linear microelasticity theory, 378
linear-elastic model, 274 liquidus point, 168
intelligent software, 451 longitudinal compression, 438
interaction parameters LRO, long-range order, 140
atomic mobility, 238
Gibbs energy, 134 machine learning, 87
interdiffusion coefficient, 202, 231 macroscale method, 8
cross, 210 magnetic coercivity, 352
main, 210 magnetic field, 447
interdiffusion flux, 207, 210 magnetization, 447
Cu-Mn-Ni—Zn alloys, 218 martensitic transformation, 271
interdiffusivity Ms, martensite start temperature, 267
average effective, 213 Matano plane, 208
interface Matano—Kirkaldy method, 210
curvature, 72 MatCalc software, 282
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materials design, 3
materials informatics, 7
materials thermodynamics, 114
MD, molecular dynamics, 60
equipartition theorem, 24
microscopic trajectory, 13
MSD, mean square displacement, 24, 419
Newton’s equations, 13
PBC, periodic boundary conditions, 26
potential function, 13
RDF, radial distribution function, 25
time integration algorithm, 28
virial theorem, 24
mechanical properties, 36
bulk modulus, 38
elastic constants, single-crystal, 36
elastic modulus, polycrystalline, 38
Poisson ratio, 39
specific modulus, 42
Young’s modulus, 39
mesoscale simulation method
cellular automaton, 66
front-tracking, 75
level-set, 76
phase-field, 48
metal hydrides, 404
interstitial hydride, 425
structural hydride, 404
Mg alloys, 304
AT72, 310
biomedical application, 313
biomedical scaffold/stent, 314
creep-resistant, 321
die cast, 306, 310
grain growth restriction, 314
surface oxidation, 317
ultraductile, 314
wrought, 306
MGI, Materials Genome Initiative, 3
microelectronic devices, 438
microstructural evolution, 6
microstructure, steel
austenite, 265
bainite, 266
cementite, 265
ferrite, 265
ledeburite, 266
martensite, 266
pearlite, 266
Widmanstitten, 266
microvoid formation, 279
model
property prediction, 9
thermodynamic, 2
modulus misfit, 267
mol, 117
mol of atoms, 118

mol of formula, 138
molar fraction, 139
MSD, mean square displacement, 232

multicriteria numerical optimization techniques, 341

multilayer coating
modulation period, 379
modulation ratio, 379
TiAIN/TiN, 381
TiAIN/ZrN, 381

multiscale numerical simulation, 4
atomic-scale, 12, 80
mesoscale, 47

nano

CALPHAD, 446

crystals, 456

phase diagram, 446

thermodynamics, 446
nanocurvature-enhanced fabrication, 438
nanoindentation, 382, 438
NEB, nudged elastic band method, 231
Nernst equation, 169, 422
NEST, nonequilibrium solidus temperature,

174

Neumann—Kopp approximation, 131
Newton—Raphson integration scheme, 288
NIST-JANAF thermochemical tables, 199

OCV, open-circuit voltage, 169, 421

Olson—Cohen model, 271

optical properties
reflectivity, 449
refraction, 449

order parameter, 60
long-range, 51
nonconserved, 58
orientational, 58

ordered phase
diffusion, 206
thermodynamics, 146

Pandat, 4, 122, 237

PanDiffusion, 237

PanPrecipitation, 253, 302

PanSolidification, 298

parabolic growth constant, 219

parallel model and series model, 250

pearlite, 166

penetration width, 226

PF, phase-field model
coarse-grained, 49
continuum, 49
elastic-chemical, 374
Kim-Kim-Suzuki, 57
microscopic, 63
multi-order parameter, 58
multiphase, 58
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quantitative, 58
Wheeler-Bottinger—McFadden, 55
PFC, phase-field crystal model, 60
single-mode, 61
three-mode, 62
PHACOMP, phase computation method, 3
d orbital method, 3
phase, 118
ferromagnetic, external field, 447
internal degree of freedom, 139, 141, 148, 152, 154
paramagnetic, external field, 447
phase diagram
calculation, 162
isopleth, 163
liquidus surface, 163
metastable, 166
pseudobinary, 375
tie line, 162
vertical section, 161
phase transformation, 4
diffusional, 281
diffusionless, 282
IMAK, Johnson—-Mehl-Avrami—Kolmogorov
equation, 288
Koistinen—Marburger phenomenological model, 288
latent heat, 287
phase-field variable, 49
conserved, 52
nonconserved, 53
plastic deformation
direction-dependent, 101
dislocation-based, 101
plasticity properties, 449
point defect
impurities, 39
intrinsic, 39
in LiBH4, 414
potential
EAM, embedded-atom method, 23
effective, 18
exchange correction, 18
L-J, Lennard-Jones, 23
pair, 23
potential-pH diagram. See Pourbaix diagram
Pourbaix diagram, 277
powder metallurgy technique, 342
liquid phase sintering, 343
precipitation kinetics simulation, 200, 302
hardness, 303
kinetic database, 303
Langer—Schwartz model, 273
particle size, 303
temperature-time profile, 303
yield strength, 303
pre-exponential factor, 219, 221
prototype characterization, 280
PSD, particle size distributions, 181, 302

Index 475

Pugh’s criterion, 39

PVD, physical vapor deposition, 372
sputtering, 372
target, 372
TiN-AIN phase diagram, 374

radioisotope, 202

random mixing, 133

random walk theory, 234

recycled materials, 438

Redlich—Kister polynomial
atomic mobility, 237
Gibbs energy, 133
molar volume, 247

SANS, small-angle neutron scattering, 274
Sauer—Freise method, 209
SCC, stress corrosion cracking, 279
Scheil solidification simulation, 170
alloy application, 174
Scheil-Gulliver approximation, 170
Schmid factor, 110
SDAS, secondary dendrite arm spacing, 179, 300
SEM, secondary electron microscopy, 452
semiconductor, 1
semi-empirical method, 233-234
SER, Standard Element Reference, 123, 125
SGTE, Scientific Group Thermodata Europe, 124, 387
short-circuit diffusion, 223
SimuSage, 441
sintering atmosphere
denitriding, 361
nitriding, 362
solidification
back diffusion, 298
cooling rate, 298
equilibrium, 165
kinetic parameter database, 298
lever rule, 172
microsegregation, 275
microsegregation simulation, 179, 298
primary dendrite arm, 276
Scheil, 165
secondary dendrite arm, 276
secondary dendrite arm spacing, 300
solidification rate, 298
temperature gradient, 298
solidification path, 164
Scheil, 172
solid-state precipitation, 181
solution heat treatment, 181, 183
window, 173
solvus point, 169
specific heat, 117
spinodal decomposition, 378
SQP, sequential quadratic programming method, 331
SRO, short-range order, 140
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state point, 118 technology readiness level, 450
steel TEM, transmission electron microscopy, 274, 381,
AISI H13, 281 452
alloy, 265 thermal expansion, 251
density, 265 Thermo-Calc, 4, 122
Ferrium S53, 267 thermochemistry, 114
plain carbon, 265 thermodynamic
TWIP, twinning-induced plasticity, 266 CALPHAD calculations, 122
ultrahigh-strength maraging, 266 CALPHAD modeling, 123
steel slag, 442 database, 155
STEM, scanning transmission electron microscopy, database correctness, 155
381, 453 database safety, 156
stiffness, 438 description, 155
stoichiometric compounds equilibrium, 118
diffusion, 220 modeling, 121
thermodynamics, 129 natural variables, 116
strain optimization, 121
Cauchy—Green tensor, 99 state functions, 116
coherency, 378 thermodynamic factor, 204, 231
elastic strain rate, 289 average, 220
localization, 109 thermodynamic properties, 199
plastic strain rate, 286 metastable phase, 35
plastic strain vector, 100, 468 vibrational entropy, 36
strain tensor, finite thermodynamics, 114
Eulerian, 99, 468 chemical, 114
Lagrangian, 99, 468 computational, 114
strength, 270 engineering, 114
strengthening dispersion, 273 materials, 114
stress thermophysical properties, 199
compressive thermal, 290 interfacial energy, 239
internal, 103 molar volume, 231
normal, 97 Seebeck coefficient, 252
relaxation, 285 thermal conductivity, 247
residual, 285 thermal expansion coefficient, 36, 235
shear, 97 thermal radiation, 252
yield, 285 thin film
stress relaxation Mo,BC, 438
flow curve, 285 Thomas—Fermi approximation, 235
gravity impact, 289 through-process simulation, 4
Kocks-Mecking equation, 285 for CVD, 6
work hardening model, 285 time integration algorithm
stretch tensor, 99 leap-frog method, 29
structure characterization methods, 5 Verlet method, 28
superalloys, 323 toughness, 276
Ni-based, 323 core, 269
Ni-Fe-based, 334 transition state theory, 228, 230
Re-free SX, 328 trial-and-error experiments, 1
SX, single-crystal, 325 TRIP, transformation-induced plasticity, 102
surface diffusion, 377 TRS, transverse rupture strength, 344
surface roughness, 108 TTT diagram, time—temperature—transformation
surrogate model, 331 diagram, 183
system turbulent Schmidt number, 392
closed, 118
open, 118 ultrafine cemented carbide
open, materials balance, 118 densification, 345
systems design chart, 269 grain growth inhibitor, 345
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porosity, 345 volume diffusion

uncertainty propagation, 452 flux, 226

uphill diffusion, Fe-C-Si, 204 length, 226

vacancies, 154 Wagner’s approach, 219
stoichiometric, 154 Weibull distribution, 349
thermal, 154 parameter, 349

van’t Hoff Weiss molecular field theory, 447
equation, 405 wettability, 347
plot, 410

VBM, valence band maximum, 40 XRD, X-ray diffraction, 439

Vergard’s law, 208

Vineyard’s harmonic transition state theory, yield strength

228 dislocation, 285

viscosity intrinsic lattice, 285, 466
associates, 245 precipitation hardening, 285
Kaptay equation, 244 solid solution hardening, 285, 466
Stokes—FEinstein equation, 244 subgrain, 285, 466
Sutherland-Einstein formula, 235 Young’s equation, 242
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