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Beam elastic bending
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deflection, 100f
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distributions, 100—102
example, 98b, 101b
neurral axis, 98
stiffness calculation, 99
Beam theory, 103
Bearing(s), 282
plane, 284
pressure, 278
sliding, 282
white-metal, 284
Beer-Lambert law, 482
Bendy design
clastic or natural hinges, 121f
elasticiry, 120
exploiting elasticiry, 120
flexural degrees of freedom, 121f
sliding mechanism, 120f
spring-loaded plunger, 120
strength, 121
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Benzene (CgHy), 483
Benzophenone, 482
Benzotriazole, 482
Bi-metal corrosion cell, 489f
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Boriding, 286

Boundary-layer lubrication, 282

Brake disks, 581, 581f

Brake linings, 285

Breakdown potential, 397398

Brittle cleavage fracrure, 210

Brownian motion, 339

Bubble chart, 25-26
modulus, 25f
usage, 25h

Buckling
of columns and plates, 103, 104f
natural vibration modes, 104§

Bulk modulus, 58

Bulk polymers, 77

Bumper crash barrier, 617f

C
C(NH,);S
See also Thiourea
Cable insularion, 402—403
Calcium bicarbonate (Ca(HCO4)4), 504
Calorimetry, 295
Cambridge Engineering Selector, 542—543
Capacitor, 380382
Carbon fibre, 599
Carbon steels, 561, 577, 383
cast irons and, GL2-24f
heat-treatment, GL2-60
displacive transformation, G1L.2-50
hardenability, G12-61-GL2-63
martensite, GL.2-60, GL2-62f



martensite transformation, GL2-61f
phase transformations, GL2-63
quench cracking, G12-61-G1.2-63

quenching and rempering effect, GL2-60-GL.2-

61
rempering, GL2-60
low, 578—579
phase ransformations in, GL.2-50
from FCC y-iron to BCC a-iron, GL2-51f
nucleation, GL.2-50
plain, 577, 578f
Carbon taxes, 621
Carbon tetrachloride (CCl,), 483
LCarbon-fiber reinforced polymers (CFRP), 19,
115-116
Carburising, 286, 345
Cast irons, 581—582
brake disk, 581—582, 581f
high-silicon, 481
microstructures in, 582f
Casting, 19, 571
alloys, G12-55-G1.2-56
processes, 523
Cathodic protection, 497
CCL. See Carbon tetrachloride
Cellular solids, 79
Cementite. See Iron carbide ( FeiQ)
Ceramic crystals, GL1-14
See also Polymer; crystals
corundum structure, oxides with,
GL1-17—-GL1-18, GL1-18f
DC strucrure
Silicon carbide, GL1-15, GL1-16f
unit cell, GL1-15
tluorite structure, oxides with, GL1-18—GL1-19,
GL1-18f
functional marerials, GL1-1§
Rocksalt strucrure
oxygen ions, GL1-16
Sodium chloride, GL1-16
Ceramic matrix composite (CMC), 77
Ceramic spark plug insulator shaping, 536, 537f
See also Thermoplastic CD case shaping
constraints, $37—-3538
documentation search detils, 538
powder methods, 538t
translation for, 537t
Ceramic(s), 557
anisotropy, 65

Noex "3

applications, A-5
atom packing in, 68
ceramic-metal composites, 585
coatings, 502
compressive failure, 213-214
failure mechanisms, 213f
microstrucrure, 5571, 585
phase diagrams, G1.2-28
mullite, G1.2-28-G1.2-29
silica-alumina system, GL2-28—-G1.2-29,
GL2-30f
stress—strain curve for, 131f
tensile failure
bending strength, 217
example, 215h
flaw controls failure, 216-217
probability, 216
statistical distribution, 214
strength and toughness, 218f
survival probability, 215f
in tension and pure bending, 216f
Weibull equation, 215-216
Weibull staristics, 214
tensile stress—strain curves for, 57f
Ceramics glasses composites, A-§
densiry, A-8
electrical resistivity and dielectric constant, A-18
fracture toughness, A-14
melting and glass temperature, A-6
thermal conductivity and expansion, A-16
yield and tensile strength, A-12
Young's modulus, A-10
CES system
clements database, 342
exploring design using, 31
exploring science with, 31—32
software, 286
CFRP, See Carbon-fiber reinforced polymers
CH;COCH;. See Acetone
Charge density, 382
Chemical segregation, 212
Chemical vapor deposition (CVD), 465
Chromates, 504
Chromium-nickel system, GL2-30f
Close-packed hexagonal (CPH), GL1-3f
dimensions, GL1-21f
HCP metals, GL1-4
HCP structure of packed spheres, GL1-4f
metallic elements, GL1-4
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Close-packed hexagonal (CPH) (Continued )
octahedral hole, 9f
packing, 65-66
tetrahedral holes, GL1-23f
Close-packed layer, 65—-66
CMC. See Ceramic matrix composite
CQO; footprint, 606
Coatings, 497
active, 501
ceramic and glass, 502
merallic, 501
passive, 500501
polymeric, 501502
self-generated, 501
ways, SO3f
Coefficient of friction, 274
Archard wear constant, 277f
sliding combinations, 276—277
unlubricated steel surface, 276§
Coercive field—Curic temperature chart, 427
Cohesive energy
atom-scale force-displacement response, 73
bond
energy, 72
stiffness, 72f
stiffnesses, 73
comparing, 73
foams or elastomers, 74
stress, 73
Young's moduolus, 74
Cold drawing, 146—147
Combustion, 481
in free-radicals reaction, 481
Components, GL2-3b
in carbon steel, GL.2-3
weight and atom, G1.2-4
Composites, 591
applications, A-§
boundaries, 78
composite density, 78
example, 78b
fibre-reinforced polymers, 79
geometry ar shape, 78
manipulation, 77f
reinforcement, 79f
strength—toughness, 217-218
Computer-aided design, 3
Computer-aided information management
computer-based resources, 26h

injection moulding, 27f
software, 26—28
Computer-aided selection, 113
bar chart with CES software, 536§
barch-process cost model, 534—535
using CES software, 113—115
database, §33—-534
output of cost model, 535f
screening steps, 535f
selection, 533
selection window, 114f
Computer-hased resources, 26b
Condensers. See Capacitor
Conducuvity, 377—378
Constirution
of alloy, GL2-5-G1.2-6
constitutive model, 334—335
equilibrium constitution, G1.2-5
point, GL2-10-G1.2-12
Constraints, 514
Constructive interference, 454—456.
See also Destructive interference
Consumption of materials. See Material
consumption
Contacr stresses, 172
Continuous use remperature (CUT), 330
Corkscrew lever, 1151
design requircments for, 116¢
strength, 180
translation for, 43t
Corrosion
alkalis, 482483
cell, 489-490
combating corrosion, 483
fatigue, 493
fresh and impure water, 487
bi-metal corrosion cell, 489f
corrosion cell, 489
corrosion potential, 487489
electro-plating, 490—491
galvanic series, 490
hydrolysis reaction, 491
oxygen dissolving, 491f
reduction potentials, 489
inhibitors, 504
As;O3, 504
CINH, )5S, 504
Ca(HCO;3)3, 504
chromates, 504



polyphosphares, 504
PTFE, 504
lons in solution, 483
acids and alkalis, 486
tonised water, 486
PH and pOH scales, 487¢
sulfuric acid, 486
zing, 486—487
liquids environments, 482
oils and organic solvents, 483
oxygen, 482
selective corrosion, 492
corrosion fatigue, 493
intergranular corrosion, 492
stress corrosion cracking, 492—493
strong acids, 482
Cost
model
capital cost of equipment, 530-532
cost of casting, 532533, §33f
economic batch size, §33
manufacture of component, 530, 531f
overhead rate, 532
process—economic barch size bar chart, 534f
production rate, 532
symbols, definitions and units in, 531t
structural materials
for buildings, 117, 117¢
corrosion resistance, 117
material index for, 118
for stiff floor beams, 118f
stone and brick, 119
Couplings, 180182
Crack tip plastic zone, 204-205
approximate crack lengths for, 207¢
brittle materials, 205
damage tolerance, 206-207
example, 206b
forms ar crack tip. 205f
tensile failure stress, 206
transition from yield to fracture, 206§
Cracked components, fanigue loading
crack growth during, 234f
cyclic loading, 233f
n fabricating large structures, 233
fatigue crack growth, 233
Paris law, 233234
polystyrene ruler, 234h
safe design against fatigue failure, 234-235

Crash barriers, 617

function of barrier, 617-618
material selection, 618f

mimimum embodied energy, 617-618
mobile barrier selection, 618

static and bumper, §17f

static barrier selection, 618-619
stiffness-limired design, 619

Creep, 330

airframes
acrodynamic heating, 361
Stress—temperature profile, 359f
supersonic flight, 361
thermal stress, 361
turbine blade with TBC, 360f
wing-tip displacement, 362
creep fracture, 330
diffusion, 339
loads or pressure, 349
creep problems, 356
creep relaxation
adiabaric heating, 361f
creep strain, 362
pre-tensioned components, 362
strength of alloys, 362§
stress relaxarion, 363f
creep-resistant alloys, 356
damage and fracture, 335
creep—rupture diagrams, 335
example, 336h
deformation, 332
example, 351h
mechanism diagrams, 349
for nickel alloy, 351f
diffusional flow
deformarion, 348§
free volume, 352
polyerystalline, 342
dislocation climb, 347
high-temperature pipewark, 356357
materials, 355f
safety-critical componenr, 358
stress in pipe, 357
hor forming process, 332
in hor forming processes
hot forming temperatures, 350-352
shaping methods, 350
industrial applications, 356
metals and ceramics to resisting



Creep (Continued )
ceramics, 354
diffusional flow, 354
power-law creep, 354
modulus, 354
performance of marerials, 356
polymers
creep rate, 355
crystalline materials, 349
glass temperature, 354
real polymers, 354
visco-elastic solids, 352
power-law creep, 333
TBC
ceramics, 360
gas turbines, 359
testing and curves, 333
activation energy for, 334
constitutive model, 334—-335
creep rate, 334f
primary creep strains, 333
strain rate, 334
turbine blades
centrifugal forces, 358—359
pressurised pipe, 357f
strengthening methods, 359
stress, 358
stress—rupture rime data, 357f
Creep behaviour
charts for, 336
creep strength
high-temperature design, 339
load-bearing structures, 338
ntanmum alloys, 339
melting point, 336
ceramics, metals and polymers, 337f
service temperature and strength, 338
Creep strains, 333
Creep—rupture diagrams, 335
Crevices, 497
Critical cooling rate, 35, 570
Critical materials. See Strategic materials
Crinical strain energy release rate. See Toughness
Crushing strength, compressive, 133
Crystal lattices, three-dimensional, 2
Crystal(s), 66
atomic packing fraction, 7
BCC, 3f
cubic unit cell, §

metallic elements, 5—6

metals, 6

non-close-packed spheres, 6f
close-packed planes lavers, 3f
CPH structure

HCP metals, 4

HCP structure of packed spheres, 4t

metallic elements, 4
FCC strucrure, 3f
cubic unit cell, 4
metallic elements, §
metals, §
packed spheres, Sf
lattice, 67
texture, 575
theoretical density, 8
three-dimensional erystal lattices, 2
unit cell, 2
Crystalline, 69f
materials, 148
solids, 75
state, 68—69
Crystalline imperfection, 140—141
defects in crystals, 141f
defects in metals and ceramics
dislocation, 142
grain boundaries, 142
impurities, 141
precision machine tool, 142
Crystallites, 71
Cubic cells, 67
Cumulative damage, 232
Cushions, 119
CUT. See Continuous use temperature
CVD. See Chemical vapor deposition
Cyclic loading, 226
crack growth during, 234f
cracked componenr, 233f

D
Damping
coefficient, 226227
fatigue damage and cracking
dislocation motion, 237
in high-cycle fatigue, 237
n low-cycle fatigue, 238
material damping, 236237
Defect contral, 585
Deformation mechanism, 349
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Creep (Contimied )
ceramics, 354
diffusional flow, 354
power-law creep, 354
modulus, 354
performance of materials, 356
polvmers
creep rate, 353
crystalline materials, 349
glass temperature, 354
real polymers, 354
visco-elastic solids, 352
power-law creep, 333
THC
ceramics, 360
gas turbines, 359
testing and curves, 333
activation energy for, 334
constitutive model, 334—333
creep rate, 334f
primary creep strains, 333
strain rate, 334
turbine blades
centrifugal forces, 358—359
pressurised pipe, 357
strengthening methods, 359
stress, 358
stress—rupture ume data, 3571
Creep behaviour
charts for, 336
creep strength
high-temperature design, 339
load-bearing structures, 338
titanium alloys, 339
melting point, 336
ceramics, metals and polymers, 337f
service temperature and strength, 338
Creep strains, 333
Creep—ruprure diagrams, 333
Crevices, 497
Critical cooling rate, 35, 570
Critical materials, See Strategic materials
Critical strain energy release rate. See Toughness
Crushing strength, compressive, 133
Crystal latrices, three-dimensional, 2
Crystal(s), 66
atomic packing fraction, 7
BCC, 3f
cubic unit cell, §

metallic elements, 5—6

metals, 6

non-close-packed spheres, 6f
close-packed planes layers, 3f
CPH structure

HCP metals, 4

HCP structure of packed spheres, 4f

metallic elements, 4
FCC strucrure, 3f
cubic unit cell, 4
metallic elements, §
metals, 3
packed spheres, 5f
lamice, 67
texture, 575
theoretical density, 8
three-dimensional crystal lattices, 2
unie cell, 2
Crystalline, 69f
materials, 148
solids, 75
state, 6869
Crystalline imperfection, 140—141
defects in crystals, 141f
defects in metals and ceramics
dislocation, 142
grain boundaries, 142
impurities, 141
precision machine tool, 142
Crystallites, 71
Cubic cells, 67
Cumulative damage, 232
Cushions, 119
CUT, See Continuous use temperature
CVD. See Chemical vapor deposition
Cycelic loading, 226
crack growth during, 2341
cracked component, 233f

D
Damping
coefficient, 226—227
fatigue damage and cracking
dislocation motion, 237
in high-cycle fatigue, 237
in low-cyele fatigue, 238
material damping, 236—-237
Defect control, 585
Deformanon mechanism, 349



cxample, 351b
for nickel alloy, 351f
Density, 5—6, 52
applications, 52
by Archimedes’ method, 531
avom packing
amorphous structures, 67f
balls on pool table, 65f
in ceramics, 68
crystal latrice, 67
in glasses, 68—69
in metals, 65~66
in polymers, 6972
square grid of spheres, 66f
structures, 66
and unir cell, 66
cohesive energy and elastic moduli, 72
atom-scale force-displacement response, 73
bond energy, 72
bond suffness, 72f
bond stffnesses, 73
comparing, 73
foams or elastomers, 74
stress, 73
Young's modulus, 74
crystallography, 65
glass transition emperature, 75
glassy, 75-76
modulus variation with temperature, 75§
polymer deformarion, 76
metallic alloys modulus, 7677
origin of density, 76
relative, 119
samples with regular shapes, 52-53
Density manipulation
atomic packing and bonding, 77
compaosites, 77
boundaries, 78
composite density, 78
example, 78b
fibre-reinforced polymers, 79
geomerry or shape, 78
manipulation, 77f
reinforcement, 79f
foams, 79
cellular solids, 7980
fonm modulus, 80
Deposition process, 308
Design for recyeling, 621

Design parameters, %6
Design process, 34
devices to open corked bortles, 36
concepts, 36
embodiment sketches, 36
market need, 36f
documentation, 42
interacaon, 39f
origimal design
conceptual and embodiment stages, 34—33
design flow chart, 35f
high-purity silicon, 34
product specification, 34
parallel route, 39
ranking, 41
redesign, 3536
necessary changes, 36
using scenarnos, 35
screening, 41
rranslanon, 39-40
boundary conditions, 40
common constraints and objectives, 41t
constraints, objectives and free variables, 40t
distinctions, 40—41
examples, 42—46
outcome, 41
strategy applied to materials, 40f
Design-limitmg properties, 12
Diamond cubic structure (DC strucrure), 13, 15f
Silicon carbide, 13, 16f
retrahedral packing in, 25f
unit cell, 15
Dichroic materials, 464—463
Dielectric, 376
behaviour
dipole moments, 395-396, 396
polar groups, 396
breakdown
breakdown potennal, 397-398
kinenc energy, 397
lightning strike, 398§
constant, 8—9
loss, 396397
water molecule, 397¢
properties
breakdown field, 382-383
capacitor, 380—-381
charge density, 382
electric field strength, 380
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Dielectric (Continued )
clectrostriction, 384385
loss tangent and facror, 383
power, 384
Diesel injector, 408f
Diffuse reflection, 449
Diffusion
activation energy for self-diffusion, 340
Brownian motion, 339
CES Elements database, 342
coefficient, 341—342
concentration gradient of red atoms, 340
creep deformation, 339
diffusion constant, 341
diffusive jump, 340f
in doping of semiconductors
concentranion profile of boron, 346f
heat flow problems, 347
high-purity silicon, 346347
Fick's law, 341—342
field gradients, 343
in liquids and non-crystalline solids, 343
polyerystalline, 342
rules-of-thumb, 342
i surface hardening of steel
carburising, 345
concentration profile of carbon, 3451
example, 345b
ransient diffusion problems
Fick’s law for, 343
flux of diffusing atoms, 343—344
intermixing by diffusion, 344f
vacancies, 339-340
Dilute acids, 8b
Dilute alloys
solidification, GL2-39
microstructure evolution, GL2-39—GL.2-41,
GL2-20f
Pb-Sn phase diagram, GL2-40f
Sn-rich phase formation, GL2-41
Direct pull, 36
Directions, 14f, 25f
Miller indices of, 13, 13f
square brackets, 13
Dislocation(s), 142
climb, 347
force on, 145f
inter-atomic forces, 142
line, 142—143

making dislocarion by curring, 143f
maotion, 145f, 237
perfect crystal, 143f
screw dislocation, 144f
slip directions and planes, 144
slip displacements, 144
Dispersion hardening, 150f
Displacement-limited designs, 251f
clastic hinges and couplings, 251
marerials for, 251
Displacive transformation, GL2-60
Dissipation factor, See Loss tangent
Documentation, 42, 516
Domestic radiator, 542f
Doping process, 346—347
Double weighing method, 52—53
Doubling-time, 599—601
Drawing, 147f
Driving force, 35, 565—566
Dry sliding, 282
Ductile fracture, 210-211
Ducrile materials, 20
Ductile-to-brittle transition, 211-212
Ductility, 4, 132, 263
alloys, 154
ceramics and glasses, 133
crystalline imperfection, 140—142
dislocations and plastic flow
dislocation line, 142—143
inter-atomic forces, 142
making dislocation by curting, 143f
perfect crystal, 143f
screw dislocation, 144f
slip directions and slip planes, 144
slip displacements, 144
encrgy-absorbing applications, 132—133
example, 132b
hardness test, 133
lattice resistance, 146
line tension, 146
measurement, 130
perfection
bond strength, 138
ideal strength, 140f
inter-atomic forces, 140
single atomic bond, 139f
plastic flow in polymers, 146
cold drawing, 147f
compression by shear banding, 147



at low temperatures, 146—147
PE, PP and nylon, 147

shear stress monion, 144
dislocation motion causes extension, 145f
force on dislocation, 145f
resistance, 145146

strength, 134

stress—strain curve, 132

Durability. 474
factors, 4741
industrial sector, 474—473

E
e-m radiation, See Electromagnetic radiation
Eco-design, material selection for, 614
crash barriers, 617
function of barrier, 617—618
material selection, 618f
minimum embodied energy, 617-618
mobile barrier selection, 618
static and bumper, 617f
static barrier selection, 618—619
stiffness-limited design, 619
material production phase, 614
producr disposal phase, 616—617
guidelines, 616
product manufacture phase, 615
producr use phase, 615
energy consumption and fuel economy, 616f
energy efficiency in refrigeration, 616
fuel efficiency in transport systems, 615
rational use of dambase, 6151
Eco-information, 605—606
Elastic deformation, 264
Elastic design, 156—157, 165
Elastic energy, 61
caleulation, 61
example, 61b
strained material, 61—62
Elastic extension/compression
stiffness, 98
tensile or compressive stress, 97
Elastic hinges, 180
box, Iid and hinge, 180—181
design requirements for, 180t
marterials, 181f
Elastic limie, 130
Elastic modulus, 4, 52
atom-scale force-displacement response, 73

NCEx

bond energy, 72
bond stiffness, 72f, 73
comparing, 73
definitions of, 35f
elastomers, 74

stretching, 74f

tangled structure, 74-73
section modulus, 166—168
stress, 73
Young's modulus, 74

Elastic problems, solutons to

See also Suffness-limited design
beam elastic bending

I-9

cross-section area and second moments, 100f

deflection, 100f
using distance, 9§-99
distributions, 100-102
example, 98D, 101b
neutral axis, 98
stiffness calculation, 99
buckling, 103, 104f
cross-section loaded in torsion, 97§
elastic extension/compression
stiffness, 98
tensile or compressive stress, 97
geamerries and load patterns, 97
modeling, 96
torsion of shafts
circular shafts elastic torsion, 102f
example, 103b
resistance, 102
shear stress, 102—103
vibrating beams and plates
flexural modes, 104—105
natural frequency, 103—104
natural vibration modes, 104f
Elastic waves, 304
Elasticity, 120
theory, 146
hardened steel ball, 133—134
plastic strain, 132
Elastomers, 39, 338, 386—387
cross-links, 72
elastic moduli
strerching, 74f
rangled structure, 74—75
microstructural features in, 338f
polymers, A-3
density, A-8
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Elastomers (Continued )
elecrrical resistivity and dielectric constant,
A-18
fracture roughness, A-14
melting temperature and glass temperature,

A-6
thermal conductivity and thermal expansion,
A-16

yield strength and tensile strength, A-12
Young's modulus, A-10
Electrical, magnetic and optical properties, 9f
dielectric constant, 89
clectromagnetic wave, 10
magneric ficlds, 9—10
requirements, |0b
resistiviry, §
Elecrrical conduction, 8, 376
Electrical conducrivity
conducrors, 390, 390f
crystals formation, 389f
1onic conduction, 388—389
Pauli exclusion principle, 389-390
work function, 390
Electrical msulation
electric plug, 403, 403f
polymers, 402—-403
with thermal conduction
hear sink, 404, 404f
microchips cool, 403—404
thermoser, 403
Electrical properties
charts for, 385
design
ferroelectric actuation, 407—408
materials for radomes, 405
microwave heating, 404
piezoelecrric actuation, 406
pyroelectric thermal imaging, 406—407
stealth echnology, 404—403
transmitting elecrrical power, 402
dielectric behaviour, 387
clectrical behaviour, 3761
clectrical resistivity, 385
orngins and manipulation
dielectric behaviour, 395-396
dielectric breakdown, 397-398
dielectric loss, 396—397
electrical conducrivity, 388390
clectrical resistance, 391—394

ferroelectric materials, 400—401
piezoelectric materials, 398—399
pyroelectric materials, 399
semiconductors, 394395
strength and diclectric loss, 387—388
strength and electrical resistivity, 385—386
thermal conductivity, 385
Electrical resistance
electron concentrations and mobilities, 392—393
field, 391
imperfections, 391f
scattering centres, 391-392
thermal vibration, 394
work hardening, 393
Electro-chemical mechanisms, 475
Electro-polishing, 19
Electrochromic materials, 464
Electroluminescence, 463
Electromagnetic radiation (e-m radiation), 448
spectrum of, 449
Eleceroplating, 503f
Electrostriction, 384—-385
Embodied energy, 606
See also Processing energy
bar charts, 611
of basic materials by volume, 612f
of basic materials by weight, 612f
mpur—output analysis, 606
of PET, 606
property charts, 613
modulus—embodied energy chare, 613
strength—embodied energy charr, 613
of virgin and recycled plastics, 609¢
Embodiment stage, 3435
Enameling, 503f
End-of-life potential, 607
Endurance limit, charts for, 235
plorted against tensile strength, 236
tensile steength, 2335
Energy demands of products, 610
approximare values for encrgy, 611f
product groups, 610-611
Energy loss, 435436
Energy release rate, 203
condition for fracture, 204
derivation, 204
releasc of elastic energy, 204§
slab of material, 203
and roughness, 204



Encrgy-hmited design, 2511
choosing matenals, 251
fracture stress, 250
springs and containment systems, 249
Engineering
ceramics, 236-237
components, 36
disasters, 264
Engineening materials, data for
density. A-8
electrical ressstvity and dielectric constant, A-18
fracture toughness, A-14
meltng temperature and glass remperature, A-6
names and applications
composites and ceramics, A-5
glasses and narural materials, A-S
metals and alloys, A-2
polymers and foams, A-3
thermal conductivity and thermal expansion,
A-16
vield strength and tensile strength, A-12
Young's modulus, A-10
Entropy, 3, 561
Environment
dJdesien for, 598
environmental properties, 11—12
Prime Objective, 626
Equilibrium constitution, GL2-3
Equilibrium solid-stare phase changes
eutectoid reaction, GI.2-50-GI2-51
from austenite to pearlite, GL2-52f
cutectond ferrite-cementite microstructure,
GL2I-51-GL2-52
fernte and cementite plates, G12-51
smgle solid phase transformation, GI.2-51
phase transformations in carbon steels, GL2-50
from FCC y-iron to BCC «-iron, GL2-51f
nucleation, GL.2-50
phase ransformations in hypo-cutectoid steels,
GL2-52
territe and pearlite microstructures,
1253
territe-pearhire microstrucrure, G1L2-34f
ron carbide, G1L.2-52
micrastructure evalution, GE2-53f
phase reaction, GL2-52
precipitation reactions, GL2-48
faster diffusion paths, G12-49—G1.2-50
faster nucleation, G1.2-49-GL2-50

dex 111

Fe-C phase diagram, G1.2-30f
precipitanon hardening, G1.2-48-GL2-49
slow-cooled Al-Cu alloy microstrucrure,
GL249f
two-phase region, GG1.2-49
Equilibrium soliditication
binary alloys, 39
Cu-Ni phase diagram, 37f
of dilute alloys, 39-41
grain boundaries, 371, 38
grain structure, 3§—39, 38t
for heterogeneous nucleation, GL2-36—GI1.2-38,
GL2-37F
for homogencous nuclearion, GL2-36—G12-38,
GL2-37f
impingement of solid regions,
GL2-37f, GL2-38
latent heat release, GL2-36
phase composition, G1.2-39
phase reaction, GL2-39
of pure metals, GL.2-36~GL.2-38
Error funcrion, 314
Ethical sourcing of raw materials, 621
Eutectic Al-Si alloy, GL2-43f
Eutectic alloy solidification, GL2-42f
Euteetic point, GL2-10, GL2-28f
Fe-C phasc diagram, 564363
for Pbh-Sn system, GI12-10
Eurectic reaction, G1L2-41
Eutectic solidification, GL2-41
cutectic Al-Si alloy, GL2-43¢
eutecnic reaction, GL2-41
off-eurectic Al-Si alloy, GL2-43¢
Pb-Sn phase diagram, GL.2-42f
phase reaction, GL2-43
phase shape clongation, GL2-42—-GL2-43
proportions of phases, G1.2-42
Eutectoid ferrite-cementite microstructure,
GL2-51-GL2-52
Eutectoid point, G1.2-23, GL.2-28f
Eutectoid reacnon, GI.2-50-G12-51
from austenite to pearlite, GL2-352f
eurecroid ferrire-cementire MICrosTruCTure,
GlL2-51-GL.2-52
ferrite and cementite plates, GL2-51
single solid phase transformarion,
GL2-51
Exchange energy, 429—430
Extrusion, 523
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F material damping, 236—237
Face-centred cubic (FCC), 3f, 6566 problem of fangue

cubic unit cell, 4

interstitial hole size calculation, 22f
lattice, GL2-23

metallic elements, 5

metals, §

octahedral hole, 9f

packed spheres, 5f

retrahedral hole, 9f, 24f

Fail-safe design

bailer failures, 256

example, 255h

leak-before-break criterion, 255
material with, 2354

maximum pressure equation, 256
non-destructive testing, 254
yield-before-break criterion, 255

amplitude, 227
cyclic loading, 228f
initation-controlled fatigue, 227
low-amplitude vibration, 227
low-cyele fatigue, 227
stress cycling on, 228f
Fatigue crack growth, 233
critical crack length calculation, 261
example, 262b
Paris’ law equation, 261-262
proof restng, 262263
Fatigue cracks, 238~240
FCC. See Face-centred cubic
Fe-C phase diagram, 564—563, 564f
Fermi cnergy, 389-390
Ferri-magnetic marerials, 421—422
Ferri-magnets, 9-10

Faraday’s equation, 490
Fast fracture, 248
Fatigue, 201202, 226

Ferrites, 421, 565
Ferro-magnetic materials, 418

damage and cracking
dislocation motion, 237
in high-cycle fatigue, 237
in low-cycle fatigue, 238
high-cycle fatigue and S—N curve, 227229
Basquin's law, 229
example, 230b
fatigue or endurance limit, 229
fatigue strength at, 229f
low-and high-cycle regimes, 230f
loading of cracked components
crack growth during, 234f
cyelic loading, 233f
in fabricating large strucrures, 233
fatigue crack growth, 233
Paris law, 233234
polystyrene ruler, 234b
safe design against fatigue failure, 234-235
low-cycle fatigue, 230
endurance limit, 231§
manipulating resistance to
choosing materials, 238
compressive surface stress, 238—240
drop in fatigue ratio with, 239f
fatigue life, 238
nondestructive testing, 238
shot peening, 239f

Ferro-magnets, 9-10
Ferroelectric acruarion
See also Piezoelectric acruation
diesel injector, 408f
injectors for diesel engines, 407—408
Ferroclectric materials, 344—385
See also Pyroelectric materials
BaTiOy, 400
dielectric constants, 401
dipole moment, 400f, 401f—401f
domains, 400
ferroelectric hysteresis curve, 401f
Ferrous alloys, 581, 581f, 584—385, 584f
Ferrous merals, A-2
density, A-§
electrical resistivity and dielectric constant,
A-18
fracture toughness, A-14
melting and glass temperature, A-6
thermal conductivity and expansion,
Al6
yield and rensile strength, A-12
Young's modulus, A-10
Fibre
composites, S90f
fibre-based materials, 588
fibre-reinforced polymers, 79



Fick's law, 341-342
Fighting corrosion
cathodic protection, 497
coatmngs, 497—504
corrosion inhibitors, 504
corrosion-resismnce ranking, 494«
crevices, 497
fluids trapping, 500f
geametry and configuration design, 496—497
material choice design, 496
materials and coatings, 498t—499¢
straregies, 493
stress corrosion and corrosion-fatigue, 497
suppress galvanic arrack, 497
Finishing process. See Surface treatment
Flame retardants, 482
Flammability, 475
characteristics, 476
combustion of polymer, 481
flame retardants, 482
tree-radicals reaction, 481
metals, 476
rantngs, 477t
spark or cigarerte, 481
temperature rise, 481f
Blexural rigidity, 99
Floor beams, design requirements for, 117t
Huorescence, 465
Flux density. See Magnetic induction
Flywheels. See Spinning disks
Foams, 77
apphicanions, A-13
celiular solids, 79—80
fozm modulus, 80
Forsmsie fracture mechanics
acromol or fizzy beverage, 252
eybindrical pressure vessel, 253f
messurements, 253
tank specification, 253c
tenwile stress, 253254
srack-mounted propane tank, 253
working pressure, 254
Forest hardening, 150f
Fracoion, 278280
Fracture
desggning for
adhesive bond peeling, 264f
adhesive joints, 264
materiale with low ductility, 263

producers, 263
stress concentration, 263
thicker strip, 263
wughness, 200-201
measuring, 201f
toughness—modulus chart, 207—208
toughness—strength chart, 208209
Fracrure mechanics
crack up plasuc zone, 204205
approximate crack lengths for, 207t
brittle materials, 205
damage wlerance, 206-207
example, 206b
forms at crack tip, 205f
tensile failure stress, 206
transition from yield to fracture, 206f
energy release rate, 203
condinon for fracture, 204
derivation, 204
release of clasuc energy, 204f
slab of material, 203
and toughness, 204
lines of force in cracked body, 200f
stress intensity and fracture toughness, 200—201
example, 202h
material property, 202—203
measuring fracture toughness, 201f
sharp crack of length, 201-202
test machine, 202b
yield strengeh, 218f
Fracture problems, solutions to
using non-destructive testing, 248—249
sharp cracks concentrate stress, 248
stress intensities with short cracks, 250f
Fracture-limited design
fail-safe design
boiler failures, 256
example, 255b
leak-before-break criterion, 255
material with, 254
maximum pressure equation, 256
non-destructive testing, 254
yield-before-break criterion, 255
fatigue crack growth
critical crack length calculation, 261
example, 262b
Paris’ law equation, 261-262
proof testing, 262263
torensic fracture mechanics
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Fracture-limited design (Continued )
aerosol or fizzy beverage, 252
cylindrical pressure vessel, 253f
measurements, 253
tank specification, 253t
tensile stress, 253—254
truck-mounted propane rank, 253
working pressure, 254

key players in, 249§
materials to resist fatigue
candidates, 258
CFRP sounds, 258
comparing, 256
con-rods for high-performance engines
connecting rod, 257
high-performance engine, 256-257
rail cracking, 238
endurance limit and densicy, 239¢
Hatfield crash, 260
hydraulic pressure, 261
rail-head cracking, 258260
5—N curve for titanium alloy, 259f
Fracrure-safe design, material indices for
displacement-limited designs, 251f
clastc hinges and couplings, 251
materials for, 251
energy-limited design, 251f
choosing materials, 251
fracture stress, 250
springs and containment systems, 249
engineering polymers, 249
in load-limited design, 249
plotting indices on charts
Klc—E chart, 252f
marterinls with values, 251-252
merals and polymers, 252
thumb demands, 251

Free variables, 515, 516t

Fresnel construction, 454f

Friction, 27

high friction, 285
abrasive additive, 285
ashestos dust, 285
brake linings, 285

i metal processing, 286—287
rotary fricnion welding, 288
sticking friction, 288
torque, 288
welding processes, 287—288

plasncity, 279¢f
profile of surface, 279f
sliding friction, 280
Friction coefficient. See Coefficient of friction
Friction seir welding, 287f
Functional properties, 13
Fusion welding, 19, GL.2-46

G

Galvanic artack, 492
Galvanic series, 490
GFRP. See Glass-fiber remnforced polymers
Gibbs free energy, 5
Glass transition temperature, 75
glassy, 75-76
modulus variation with temperature, 75f
polymer deformation, 76
Glass-fiber reinforced polymers (GFRP), 19
Glasses, 18, 557
applications, A-5
atom packing in, 68
coatings, 502
microstructural fearures in, 557f
microstructure, 585
transition temperature, 294-295
Glassy, 75—76
Good die design, 539
Goodman’s rule, 231—232
Grainis), 142
boundary hardening, 153
grain refinement, GL2-32
grain-size hardening, 146
Guided Learning Unit, GL2-2

H
Halite structure. See Rocksalr structure
HALS. See Hindered amine stabilisers
Hard
See also Soft magnetic devices
magnetic devices
Alnico alloy, 437
applications, 437t
coercive fields, 437
hysteresis loop, 436f
remanence, 436
magnetic materials, 9—10
magnets, 423
materials, 286
Hardenability, 61—-63, 583



Hardemnz mechanisms. 154
Hardness test, 133
B8 Ser Horontal burn
HUF covtal structure. See Hexagonal close-packed
erystal structure
Hes, 294
of carbon sweels, GL2-60
duplacive transformation, GL2-60
Sardenability, GL2-61-GI2-63
marrensite, GL2-60
marntensite appearance, GL2-62f
martensite transformation, GL2-611
phase transtormations, GL2-63
quench crackmg, GL2-61—-GL2-63
quenching and rempering effect,
GL2-60-GL2-61
tempering, GL2-60
exchangers, 316
aluminum alloys, 317
ceramics, 317
internal pressure, 316
stress, 316
unks
clectrically insulanon, 44f
tor microchips, 44b
wranslanon for, 431
treatment, 2022
Hzat capacity, 7
atom vibration
cage of atoms, 302f
thermal energy, 302f
atoms i mation, 301303
Heatrreatable aluminum alloys, 56, 578—579
See also Non-heat-treatable aluminum alloys
Alnch end, GL2-57f
for arnficial ageing, GL2-56—G12-58
evolution during ageing, GL.2-38~GI2-59
precipitation, GL2-56
TIT diagram, G12-58f
Heavily alloyed metals, 236—237
Heterogencous nucleation, 569
Hexagonal cells, 67
Hexagonal close-packed crystal structure (HCP
crystal structure), 571
HE transformer cores, 45b
transformer, 45§
translation for, 461
High remperature superconductors (HTS), 440
Hish-cycle fatigue, 227

incex |-15

Basquin’s law, 229
example, 230b
fatigue or endurance limit, 229
fatigue strength ar, 229f
low-and high-cycle regimes, 230f
mean stress and variable amplitude
cumularive damage, 232
example, 231b
Goodman's rule, 231-232
safery-critical applications, 232233
High-heat capacity matcrials, 7—8
High-performance engines, con-rods for
candidares, 258
CFRP sounds, 258
comparing, 156
connecting rod, 257
high-performance engmne, 256257
Hindered amine scabilisers (HALS), 482
HIP. See Hot isostatic pressing
HIPing. See Hort isostatic pressing (HIP)
HNOj, See Nitric acid
Homogeneous nucleation, 569
Homogenisation, GL.2-46
Hooke's law, 332
compression, 60f
constraine effect, 60
general cubic element, 59
loading geometry, 60b
Poisson's ranio, 59
states, 59f
stiffening effect, 61
stress (o strain ratio, 60
in three dimensions, 59
Horizontal burn (HB), 476
Hor dip galvamizing, 503f
Hor forming
process, 332
temperatures, 350-352
Hor isostaric pressing (HIP), 521
Hot teaning, 519
HTS. See High temperature superconductors
Human capital, 620
Hybrid materials, 389—590
classes, 590—591, 5901
composites, making, 591
foams, making, 391
laminares and sandwich panels, 391—592
Hybrids, 19
Hydrocarbon consumption, 599f
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Hydrochloric acid (HCI), 482
Hydrodynamic lubrication, 282
Hyvdrolysis reaction, 491
Hydrostatic pressure, 53
Hysteresis loop, 422

1
Ideal strength, 140
‘Inadequate profit margin' scenario, 35
Indices on charts
computer-aided selection, 113
using CES sofrware, 113—115
selection window, 114f
E—Relative cost chart, 112f
ranking, 111
E—p chart showing guidelines, 1131
loading geomerry, 112113
logarithmic scales, 112
selection guidelines, 112
screening, 111
Infrared (IR), 467
Initial magnetisation curve, 422423
Initiation-controlled fatigue, 227
Injection moulding, 19, 27f
Ink-jet printing. 406
Inorganic solids, 17
Insulator, 376
Integration, 623
human capital, 627
manufacrured capital, 628
natural capital, 627
stakeholders concerns, 628
Inter-diffusion, 340
Interference
destructive, 454—456
light waves, 454
phase difference, 455f
wavelength of light, 454
Intergranular corrosion, 492
Intermediate phases, GL2-16
alummium-copper system, GL2-17f,
GL2-18
compounds, GI2-18
melting points, GL2-16
silver-strontium system, GL2-17f
stoichiometry, GL2-16
Internal energy, GL2-35
Interstinal holes, G1L.2-23
Interstitial space, GL1-9

carbon steel, GL1-10
CPH structure, GL1-10
holes, GL1-10
Invar alloy, 298
lonised water, 486
lonization, 488f
IR. See Infrared
Iron carbide (FeyC), G12-23
Iron-carbon diagram, G1.2-23, GI.2-27f
See also Phase diagrams
cast irons and carbon steels, GL2-24f
characteristic of, G1.2-23
eutectic structure, G1.2-24
eutectoid point, GL2-23
expanded views, G1.2-25f
FeyC system, GL2-23
iron carbide, GL2-26
peritectic point, GL2-24-G12-25
single phases, G1.2-25
Isomarphous phase diagram, G1L2-8
for Cu-Ni system, GL2-8f
Isotropic material, 58

J
Joining process, 22, §517—-518
design requirements, 526
joint geometry, §27-528, 527f
low carbon steels. 578—579
manufacturing conditions, 528
material compatibiliry
adhesives, 327
joints berween materials, 527
modes of loading, 527528, 527f
physical limits
process economics, 528529
thermal joining processes, 528
thermal welding, 577578
weld cross-section with, 579f
welding metallurgy, 579-580
Judicious design, 493

L

Lattice
points, 67
resistance, 146, 236-237
structures, S90f
Law of Mass Action, 483
LCA. See Life-cycle analysis
Lead, 336



density, 5—6
diffusion, G12-45—G1.246
lead-lined containers, 486
Leak-before-break criterion, 255
materials selecting for, 257f
Lever rule, GL2-14—G1.2-15, GL2-14f
Life-cycle analysis (LCA), 602—605
Light, 448
panels, 176
design requirements, 177t
indices, 177
maximum stress, 177
strength—density chart, 177f
strong panels, 176
design requirements, 178t
merals and composites, 179
mimmum mass design, 178
self-similar shape, 178

shaping effect on strength and mass, 17%

strength—density chart with, 177f
Lighe levers, 115§
for corkscrews, 115
design requirements, 116t
floor beams, 117t
selection of materials, 116f
Young’s modulus, 115-116
Light tic-rod, 175—176
design requirements, 176t
elastic design, 176
specific strength, 176
yield strength, 176
Limiting oxygen index (LOI), 476
Line tension, 146
Line-of-sight deposition processes, 529—530
Lincar temperature dependence, 330
Linear thermal expansion coefficient, 295
Liquid solidifies, 339—560
Liquidus alloys, 563
Liquidus line, 7
Load-bearing structures, 156157
Load-limited design, 249
Lodestone, 418
LOL See Limiting oxygen index
Long-chain molecules, 587
Longitudinal sound velocity, 81—82
lorentz force, 431
Loss coefficienr, 226—227
Loss tangent, 383
Low-cycle fatigue, 227

endurance limit, 231§

fatigue and empirical descriprion, 230f
Lubrication

boundary-layer, 282

solid lubricants, 282—283

viscosity of oil, 282

M
‘Mac-effect” scenario, 36
Machining, 20-22, 517518
Magnetic anisotropy, 433
Magnetic design
flexible magnets
binder, 437438
clastomers, 438t
ferrite powder, 437
hard magnetic devices
Alnico alloy, 437
applications, 4371
coercive fields, 437
hysteresis loop, 436f
remanence, 436
magnetic information storage
AMA, 438
fine particles, 438—439
magnetic read-write head, 4391
squareness, 438
materials selection for, 433
Meissner effect, 439440
SMES systems, 440
energy-density, 440—441
refrigeration, 440
soft magnetic devices, 434f
applications, 435t
energy loss, 435436
hysteresis loop, 434f
magnetic cores, 433—435
superconducting magnets, 439
Magnetic induction, 418
Magneric information storage
AMA, 438
fine particles, 438—439
magnetic read-write head, 439f
squarcness, 438
Magnetic propertics
charts for
coercive held—curie temperature chart,
427428

remanence—coercive hield chart, 424436

-17
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Magnetic properties (Continued )
saturation magnetization—Susceptibility
chart, 426
drilling down
atom, 428
domains, 430
clectron-moments, 428—429
energy product, 433
ferrites, 430
Lorentz force, 431
magnetic anisotropy, 433
magnetic behaviour, 429§
magnetised rod. 430
orbital and electron spins, 428§
paramagnetic material, 429—430
saturation magnerization, 431
ferri-magnetic marerials, 421—422
ferro-magnetic materials, 421 —422
magnetic fields in materials, 420f
energy density, 421
macroscopic dipole moment, 419-420
magnetic flux density, 420h
magnenc pressure, 421
magnetic fields in vacuum, 418—419
electric current, 419
magnefic momenr and moment-field interaction,
419
solenoid, 418f
measurement
hysteresis curve, 423
hysteresis loops, 424f
imitial magnetisation curve, 422423
remanent magnetisation, 422
soft and hard magnets, 423

exponential growth, 600f
growth rate calculation, 600k
hydrocarbon consumption, 599§
merals, 598
polymers, 59§
strategic macerials, 601
Marerial index, 105
for elastic design, 105
light and stiff beam, 108—111
light and stiff panel, 107—108
material index, 105
minimising material cast, 111
mumimising weight, 105—106
ranking, 1035
Material properties, 4, 330
chemical propertics, 1011
design-limiting propertics, 12
electrical, magnetic and optical properties, 8
dielectric constanr, §—9
electromagnetic wave, 10
magnetic fields, 9—10
requirements, 10h
environmental properries, 11—12
mechanical properties, 4
density, 5-6
example, 5h
glass or PMMA, 4
tensile strength, 4
thermal properties, 6
energy-efficient cookware, 8b
heat capacity, 7-8
railroad track buckles, 6
thermal conductivity and heat capacity, 7
Material property charts, 16, 63

Magnetisation, 422 ABS, 27%
Magneto-striction, 62—63 anisotropy, 63
Manufactured capital, 620 bar charr, 24
Marine heat exchangers, 317 modulus, 24f
Market need, 34 usage, 24h
Martensite, 60, 577 bubble chart, 25-2¢
appearance, G1.2-62f modulus, 25f
transformation, GI2-61f usage, 25h

Mass-law, 82
Material consumprion, 598
carbon fibre, 599
engineering materials, 599f
growth, 599601
cumulative growth, 601b
doubling-time, §99—601

core tool, 26
data sheets for materials, 23
modulus—density chart, 63
modulus—relative cost chart, 63
for toughness

modulus chare, 207

strength chare, 208—209
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Material(s), 2 example, 5h
ceramics, 17 glass or PMMA, 4
classifying materials, 16 tensile strength, 4
compatibility Megapascals, 54
adhesives, 527 Maeissner effect, 439—440

joints between materials, 527
computer-nided informarion managemenr
compurer-based resources, 26b
injection moulding, 27f
software, 26—28
cost minimization, 111
damping, 236—-237

Melting temperature, GL2-7
MEMS. See Microelectro-mechanical systems
Metal matrix composites (MMCs), 77
Metal(s), 17

alloys with applications, 1551

anisotropy, 65

applications, A-2

development, 3f casting and wrought alloys, 571
¢lastomery, 19 deformation processing

engincering materials menu, 17f crystal rexture concepr, 573
families, 16 development, 574—3575

glasses, 18 grain structure evolurion, 574f, 575
hybrids, 19 material strength, 573574

information for design
embodiment stage, 37
material search space narrowing, 38f
materials selection, 37
polyethylene, 37-38
process choice, 38

recovery and recrystallisation, 575
solid-state, 573
flame spraying, 503f
forming
example, 183b
metal-working operations, 183—183

production establishment, 38 by plastcity, 183
liability and compensation, 2 processes, 184f
life cycle, 602 rolling of plate with, 183
eco-mformanon, 605—-606 heat treatment
LCA, 602—605 normalising, 576
material family examples, 18f plain carbon steels, 577, 578f
metals, 17 precipitation hardening, 577
microstructure, 555 quench and temper treatment, 577
ceramics and glasses, 557 shaped component, 576
metals, 555556 thermal profile for, 5761
polymers and elastomers, 558 yvield strength, 577

polymers, 18—19
production phase, 614
set of aurbutes, 16—17

metal—marrix composites, 149-150
microstrocrure, 556f, 571
polymer composites, A-5

software for, 4 density, A-8
Material—process compatibility, 517518, 517f melting and glass temperature, A-6
Maximum local stress, 174 shaping, 521
Maximum longitudinal stress, 166 solidification in metal casting, 5721
Maximum service temperature, 6, 294-295, 330 multi-parameter problem, 572—573
Maxwell-Boltzmann nucleation, 572

equation, 339 porosity, 573

problem, 343 segreganon, 573
MCM. See Multiple<chip module steels, 571
Mechanical propernes, 4 strength—toughness, 217

density, 3—6 stress—strain curve for, S7f, 131f
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Metal(s) (Continsed )
thermal welding, §577—-578
Menallic alloy, GI.2-3
processing of, GL2-4
Merallic coatings, 501
Metallic reflectors, 460
Metals processing
See also Non-metals processing
alloy steels and heat trearment, 583
brake disks, 581, 581f
cast irons, S81—582, 582f
deformation processing
cryseal texture concept, 575
development, 574—575
gram structure during forming, 575
gramn structure evolution, 574f
marerial strength, 573—574
recovery and recrystallisation, 573
solid-state, 573
ferrous alloys, 581, 581f
ferrous alloys, S84—3585, 584f
heat treatment
normalising, 576
plamn carbon stecls, 577, 578f
precipitation hardening, 577
quench and temper treatment, 577
shaped componenr, 576
thermal profile for, 576f
yield strength, 577
I-beams, cars and cans, 581f, 582—583
joining processes
low carbon steels, 578—579
thermal welding, 577578
weld cross-section with, 579f
welding metallurgy, 579—580
solidificarion, 571
in metal casting, 372§
multi-parameter problem, 572—3573
nucleation, 572
porosity, 573
segregarion, 573
stainless steel, $83—3584
surface engineering
direct diffusion of atoms, 580
laser hardening, 580f
transformation hardening, 580
Metastable phase. See Martensire
micro-farads (uF), 382
Microelectro-mechanical systems (MEMS), 522

Microstructure, 552
example, 552
hybrid materials, 589-590
composites, making, 591
foams, making, 591

laminates and sandwich panels, 591392

materials, 55§
ceramics and glasses, 557
metals, 555—556
polymers and elastomers, 558
mefals processing, 571
alloy steels and hear trearment, 583
cast iron and brake disk, §81-382
casting and wroughr alloys, 571
deformation processing, 573—575
ferrous alloys, 581, 584—585
heat treatment, 576—577
I-beams, cars and cans, 582—583
joining processes, 577—380
solidification, 571-573
stainless stecl, 583—3584
steels, 371
surface engineering, 580
non-metals processing
ceramics and glasses, 585
polymer fibres, S87—588
polymer moulding, 587
polymers and elastomers, 586—587
powder processing, 586
processing for properties
aluminum bike frames, §53~555
bike frame manufacture, 554f
Microstructure evolution in processing
driving force and mechanism, 559
liquid solidifies, 559—3560
nucleation
critical radius for, 568
and growth, 568, S68f
homogencous nucleation, 569
temperaturc-dependénce, 568—569
phase, 559
diagrams, 559
transformarion, 539
phase diagram, 559
Al-Cu system, 563—564, 563f
binary Fe-C system, 564—3563, 564f
for binary Pb-Sn system, 562
real alloys, 561
shaping processes, 559



solidification and heat treatment, 571
solidification and precipitation, 360
thermodynamics
composition, 560
entropy, 561
equilibrium, 561
internal energy, 560361
and kinctics, 565568
materials processing, 560
TTT diagrams, 569570, 570f
C-curve shape, 570
crinical cooling rate, 570
temperarure against transformation rare, 3691
Micrawave heating, 404
Miller indices, GL.1-11
procedure for, GL1-12f
round brackets, GL1-11
Miner's rule, 232-233
Minimum embodied energy, 617—618
Minimum mass design, 616
Mintmum service temperatures, 294295, 330
MMGs. See Meral martrix composites
Mobile barmer selection, 618
Mode 1 stress intensity factor, 200—-201
Mode of loading, 527—-528
for joints, 527f
and states of stress, 54§
Modeling, 96
Modulus manipulation
atomic packing and bonding, 77
composites, 77
boundaries, 78
composite density, 78
example, 78b
fibre-reinforced polymers, 79
geomerry or shape, 78
manipulation, 77f
reinforcement, 79f
foams, 79
cellular solids, 7980
foam modulus, 80
modulus—density chart, 63
modulus—relative cost chart, 63
modulus—strength chart, 138
Maolar concentration, 483
Molybdenum disulfide (MoS,), 282283
Monkman—Grant law, 335336
Monolithic-shaped materinls, 591—592
MaS;. See Molybdenum disulfide
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Moulded polymers, 526
Moulding, 22, 523
Mrotecnion methods, 474—475
Mullire, GL.2-28—G1.2-29
Multi-parameter problem, 572—573
Multiple-chip module (MCM), 403404
Mushy zone, 518-519
Natural capital, 620
Naturzal composites, A-§
density, A-8
electrical resistivity and dielectric constant,
A-14
tracture toughness, A-6
meltng and glass temperature, A-6
thermal conductivity and expansion, A-16
yvield and tensile strength, A-12
Young's modulus, A-10

N

Natural materials, names and applications, A-S
NDT. See Non-destructive testing
Near-ner-shape processes, 553
Nernst equation, 489
Net flux model, 304—305
Newton's law, 332
Nickel, 583—584
Nitric acid (HNOy), 482
Nitriding, 286
Nominal stress—nominal strain, 134—133
Non-destructive testing (NDT), 233
tail-safe design, 254
manipulating geometry and loads, 248-249
Non-equilibrium solid-stare phase changes,
GL2-55
See also Equilibrium solid-state phase changes
heat-treatable aluminum alloys, GL2-56
Al-rich end, G1.2-57f
for artificial ageing, GL.2-56—G12-38
evolution during ageing, GL2-58—G1.2-59
precipitation, GL2-56
TTT diagram, GL2-58f
heat-treatment of carbon steels, GL2-60
displacive rranstormanon, GL2-60
hardenability, GL2-61—-G1.2-63
martensite, GL2-60
martensite appearance, GL2-62f
martensite rransformation, G1.2-61f
phase transformations, GL.2-63
quench cracking, GL.2-61-GL2-63
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Non-equilibrium solid-state phase changes
(Continued )
quenching and tempering effect,
GL2-60-GL2-61
rempering, 60
non-heat-treatable aluminum alloys,
GL2-55-GL2-56
Non-heat-treatable aluminum alloys,
GL2-55-GL2-56
Non-metals processing
See also Metals processing
ceramics and glasses, 585
polymers
and elastomers, 586—587
polymer fibres, 5§7—588, 589f
polymer moulding, 387
powder processing, 586, S86f
Nonferrous metals, A-2
densiry, A-8
electrical resistivity and dielectric constant,
A-18
fracture toughness, A-14
melting and glass temperarure, A-6
thermal conductivity and expansion, A-16
yield and rensile strength, A-12
Young's modulus, A-10
Nonlincar temperature dependence, 330—331
Nucleation, 572
critical radius for, 568
and growth, 568, 568f
heterogencous, 569
homogeneous, 569
temperature-dependence, 568—369
Nylon, 182

O
Objective function
beam, light and stiff, 108
panel, light and stiff, 107
tie-rod. light and stiff, 106
Off-curecnic Al-Si alloy, GIL2-43f, GL.2-45
Off-eurectic alloy solidificarion, GL2-42f

Off-eutectic composition solidification, GI.2-43

metastable phase, GL2-45

microstructure evolution, GL2-43-GL2-44,

GL2-44f
Pb-rich and Sn-rich regions, G1.2-44
Opaque, 448—449
Optical

fibres, 466f
path length, 454—456
profilometry, 524—525
Opncal design
using interference, 467
angle of incidence, 467—468
layering effects, 467
methods, 465
using reflection and refraction, 466
refractive index of, 466t
using total internal reflection, 466—467
Optical properties
charts for, 456—457
physics and manipulation of
bakelite, 462
band gap, 463
dichroic materials, 464—463
divlectric, 458, 461
doping, 463464
c-m wave, 458
electrochromic materials, 464
electroluminescence, 4635
electrons, 462
fluorescence, 465
metallic reflectors, 460
merals, 460
Phosphorescence, 463
photochromic materials, 464
photoconductivity, 465
photon, 460
photon energy, 459h
radiation, 459
scatrering, 462
thermochromic materials, 464
wavelengths, 461 —462
reflectiviry and refractive index, 457
refractive index and dielectric constant. 456
Oxidation
growth
metal ion diffusion and electron conduction,
479§
oxygen ion and holes diffusion, 479f
linear weight gain and loss, 480
mass of oxide, 478
measurement, 476f
oxide film, 478
polymers, 475
rate of oxidanon, 477
rates of metals, 475



resistance to metals, 480—481
weight gain, 477—478
Oxidation corrosion, differennal, 492
Oxide(s)
with corundum structure, GL1-17—GL1-18,
GL1-18f
film, 478

with fluorite structure, GL1-18—GL1-19, GL1-18f

P.
Padding, 119
Paint spraving, 503f
Paris law, 233—234, 261262
Parison, 387
Particulate composites, 390f
Partinon, GL2-7
Passive coatings, S00—501
See also Active coatings
Pauli exclusion principle, 389—390
Pb-Sn system, GL2-13f
constitution points, GL2-12f
cutectic point for, GL2-10
single-phase fields, GL2-11f
solubility limits, GL2-11f
Pb-Sn system. See Binary lead-tin system
PC. See Polycarbonate
PE. See Polyethylene
Pearlite. See Eutectoid ferrite-cementite
AHcrostructure
Peritectic point, GL2-24—GL2-25,
GL2-27-G1.2-28, 28f
Peritectoid point, GL2-27-GL2-28, Gl12-28f
Permeability, relative, 419—420
Permeability of vacuum, 419
PET. See Polyethylene-terephthalate
pF. See pico-farads
Phase diagrams, GL2-2, GL2-6
Al-Cu system, 563—564, 5631
binary diagram, G1.2-9
constitution point, G1.2-10-GL2-12
phase compasition, GL2-12—GL2-13
sulidus boundaries, GL2-9
tie-line, GL2-10-GL2-12
binary Fe-C system, 564—365, 564
for binary Pb-Sn system, 562f
cooling curve, G1.2-36f
eutectic point, G12-10, GL2-28f
tor Pb-Sn system, G12-10
eutectoid point, G1.2-28f
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inrermediate phases, G12-16
aluminium-copper system, GL2-17f, GL2-18
compounds, GL2-18
melting poines, GL2-16
silver-strontium system, G1.2-17f
stoichiometry, GL2-16

isomorphous, GL2-8

partial phase diagram, G1.2-10f

for Pb-Sn system, G12-13f
constitution points, GL2-12f
single-phase fields, GL2-11f
solubility limits, GL2-11f

peritectic point, G12-27—-GL2-28, GL2-28¢t

peritectoid point, GL2-27—GL2-28, GL2-28f

propartions of phases, GL2-14—GL2-15
lever rule, GL2-14—GL2-15, GL2-14f
weight fractions, GL2-15

for pure iron, G1.2-36f

for pure substance, GL2-7f

real alloys can, 561

solubility limirs, GL2-8

solvus boundaries, G1.2-9

for sugar and tea, GL2-9f

Phase transformations, GL.2-2, G1.2-34, 559

in carbon steels, GL2-50
from FCC y-iron to BCC a-iron, GL2-511
nucleation, GL2-50
diffusion and rare, 568
enthalpy and entropy, 566
equilibrium solidification
binary alloys, GL2-39
Cu-Ni phase diagram, GL2-371
of dilute alloys, GL2-39-GL.2-41
grain boundaries, GL2-37f, GL2-38
grain structure, GL2-38—-G1.2-39, GL2-38f
for heterogencous nucleation, G12-36-GL2-38,
GL2-371
for homogeneous nucleation,
GL2-36—G1.2-38, G12-37F
impingement of solid regions, GL2-37f, GL2-38
latent heat release, G1.2-36
phase composition, GL2-39
phase reaction, G1.2-39
of pure merals, GL2-36—-GL2-38
equilibrium state, 565—566
cutectic solidification, GL.2-41
cutectic Al-Si alloy, GL2-43f
cutectic reaction, GL.2-41
off-eutectic Al-Si alloy, GL2-43f
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Phase transformations (Continued )
Pb-Sn phase diagram, GL.2-42f
phase reaction, GL2-43
phase shape elongation, GL2-42-G1.2-43
proportions of phases, GL2-42
free energy with temperature, 565f
in hypo-eutectoid steels, GL2-52

ferrite and pearlite microstructures, G1.2-53,

GL2-54f
iron carbide, G1.2-52
microstructure evolution, GL2-53f
phasc reaction, GL2-52
kinetic mechanism, 567
liquid and solid force, 566

off-eutectic composition solidification, G1.2-43

metastable phase, GL2-45

microstructure evolution, GL2-43-(G12-44,

GL2-44f
Pb-rich and Sn-rich regions, GL2-44
precipitate coarsening, 566
recrystallisaton wipes, 567
segregation, GL2-45~G1L2-46
consequence of, GL2-46
fusion welding, GL.2-46
homogenisation, GL2-46
and impuritics, GL2-46
solidification cracking, GL2-46
in solidification of binary alloys, GL2-46f
solid-state phase changes, 566
techniques for quantifying phases, GL2-35t
thermodynamics and kinetics, GL2-35
variation, S67f
Phase(s), GI2-2, GL2-4, 559
boundaries, 7
change, 319
composition, GL2-12-G[.2-13
diagrams, 559
propartions of, GL2-14-GL2-15
lever rule, GL2-14-GL2-15, GL2-14f
weight fractions, GL2-15
reaction, GL2-39
Phonons, 304
conduction, 304—303
transmission of hear, 305f
Phosphorescence, 465
Photo-degradation, 477
commercial polymers, 482
ultraviolet absorbers, 482
Photo-oxidation. See Photo-degradation

Photochromic materials, 464
Photochromics, 464
Phoroconductivity, 465
Physical properties, 13
Physical vapor deposition (PVD), 4635
pico-farads (pF), 382
Piezoelectric actuation
ink-jet printers, 406
piezo print-head, 406, 406f
Piczoelectric coefficient, 384—385
Piczoelectric marerials, 62—63, 384—385
in crystals, 398-399
dipole moment, 398f
strain, 399
ultrasonics, 399
Pinning, 149
Pitting corrosion, 492
Plain carbon steel, 581f, 582—583
Plane bearings, 284
See also Rolling bearings
hydrodynamic lubrication, 284
soft and hard metals, 284
Planes, GL1-11, GL1-12f, GL1-24f
close-packed planes ways, GL1-20f
HCP strucrure, GL1-10f
Miller indices, GL1-11
Plastic flow
dislocation line, 142—143
inter-atomic forces, 142
making dislocation by curting, 143f
perfect crystal, 143f
in polymers, 146
cold drawing, 147f
compression by shear banding, 147
at low remperatures, 146—147
PE, PP and nylon, 147
screw dislocation, 144f
slip directions and slip planes, 144
slip displacements, 144
Plastic work
plastic strain, 132
polymer—matrix composite, 132
for polymers, 130—132
true stress and true strain, 134—135
difference, 136
example, 135b
hardness scales comparing, 134f
nominal and true stress-strain curves, 136f
plastic deformation, 136



yield strengeh, 130
Plasticity problems, 166
corkscrew levers, 180
clastic hinges and couplings
box, lid and hinge, 180181
design requirements for, 180¢
materials, 181f
meral forming
example, 183b
metal-working operations, 183—183
by plasticity, 183
processes, |84f
rolling of plate with, 183
Springs
choice of materials, 182
design requirements for, 183¢
matertals for, 182
standard solutions to
contact stresses, 172—173
spinning disks, 171-172
stress concentrations, 173—173
yielding of beams and panels, 166—169
yvielding of shafts, 169—170
yielding of ties and columns, 166
toughness, 180
types, 179—-180
Plastics, 18—19
deformation, 264
section modulus, 168—169
Plotming indices on charts
Kyc—E chart, 252f
materials with values, 251-252
metals and polymers, 252
thumb demands, 251
Plotting limits on charts
computer-aided sclection, 113
using CES software, 113—115
selection window, 114f
E—Relative cost charr, 112f
screening, 111
PMC. See Polymer matrix composite
PMMA. See Polymethyl-methacrylate
Poisoning, 581—382
Paisson’s ratio, 58
Polarisation, 399
Polarisation, spontaneous, 399
Polycarbonate (PC), 71
Polycrystalline material
resolunon of srress, 154f
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n rension, 153
Polyethylene (PE), 24h, 69
Polyethylene-terephthalate (PET), 598
embodied energy of, 606
processing energy of, 606—607
Polymer foams, A-3
density, A-8
electrical resistivity and dielectric constant,
A-18
fracture toughness. A-14
meltng temperature and glass temperature, A-6
thermal conductivity and thermal expansion, A-10
yield strength and tensile strength, A-12
Young's modulus, A-10
Polymer matrix composite (PMC), 77, 132
Polymer(s), 18—19
applications, A-2
atom packing
common polymers, 70f
elastomers, 72
polymer chains, 69f
polymer molecules bond, 69—71
polymer strucrures, 69
polypropylene form spagherti-like tangles, 71¢
structures for silica, 69f
thermoplastics weak bonds, 71
cluster, 138
coatings, 500
crystals
engmeering polymers, GL1-20
low symmetry, GL.1-19
structure of crystalline polyethylene, GI.1-19f
fibres, 587—588, 589f
microstructural features in, 538f
molecules bond, 69-71
moulding
blow moulding, 587
molecular architecture evolution, 388f
polymers shrink, 587
powder spraying, 503f
real, 354
rheology, 354
strength—roughness, 217218
stress—strain curve for, 131f
tensile stressestrain curves for, 57f
Polymethyl-methacrylate (PMMA), 71
Polyphosphates, 504
Polypropylene (PP), 598
Polystyrene (PS), 71, 457
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Polystyrene CD case, 43f hierarchical classification, 22
Polyvinyl chloride (PVC), 598 joining process, 22
‘Poor value for money” scenario, 35 primary and secondary processes, 2022
Porcelain, 17 taxonomy, 22f, 23f
Porous composites, A-§ computer-aided information management for
densiry, A-8 computer-hased resources, 26h
clectrical resistivity and dielectric constant, injection moulding, 27f
A-18 software, 2628
fracture toughness, A-14 ductile materials, 20
melting and glass temperature, A-6 economics, 528—529
thermal conductivity and expansion, information for design
A-16 embodiment stage, 37
yield and tensile scrength, A-12 establishmenr of production, 38
Young's modulus, A-10 material search space narrowing, 38f
Porous materials, §2 materials selection, 37
Porous solids, 82 polyethylene, 37—38
Power, 297 process choice, 38
methods, 521 manufacturing processes, 21f
processing, 586, S86f selection in design
throwing, 529—530 constraints, 514
transmitting electrical, 402 documentation, 516
electrical loss, 402 free variables, 515, 516t
hybrid cable, 402f manufacturing processes, 514
lowest resistivity, 402 ranking, 516
Power-law creep, 333 screening, S15—516
PP, See Palypropylene translation, 515
PPP thinking selection strategy, 515f
See also Prosperity, Planer, People thinking constraints, 514
Precipitare coarsening, 566 manufacturing processes, 514
Precipitation, 560 Process attributes, 516
hardening, 146, 577 material and process selection, 518
process, 149—150 Material—process compatibility, 517—518, 517f
reactions, G1.2-48 Process-property interaction
Al-Cu alloy microstrucrure, GL2-49f hear-treating glass, 23
faster diffusion paths, GL2-49—-G1 2-50 welding, 23
faster nucleation, G1.2-49-G1.2-50 Processing energy, 606607
Fe-C phase diagram, GL2-50f See also Recycling energy
precipitation hardening, GL2-48—GL2-49 end-of-life potential, 607
two-phase region, G1.2-49 energy inputs, 607
Pressure vessels, GL2-52 of PET, 606—607
Prime Objective, 621f Product disposal phase, 616—617
achieving, 623 Product manufacture phase, 615
for sustainability, 622—623 Product use phase, 615
for wind farms, 624, 626 energy consumption and fucl economy, 616§
Prismatic shapes, 523 energy efficiency in refrigeration, 616
Process, 19 fuel efficiency in transporr systems, 6135
classes of process, 20f ‘Product-recall’ scenario, 35
classifying processes Proof testing, 254

finishing adds cost, 22 Property charts, 52, 613



modulus—embodied energy chart, 613
strength—embodied energy chart, 613
Prosperity, Planer, People thinking (PPP thinking),
619
Protective coatings, 493
PS. Ser Polystyrene
Pare 1ron, 364
PVC. See Polyvinyl chloride
PVD. See Physical vapor deposition
Pyrex marerial, 309
Pyroelectnc
matenials, 384385
dipole moment, 399
clectrodes, 399
polansanon, 399
thermal imaging, 407f
flming of wildlife, 406
hear-diffusion, 406—407

Quench cracking, G1.2-61-GL.2-63

R
Radnon factor, 8384
Radio and microwaves, 448
Badame, 405, 405f
Radl cracking, 258
endurance limit and density, 259f
Harheld crash, 260
Bvdraulic pressure, 261
rail-bead cracking, 258—260
SN curve for titanium alloy, 259f
Random subsutunional solid solution, 149
Ranlong. 41, 516
Recovery, 560, 5741, 575
Recrysmallisation, 560, 567, 573
Recycled plastics
embodied energy, 609t
market price, 609t
Recycling energy, 607
down-cycling, 607—608
embodied energy of recveled plastics, 609t
energy saving, 609
energy-absorbing steps, 609t
weals, 607-608
in-house scrap, 607—608
material fractional contribution, 609
of plastics to recover PET, 608f
Reflection, 623, 629
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Reflectivity, 448
Refraction
example, 453b
Fresnel construction, 454f
index of, 451
reflection, 452—453
rotal internal reflection, 451
wave-fronts, 433
Refrigeration, 440
Reinforcement, 156
Remanence. See Remanent magnetisation
Remanence—Coercive field chart
electrical resistivity, 425426
soft and hard magnetic materials, 424
Remanent magnetisation, 422
Repention, 226
Resistivity, 377
property, 8
remperature-dependence of, 378—379
Resonance, 226227
RMS. See Root-mean-square
Rocksalt structure
of magnesia, GL1-17f
oxygen ions, GL1-16
Sodium chloride, GL1-16
Rolling, 522
Rolling bearings
deformanon of components, 284
rolling-cantacr, 284
rotarion, 283
Root-mean-square (RMS), 524
Rotary friction welding, 287F
Rubbery behaviour, 75-76
Rules-of-thumb, 342

S
Sandwich panels, 390f
Saturation
magnetization, 9—10, 431433
magnetization—susceptihility charr, 426
polarisation, 400
SBR. See Styrene butadiene rubber
Scattering centers, 3J06—307
Screening, 515—-516
Screw dislocation, 144f
Segmented materials, 590f
Segreganion, 45—46, 373
chemical, 212
consequence of, GL.2-46
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Segregation (Contrmed )
fusion welding, G1.2-46
homogenisation, GL2-46
and impurities, G1.2-46
solidification cracking, GL2-46
in solidification of binary alloys, GI.2-46f
Selective corrosion, 492
corrosion fatigue, 493
intergranular corrosion, 492
polymers, 493
stress carrosion cracking, 492—493
Semiconducrors
free electran densitics and carrier mobilities,
394—395, 395¢f
intrinsic and extrinsic, 394
valence ¢lectrons, 394
Shape facror, 109
Shape-memory materials, 319
Shaping, 519f
estimating cosr for, 530
cost model, 530-3533
mass and section thickness, 51§
bar spans, 518
second bar charr, 518, 520f
physical limits
casting and moulding, 519
torging or rolling, 521, 522f
metal shaping, 521
polymer moulding, 519, 521f
powder methods, 521
viscosity and surface tension, 518—5] 9, 520f
shape
classificarion scheme, 522, 523f
compatibility matrix, 524f
contnuous processes, 523
prismatic shapes, 523
rolerance and roughness, 523, §24¢
characteristic ranges, 525-526, 525, 526f
moulded polymers, 526
optical profilometry, 524—525
surface roughness, 524, 525§
Shear modulus, 58
Shear strain, 56
Shear stress
calculation, 55
motion, 144
dislocation motion causes extension, 145f
force on dislocation, 145§
resistance, 145—146

Sheer thickness, 528
SIC. See Silicon carbide
Silica crystallization (5105 crystallization), 68—89
Silica-alumina system, 2G12-8-GL2-29, GL.2-30f
Silicon, high-purity, 34
Silicon carbide (SiC), 15, G1.1-68
Silver-strontium system, G1.2-17f
Simple cubic (SC), GL1-3f
Single phase, GL24. GL2-8
austenire ficld, 565
for binary Fe-C system, 564f
felds, 562f
Si0; crystallization. See Silica crystallization
Sliding bearings, 282
Sliding friction, 280
Slip directions, 144
Slip displacements, 144
Slip planes, 144
SMES systems. See Superconducting magnetic
ENergy storage systems
S—N curve, 227229
Basquin's law, 229
example, 230b
fatigue or endurance limir, 229
fatigue strength ar, 229¢
low-and high-cycle regimes, 230f
Snell’s law, 451
Sodium chloride, GL1-16
Soft magnetic devices, 434f
See also Hard—magnetic devices
applications, 435t
energy loss, 435—436
hysteresis loop, 434f
magnetic cores, 433-433
Soft magners, 423
Soft porous materials, §2
Solenoid, 418f
Solid lubricants, 282283
Solid solution, GL2-4
hardening, 146
Solid-state deformarion processes, §73
Solid-state phase, 566
Salidification, 560, 571
cracking, GI.2-46
in metal casting, 572f
multi-parameter problem, 572—573
nucleation, 572
porosity, 573
scgregarion, 573



Solidus alloy, 363
Salidus line, G12-7
Solution hardening, 149, 150f
Solvus boundaries, (G1.2-9
Sound, 8(~81
snergy radiation
acoustic impedances, 84t
mass-law, 83
radiation factor, §3—84
sound boards, 83
sound velocity, 85f
sound-transmitting material, §3
insulation, 82
management
absorbing and insulation, 82
impact noise, 82—83
soft porous materials, 82
sound msulation, 82
wave impedance
acoustic impedances, 84t
mass-law, 83
radiation factor, 8384
sound boards, 83
sound velocity, 85f
sound-transmitting material, 83
waves, 305-306
Sound-absorprion coefficient, 82
Sound-transmitting material, 83
Specific heat. See Heat capacity
Specular reflection, 449
Spinel, GL2-28
Spinning disks, 171f
example, 171h
inertial energy storage, 171—172
Spray-coating process, 530
Spring-loaded plunger, 120
Springs
choice of marerials, 182
design requirements for, 183t
materials for, 182
Squareness, 438
Stainless steel, 581f, 583—584
Stakeholders, 623—624
for sustainability, 623
of wind farms, 628f
carbon footprint, 626f
design, 625
environment, 626
materinls and manufacture, 625

Index 129

regulation, 626
societv, 627
Standard reduction potential, 487
Staric coefficient, 280
Static crash barrier, 617f
selection, 618—619
Static loads, 240
Stealth rechnology
aircrafr, 4035
using dielectric loss, 404
Steel connecting rod shaping, 539, 539¢
carbon steel components, 540
constraints, 539—540
forging, 541
forging and powder methods, 540¢
process cost model input dara, 541§, $41¢
translation for, 540c
Steel radiator joining, 541-542, 543t
Cambridge Engincering Selector, 542—3543
domestic radiator, 542f
quality and economic criteria, 543
translation for, 542t
Steels, 571
See alsa Carbon steels
BCC structure, 66
consumprion, 398
diffusion in surface hardening
carburising, 345
concentration profile of carbon, 345¢
example, 345b
high-strength, 182
phase transformations in hypo-eutectoid, GL2-52
ferrite and pearlite microstructures, G12-53
ferrite-pearlite microstructure, GL2-54f
ron carbide, GL2-52
microstrucrure evolution, GL2-53f
phase reaction, GL2-52
plain carbon, 577, 578f
stainless, 583—584
Sticking friction, 288
Stiff springs, 303
Stiffness, 52, 96, 220
atom packing
amorphous structures, 67f
balls on pool table, 65f
in cernmics, 68
crystal lattice, 67
in glasses, 68—69
in metals, 65—66
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Stiffness (Contined )
in polvmers, 6972
square grid of spheres, 66f
structures, 66
and unit cell, 66
cohesive energy and elastic moduli, 72
atom-scale force-displacement response, 73
bond energy, 72
bond stiffness, 72f
band stiffnesses, 73
comparing, 73
foams or elastomers, 74
stress, 73
Young’s modulus, 74
crystallography, 65
density and modulus, 76—77
glass transition temperature, 75
glassy, 75—76
modulus variation, 75f
polymer deformation, 76
origin of density, 76
specific, 106
Stiffness-limuted design, 165, 619
See also Weight minimization
bendy design
elastic or narural hinges, 121f
elasticity, 120
exploiting elasticiry, 120
flexural degrees of freedom, 121f
sliding mechanism, 120f
spring-loaded plunger, 120
strength, 12
traditional three-part hinge, 120
material indices for elastic design, 105
lighr and suff beam, 108—111
light and suff panel, 107—108
material index, 1035
minimising material cost, 111
minimising weight, 105—106
shaping, 179
Storage heaters
CES software, 319
energy, 318319
using heat capacity, 318
wind tunnels, 318
Stoves, 480
Strain, 52
definitions of, 55f
shear strain, 56

sumuli leading to, 62f

tensile strain, 56

volumerric strain, 56

Strategic marerials, 601
Strength, 198

alloys, 154

crystalline imperfection, 140—142

dislocation and yicld strength relationship,

153—154

dislocations and plastic flow
dislocation line, 142143
inter-atomic forces, 142
making dislocation by cutting, 143f
perfect crystal, 1434
screw dislocanon, 144f
slip directions and slip planes, 144
slip displacements, 144

dispersion and precipitate strengthening
critical configuration, 151
example, 151b
precipitation hardening, 151
precipitation process, 149—150

grain boundary hardening, 153

lattce resistance, 146

line rension, 146

manipulating properties
fracture toughness and modulus, 219
metals, 217
polymers and composites, 217218

reinforcement with glass or carbon fibres, 218

toughening by fibres, 219f
material property, 198—199
perfection
bond strength, 138
ideal strengrh, 140f
inter-atomic forces, 140
single atomic bond, 139f
plastic flow in polymers, 146
cold drawing, 147f
compression by shear banding, 147
at low temperatures, 146147
PE, PP and nylon, 147
plastic strain, 132
polymer—matrix composite, 132
for polymers, 130-132
shear stress motion, 144
dislocation mation causes extension, 145f
force on dislocation, 145f
resistance, 145—146



solution hardening, 149
strengeh and ducdlity of alloys, 154
strengthening merals
crystalline materials, 148
dislocation-eye view, 148f
mechanisms, 149
obstacles to dislocation mortion, 148
pinning force, 148
strengthening polvmers, 154—156
metal alloys with applications, 155t
nominal stress-strain curves, 156f
strengthening mechanisms, 155f
successive positions, 151h
true stress and true stramn, 134-135
difference, 136
example, 135b
hardness scales comparing, 134f
nominal and true stress-strain curves, 136f
plastic deformation, 136
work hardening, 152
density of dislocations. 152
example, 152b
strengthening method, 152—153
yield strength, 130
Strengeh-limired design, 208
Strength—density chart, 137f
comparison, 138
example, 137h
polymers cluster, 138
strength for engineering materials, 137138
Stress, 52
corrosion cracking, 492—493
definitions of, 55f
enginecring companents, 56
example, S4b
gradient, 343
hydrostatic pressure, 55
loading and states modes, 54f
megapascals, 54
shear stress caleulation, 55
Stress concentration, 173
factor, 174
Stress-free strain, 62—63
Stressors, 602—6035
Structured data, 26—28
Styrene butadiene rubber (SBR), 437
Subgraing, 575
Sulfuric acid (H,804), 482
Super-alloys. 354

ndex 1-31

Super-capacitors, 382
Super-elastic materials, 319
Superconducting magnetic energy storage systems
(SMES systems), 440
energy-density, 440—441
refrigeranon, 440
Superconducting magners, 439
Superconductivity, 376
Superconductors
critical temperatures, 379—380, 380f
magnetic field, 379
transition to zero resistivity, 379f
Surface energy, 209
Surface engineering
direct diffusion of atoms, 580
laser hardening, S80f
transformarion hardening, 580
Surface hardening
ball bearing races, 543, 544f
CES system, 5433544
documentarion, 544
short-list of processes, 545t
translation for, 544t
Surface roughness, 524
Surface treatment, 20—22, 517518
design functions, 529t
material compaubility, 529
physical limits to surface rrearments, 530
purpose of treatment, 529
secondary comparibilities, 5293530
Sustainability, 619
3BL, 619
competing articulations of, 621f
sustainability analysis, 622
sustainable technology, 621
design for, 598
fact-finding, 623
integranon, 623
net comprehensive capital, 620
pressure for economic growth, 620621
Prime Objective, 622—623
reflection on alternatives, 623
stakeholders involvement, 623
three capitals, 620
weak, 620
wind farms, 624
fact-finding, 625627
integration, 627—628
Prime Objectives and scale, 624



I-32

Sustamability (Continued)

reflection, 629

stakeholders, 624
Sustainable developmenr, 619
‘Sustainable technology' scenario, 36

il
Taylor factor, 154
TBC. See Thermal barrier coating
Technical compaosites, A-§
density, A-8
elecrrical resisnvity and dielectric constant,
A-18
fracture toughness, A-14
thermal conductivity and expansion,
A-16
vield and tensile strength, A-12
Young’s modulus, A-10
Temperature dependence
creep damage and fracture, 335
creep—rupture diagrams, 335
example, 336b
creep testing and curves, 333
activation energy for, 334
constitutive model, 334—335
creep rate, 334f
primary creep strains, 333
strain rate, 334
creep
deformation, 332
hot forming process, 332

linear and nonlinear temperature dependence, 330

of material properties, 330

maximum and minimum service temperarures, 330

rate of straining, 331f
viscous flow, 332

Tempering, G1.2-60

Tensile failure, 214
bending strength, 217
example, 215h
flaw controls failure, 216—217
probability, 216
statistical distribution, 214
strength and roughness, 218f
survival probability, 215f
in tension and pure bending, 216f
Weibull equation, 215-216
weibull statistics, 214

Tensile strain, 56

Tensile strength, 198
Tensile stress, 53
intensity, 248
Theoretical density, §
FCC nickel,, GL1-8b
Thermal
buffers
food warmers, 319
using phase change, 319
conductivity, 297
aluminum alloys strength, 307
clastic waves, 304
example, 306b
free electrons, 306
net flux model, 304—305
scattering centers, 306—307
sound waves, 305-306
thermal insulators, 307
diffusiviry, 7—8, 298
distortion management, 311
expansion
nonlinear effect, 303
oscillanion of atoms, 304f
suff springs, 303
thermal stress, 306
tungsten, 303~304
gradients, 311
history, G1.2-2
msulators, 307
joining processes, 528
problems in manufacturing, 312
sensing and acruation, 310
shock resistance, 311-312
walls insulation, 317
welding, 577—578
Thermal barrier coatng (TBC), 360
ceramics, 360
gas turbines, 359
Thermal properties, 6
charts, 298
thermal conductivity, 298
thermal expansion, 299§
yield strength, 300
design
hear exchangers, 316—317
shape-memory and super-clastic materials,
319-320
storage heaters, 318319
thermal buffers, 319



thermal distortion management, 311
thermal problems in manufacturing, 312
thermal sensing and actuation, 310311
thermal shock resistance, 311—312
thermal stress management, 307—309
thermal walls insulation, 317-318
rransient heat Hlow problems, 312—315
enerpy-etficient cookware, 8b
examples, 295b
Beat capacity, 7
Smear thermal expansion coefficient, 295—297
manipulation
thermal conductivity and heat capacity,
306—-307
thermal expansion, 306
son-crystalline molecular macerials, 294295
PRV
heat capacity, 301-303
thermal conductivity, 304—306
thermal expansion, 303-304
power, 297
raiiroad track buckles, 6
thermal conductivity, 297
thermal diffusivity, 298
Thermal stress, 306
Thermal stress management, 307—-308
Efference i expansion, 309
& Sesennal thermal expansion, 308
sxpansion coefficients, 309
Pyrex, 309
s flm, 308
Thesmochromics, 464
Thesmodynamics
composinion, 560
s=mopy, 561
sguiltbrium, 561
wmeermal energy, 360—361
snd kanencs of phase rransformations
diftusion and rate, 568
enthzlpy and entropy, 366
equilibrium state, 565—566
free energy with temperature, 565f
kinetic mechanism, 567
louid and salid force, 566
precipitate coarsening, 566
recrystallisanon wipes, 567
solid-stare phase changes, 366
warmaton, 3671
marerials processing, 560
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Thermoplastic CD case shaping
good die design, 539
jewel cases of CDs, 538
screening, S38—539
surviving processes, 539t
translation for, 538t
Thermoplastic polymers, A-3
density, A-§
electrical resistiviry and dielecrric constant,
A-18
fracture toughness, A-14
melting and glass temperature, A-6
thermal conductivity and expansion, A-16
vield and rensile strength, A-12
Young's modulus, A-10
Thermoplastics, 69
deformation of, 147
moulding, 387
semi-crystalline, 75
weak bonds, 71
Thermoset polymers, A-3
density, A-§
electrical resistivity and dielectric constant, A-18
fracture toughness, A-14
melting and glass temperature, A-6
thermal conductivity and expansion, A-16
vield and tensile strength, A-12
Young's modulus, A-10
Thiourea (C(NH;),S), 304
3BL. See Triple Bottom Line
Throwing power, 529530
Tie-rod, 175—176
design requirements, 176t
elastic design, 176
specific strength, 176
yvield strength, 176
Ties, 166
Time-temperature-rransformanon (TTT), 2,
569-570
C-curve shape, 370
critical coaling rate, 570
temperature against transformation rate, 569f
Titanium alloys, 4, 182, 339
Titanium nitride (TiN), 5§29
Torsion of shafts
circular shafts elastic torsion, 102f
example, 103b
resistance, 102
shear stress, 102—103
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Torsional rigidity, 102—103
Tough ductile fracture, 211
ductile metals, 210211
plastic deformation, 211
plasuc zone forms, 212f
plasticity, 211f
Toughness, 198
atomic bonds, 209
brittle cleavage fracture, 210
chemical segregation, 212
ductile-to-brittle transition, 211-212
manipulating properties
fracture toughness and modulus, 219f
merals, 217
polymers and composites, 217-218
reinforcement with glass or carbon fibres,
218
toughening by fibres, 219f
material property, 19§—199
fracture toughness—modulus charr,
207-208
fracture toughness—strength charr, 20§—209
surface energy, 209
tear and impact test, 199f
tests for toughness, 199-200
tough and brittle behavior, 199§
Transformation hardening, 580
Transient diffusion problems
Fick's law for, 343
flux of diffusing atoms, 343—344
intermixing by diffusion, 344f
Transicat heat flow problems
cooling progresses, 313f
differential equation, 313314
rule-of-thumb, 315
stages of cooling, 315
smges of quenching, 314
steady-state, 312—313
Translation, 515
boundary conditions, 40
CD case, 43b
constraints and objectives, 40t
corkscrew lever, 42b
distincrions, 40—+41
hear sinks
electrically insulation, 44§
for microchips, 44b
translation for, 43t
HF transformer cores, 45h

transformer, 45f
translation for, 46t
ourcome, 41
for redesigned CD case, 44t
strategy applied ro materials, 40f
Translucent light, 445449
Transmission, 450—451
Transmittability, 448
Transmitting electrical power, 402
electrical loss, 402
hybrid cable, 402f
lowest resistivity, 402
Transparenr light, 448449
Tribological properties, 274
coefficient of friction, 274-275
wear rare, 275276
Tribologists, 274
Triclinic unit cell, GL.1-3f
Triple Bottom Line (3BL), 619~620
Truck-mounted propane tank, 253
Truc stress and strain, 134—135
difference, 136
example, 135h
hardness scales comparing, 134§
nominal and rrue stress-strain curves, 136f
plastic deformanion, 136
TTT. See Time-temperature-transformation
Tungsten, 303—304
Tungsten carbide (WC), 68
Turbine blades
centrifugal forces, 358—3359
pressurised pipe, 357F
strengthening methods, 359
stress, 338
stress—ruprure time data, 357f

U
Ultrasonic testing, 254
Ultraviolet (UV), 467

absorbers, 482
Underwriters Laboratory (UL), 476
Unit cell, GL1-2

compounds, 68f

stacked 1o fill space. 68f
Unstructured data, 26—28

A"
Vegard’s law, 76—77
Vibrating beams



flexural modes, 104—103
natural frequency, 103104
natural vibration modes, 104f
Vibration, 119—120, 226-227
Visco-clastic solids, 352
Viscous flow, 332

A\
Wave-tronrs, 433
WC. See Tungsten carbide
Wear
abrasive, 280281
adhesion, 281
adhesive, 280
waging war on, 285
bearing pressure, 286f
CES sofrware, 286
hard marerials, 286
lubrication, 285
rotational velocities, 286
Wear rate, 275276
Wear rate, specific, 275-276
Wear rate—hardness chart, 277
Weibull distribution, 214
Weabull modulus, 214
Weight
density, 52
gain, 477478
origin of density, 76
polymer structures; 69
stress, 33
Weght mmimization
See also Stiffness-limited design
light, strong panels, 176
design requirements, 177t
mdices, 177
maximum stress, 177
strength—density chart, 177f
light. strong tic-rod, 175—176
design requirements, 176t
slasuc design, 176
speafic strength, 176
vield strength, 176
light and stiff beam, 108
comparing materials, 109
design requirements for, 109t
example, 109b
obiective function for, 108
shape factor, 109
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shape on bending stiffness, 110f
shaping, 109—=111
shaping on stiffness and mass,
110t
stiffness constraing, 108
light and stiff panel, 107
bending problem, 108
design requirements for, 107t
objective function, 107
suffness constraine, 107
lighr and stiff te-rod, 105—106
design requirements, 106¢
load-carrying component, 105f
material index, 106
mode of loading, 106
objective function, 106
specific stiffness, 106
material cost or volume, 179
minimising material cost, 111
Weld memal, 577578
Welding, 22, 233
contrastng responses 1o, 578—379
exploit frictional heating, 274
explosive, 543
friction stir, 287
fusion, 587
metallurgy, 579-580
resistance spot, 543
rotary friction, 287, 287f
thermal, 528
White-metal bearings, 284
Wind farms, 624
fact-Ainding, 628f
carbon footprint, 626f
design, 625
environment, 626
materials and manufacture,
625
regulation, 626
society, 627
integration, 627
human capital, 627
manufacrured capital, 628
natural capital, 627
stakeholders concerns, 628
Prime Objectives and scale, 624
reflection, 629
stakeholders, 624
Wing-up displacement, 362
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Work hardening, 146 light, strong tie-rod, 175-176
density of dislocations, 152 effect of shape, 178—179
example, 152b Yielding, 138
strengthening method, 152—153 of beams and panels, 166
Wroughr alloys, 571 beam loaded in bending, 167f
elastic section modulus, 166—168
Y example, 167b
YBa,Cu30-. See Yrrrium bariom copper oxide failure moment, 168
(YBCO) plastic bending of beams, 168f
YBCO. See Yretrium barium copper oxide plastic section modulus, 168—169
Yield strength, 4, 130 of shafts, 169—170
charts for, 137 clastic torsion of shafts, 170f
elastic section modulus, 166—168 example, 170b
hardness scales comparing, 134f helical springs, 170
measurement, 130 spinning disks, 1711
modulus—strength chart, 138 example, 171b
plasticity problems, 166 inertial energy storage, 171—172
polymer—matrix composite, 132 of ties and columns, 166
for polymers, 130—132 Young's modulus, 56, 73
strength—density chare, 137f bond stiffnesses, 73
comparison, 138§ glass transition effect, 75—76
example, 137h measurement, 62
palymers cluster, 138 modulus—density chart, 64f
strength for engineering materials, 137—138 modulus—relative cost chare, 64§
torque and power, 183 of polypropylenc, 219§
Yield-before-break criterion, 255 temperature-dependence of, 75f
Yield-limited design, material indices for Yttrium barium copper oxide (YBCO), 379-380,
cost or volume, 179 440

light, strong pancls, 176—177



