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prediction of failure to pressurized cylin- 
ders, 331-334 

Material properties 
carbon/epoxy cylinders, 375(fig) 

Materials 
failures in open-hole composite laminates, 

122 
Matrix cracking 

bismaleimides and thermoplastic lami- 
nates, 356, 367 

in impacted glass/epoxy plates, 394 
Matrix cracking in notched laminates 

fatigue damage development, 45, 49- 
50(figs), 59(fig), 65 

fatigue damage growth, 71 
fatigue damage initiation, 71(fig), 72(fig) 

Matrix cracks, 19-20, 29-30, 356 
Matrix deformation during compressive 

loading, 135 
Matrix failures, 19 
Matrix fracture strain, 115 
Matrix plasticization, 336 
Matrix splitting, 335 
Matrix toughness, 5-18, 296, 298 
Mechanical and thermal loads 

stress distribution, 156 
Mechanical loading (See Loading programs) 
Mechanical tests 

method for reversed cyclic loading, 6 
Methodology and materials 

interlaminar fracture toughness testing, 
185-186, 187(fig) 

Microcracks, 216, 217,266, 348 
Micrograph studies, 129-131(figs) 
Midplane displacement, 141, 143-144(figs) 
Midplane stress distribution, 156(fig), 159(fig) 
Midplane stresses 

at low temperatures, 159. 160 
woven and nonwoven glass-epoxy, 152 

Mixed mode 
cyclic delamination growth rate, 305(table) 
delamination growth rates, 306(fig) 
edge delamination tension tests, 244 
failure criterion, 248 
fracture toughness, 245(fig) 
interlaminar fatigue, 162, 164-165(figs) 
tests, 254 

delamination initiation, 264 
linear elastic fracture, 264 
strain energy release rate. 264 
stress intensity factors. 264 

Mode I 
delamination, 266-267 
double cantilever beam specimens, 252 
double cantilever beam test, 212 
fatigue tests, 253,256, 257(fig) 
fracture energies, 255(table), 267 
graphite/PEEK crack length. 256(fig) 
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Mode I--Continued 
static, 255 
test methodology, 252 

Mode II 
delamination, 215(fig), 217(fig) 
delamination growth rates, 307(fig) 
fatigue tests, 254 
fractography, 218-219(figs) 
graphite/epoxy composites, 266-267 
loading, 203 
shear delamination tests, 253 
shear fracture toughness, 222 
static, 255,256 
strain energy release rate, 235(fig) 
test configuration, 202(fig) 
test methodology, 252,254 

Mode III 
tearing, 297 

Model geometrics, 46 
Modulus degradation, 87 
Moisture, 31.45 
Monotonic loading conditions, 6 

N 

NASTRAN DMAP, 138, 139(table) 
NDE (See Nondestructive examination) 
Neat resin tensile properties, 320 
Newman's analysis for cracks. 121(fig) 
Nondestructive examination(NDE), 132-133 
Nondestructive evaluation, 7, 66 
Nonlinear behavior, 231 
Nonwoven laminates--damage, 150 
Notched strength, 326 

O 

Open hole composite laminates, 118 
compression failures of materials, 122 
compression strengths, 126(table) 
load displacement data, 126-127(figs) 

Orthotropic behavior, 316 
Orthotropic specimens 

isochromatic fringe patterns, 78 
photoelastic coatings, 74-77(figs) 
residual and compressive strength, 81 
tensile and compressive strengths, 73(fig), 

74(fig) 
Out-of-plane displacements, 171, 172(figs) 
Overload, 45 

PEEK (See Polyetheretherketone) 
Photoelastic coating technique, 81 

Photoelasticity 
coatings, 68, 69, 75(fig) 

Plane strain problem, 151 
Plane stress analysis, 234 
Plasticization, 335 
Plastics, fiber reinforced, 103-105 
Ply stresses, 341 
Polyetheretherketone (PEEK) laminates 

brittle bismaleimides, 356-357 
compressive strength test results, 13(table) 
Imperial chemical industries--America 

system. 185 
interlaminar fracture toughness, 190 
material description, 357(tables) 
matrix fracture strain, 115 
matrix toughness, 300 
residual strength test results, 13(table), 

14(fig) 
shear fracture toughness, 222 
stiffness curves, low cyclic stresses vs high 

cyclic stresses, 14 
stiffness ratio vs normalized life plots, 10- 

11, 12(figs) 
test methods, 6 
thermoplastic-based systems, 356, 

357(tables) 
thermoplastic composite laminates, 356- 

357(tables) 
Torlon composites, 357(tables) 
Victrex PEEK, 122 

Postimpact delamination 
Kevlar plate, 388, 390, 391(fig) 
unloading tests, 363,367-368 

Precracking test procedures, 226, 227(fig) 
Predictive methods and models 

for structural durability and damage tol- 
erance of composites, 339-355 

Prepreg materials, 34 
Pressure load--radial, 376 
Pressure vessels 

potential for impact damage, 373 
strength loss due to impact, 374 

Pressurization 
test procedure for cylinders, 328-331 

Pressurized cylinders, 326 

Q 

Quasi-isotropic construction of laminates, 356 
Quasistatic specimens 

photoelastic coatings, 75(fig) 
isochromatic fringe measurements, 75, 

76-77(figs) 
residual and compressive strength, 81 



SUBJECT INDEX 419 

tensile and compressive stiffness, 70, 71 
(fig), 74(fig) 

thermography, 78(fig) 

R 

Radial pressure load, 376 
Radial stress distribution, 318, 319(figs), 320, 

321(tables), 322-323(figs) 
Radiography, 67.71-72(figs) 
Rebound kinetic energy. 389 
Refraction index of photoelastic coating ma- 

terials, 68 
Residual load resistance 

bend test, 364 
vs impact velocity, 363 

Residual properties, center-notched lami- 
nates, 73(table), 80 

Residual static tests, 229, 240-241(tables), 
243(figs), 245(fig), 247 

Residual strength 
bend test, 364 
composite airframe structure, 29-30, 42 
composite cylinders, 373 
degradation model, 87 
impact resistance, 356 
nonlinear equation, 87 
notched laminates under reversed cyclic 

loading, 66, 80 
tests, 31 

Residual toughness tests, 241 
Reversed cyclic loading. 6, 67 
Rocket motor cases 

impact tests of cylinders to simulate actual 
service conditions, 374 

Rotations, 376 

SBS (See Short beam shear) 
Scanning electron micrographs, 194(fig), 208 
Secant modulus failure criterion, 88(fig) 
Secant stiffness measurements, phases 

normalized life, 10 
normalized stiffness, 10 
notched laminates, load cycle, 70(table) 
tension-compression-stiffness-versus-life, 

10(fig) 
Sectioning studies, 125(table), 127 
Sectioning studies--specimen micrographs, 

130-131(figs) 
Servohydraulic test machine, 271 
Shear crippling, 121, 127, 131-132(fig) 

Shear deformation. 76, 121 
Shear fatigue thresholds, 224 
Shear lag analysis, 106(fig), 107 
Shear strength, 222 
Shear stress, 107, 201 
Short beam shear (SBS) test, 224 
Simplistic loading 

Tornado program, 31 
SPATE (See Stress pattern analysis by mea- 

surement of thermal emission) 
Specimen geometry 

composite materials, 7(fig) 
notched laminates, 47(fig) 

Stacking sequence 
effect on interlaminar fracture, 279 
effects, delamination failure modes, 313, 

317(table), 321(fig) 
on laminated Kevlar/epoxy plates, 388 

Static-edge delamination growth 
vs load, 275(fig) 

Static force deflection, 376(fig) 
Static indentation data, 366-371(figs) 
Static linear model 

impact response for empty cylinders, 375 
Static loading 

delamination 
buckling, 146 
notched laminates, 48, 63 
X-ray radiographs, 49(figs) 

energy release rate, 63 
shear fracture toughness, 244 

Static shear delamination, 227(fig) 
Static shear precrack, 227(fig) 
Static tension, 8 
Static testing, 90 
Static tests 

interlaminar fracture toughness, 302 
(table), 306 

interlaminar shear fracture toughness, 
228-229, 239, 240-241(tables). 243, 
247 

mode II, 256 
specimens, 271(table) 

Stereomicroscope, 123(fig) 
Stick/slip crack growth, 181, 199 
Stiffness 

composite cylinders, 375-376 
composite laminates, 7, ll(fig) 
degradation, 81 
fatigue damage in notched laminates, 45, 

47, 57-59(figs). 67 
fiber-reinforced plastic cross-ply lami- 

nates, 103 
Kevlar/epoxy plates, 388, 397 
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Stiffness--Continued 
notched laminates--tensile and compres- 

sive strengths, 70(tables), 73(table), 
74(fig, table) 

Stiffness degradation, 19, 81,401 
Stiffness matrix, 316 
Strain, 87 
Strain distribution, 66, 75, 80-81 
Strain energy release rate 

composite cylinders, 382 
crack-lap-shear (CLS) specimens, 300(fig), 

303 
cyclic delamination behavior, 304(fig), 307 
delamination buckling, 146-147(figs) 
delamination fracture testing, 203 
graphite fiber composites, 6 
interlaminar fatigue crack growth, 162, 

163, 168(table), 169 
interlaminar fracture toughness, 181 
mixed mode tests, 264, 265(table) 
mode I and mode II 

delamination of thermoplastic compos- 
ites, 257, 260 

graphite fiber composites, 296 
mode II ENF test, 235(fig) 
notched laminates, 45, 46 
shear fracture toughness, 212,224, 229 

Strain failure criterion, 88, 89(fig), 93 
Strain magnification, 103, 104(fig) 
Strain measurement techniques, 67-68 
Strain response (See Dynamic strain) 
Strain-to-failure matrix system, 336 
Strength 

airframe structures, 31 
degradation rate, 88 
graphite fiber composite laminates, 5 
notched laminates, 70(tables), 73-81(figs, 

tables) 
Strength and stiffness reduction 

glass/epoxy plates vs delaminated area, 
400(fig, table) 

pressure vessels, 374 
Strength and stiffness retention, 388, 397 
Strength distribution, 106, 115 
Stress 

bending, 141 
composite materials, 87 
crack density, 22 
crack growth rate, 51-53, 62, 63 
cross-ply laminates, 20-27 
distribution, 80, 106-107 
notched laminates, 67 
temperature effects, 29 

Stress concentration equations, 343,344(fig) 

Stress concentration factors, 341 
Stress criterion 

effect on fatigue endurance, 346(fig) 
Mar-t~in vs Whitney-Nuismer, 332-335 
material comparisons, 335(table) 

Stress distribution 
ahead of crack tip 

mode I conditions, 212,213(fig) 
mode II conditions, 214(fig) 

graphite/epoxy composites, 207 
woven laminates, 154-155, 156-159(figs) 

Stress intensity factors, 162 
Stress levels 

cyclic, 20(fig) 
Stress-life properties (S-N curves), 19, 24- 

27(figs) 
Stress pattern analysis by measurement of 

thermal emission (SPATE), 68-69 
Stress prediction, 316, 320, 323 
Stress/strain 

during cyclic loading, 66, 91 
failure criterion, 89(fig) 
secant modulus failure criterion, 88(fig) 
SPATE 8000 (Stress pattern analysis by 

measurement of thermal emission) in- 
strument, 68-69 

Structural components 
under long-term cyclic loading, 66 

Structural degradation of impacted plates, 
397 

Structural durability of fiber composites in 
aerospace environments, 339 

Struers accutum precision saw, 125 
Subperforation speeds (See Low-impact de- 

lamination damage) 

T 

Temperature 
effect on epoxy resin matrix material, 29 
loading programs, 31 

Temperature and loads--sequences, 34(fig) 
Temperature dependence 

fracture toughness testing, 189(figs), 199 
Temperature linked with deformations of 

elastic matter, 68-69 
Temperature profiles 

flight load sequences, 36(table) 
Temperature tests 

delamination failure modes. 313, 317 
(table), 318-319(figs), 320 

Tensile and compressive strengths, 70 
(tables), 73, 74(fig, table) 
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Tensile delamination stresses, 159,201 
Tensile forces, 5 
Tensile fracture process, 81 
Tensile properties, neat resin of epoxy resin 

system, 320 
Tensile static tests on notched CFRP lami- 

nates, 46 
Tensile strength 

use to predict transverse fiber pullout, 324 
Tension. 239 
Tension-compression cyclic loading 

tests to identify damage and failure, 6 
Tension tests 

edge delamination, 274 
Test methods for Mode I 

double cantilever beam test, 6 
edge delamination test, 6 

Test methods 
compression tests for open-hole composite 

laminates, 123 
response of composite materials, 87 
under reversed cyclic loads, 7, 67 

Test procedures 
cylinders, 328-331 
Tornado program, 37(fig) 

Testing 
interlaminar fracture toughness materials 

and methods, 185-186 
shear fracture toughness, 226 

Tests 
crack growth rate/stress range, 51 

Thermal cracks, 29-30 
Thermal cycles 

predictions for laminates. 348,350(table) 
to failure. 351(figs) 
to initial transply cracking, 350(table) 

Thermal cyclic loading. 352 
Thermal cycling. 29 
Thermal emission, 68.78-79(figs), 81 
Thermal expansion coefficients, 107 
Thermal fatigue, 348 
Thermal loading (See Loading programs) 
Thermal loads--stress distribution, 156, 

157(figs) 
Thermal ply transverse stress 

at cryogenic temperatures, 349 
Thermal strain, 109, ll3(fig) 
Thermally induced stress 

combined with magnetic loads. 150, 156 
Thermography, 78(fig). 80 
Thermoplastic-based composites 

PEEK, 356, 357(tables), 372 
Torlon, 356, 357(tables), 372 

Thermoplastic resin composites 

vs thermoset resin in interlaminar fracture 
testing, 198 

Thermoplastics, 5 
Thin-walled composite tubes 

interlaminar stresses, 315 
loading, 314 
stresses and strains, 315 

Tinius Olsen servohydraulic test machine. 271 
Torlon 

impact damage, 356, 357(tables), 358 
Tough matrix vs brittle matrix materials 

impact resistance, 364 
Toughened BMI matrixes, 356, 357(tables) 

PEEK, 358,360(figs) 
Transverse sheer stress, 367, 376 
Tornado program 

candidate material systems, 34, 35(fig) 
environment effect 

on life, 39(fig) 
on residual strength, 38(fig) 

fatigue design load levels, 41(table) 
quasirealistic loading, 33, 41(table) 
simplistic loading, 31, 41(table) 
temperature profile and flight load se- 

quences, 36(table) 
test setup, 35 
wing loading sequence. 31 

Tough matrix systems 
cyclic delamination growth, 300 
pressurized composite cylinders, 326 
resistant to lamination driven fracture. 17 
tests to identify behavior, 6 

Transply cracking. 348 
Transverse cracking 

carbon fiber-reinforced plastics, 105, 111 
fatigue life of composite materials. 19. 

20(fig), 27 
Transverse fiber pullout, 314. 320. 321(ta- 

ble), 322(figs), 324 
Transverse fracture strain, 115 
Transverse matrix cracking. 320. 323 
Transverse shear, 230, 238-239 
Transverse shear stress, 367,376 
Transverse strength 

fiber-reinforced plastics, 103-104, 105. 112 
Tsai-Hill theory 

in-plane stress prediction, 316, 320, 323 

U 

Unidirectional carbon tape, 185 
Unidirectional composite materials 

delamination, 252 
glass epoxy, 273(table) 
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Unidirectional composite materials--Con- 
tinued 

interlaminar fracture toughness, 273 
material properties, glass/epoxy, 273(table) 
mechanical properties, 273 

Unidirectional graphite/epoxy composite 
delamination on fracture toughness, 201- 

221 

V 

Velocity measuring system, 388(fig) 
Voids, 114-115 

W 

WDD (See Wedge driven delamination) 
Wedge-driven delamination 

carbon fiber composites, 182 

PEEK/CF interlaminar fracture data, 190- 
191(figs), 199 

testing design, 182, 183(fig) 
testing materials and methods, 185-189 

Whitney-Nuismer average stress criterion 
correlations for strength of notched 
coupons, 332-334 

Woven composites, 150 
Weibull distribution 

fatigue evaluation, 40 
fracture strain distribution, ll0-111(figs), 

ll2-113(figs), ll6(fig) 
transverse cracking, 103, 105, 108(table), 

109(fig) 
Wild M8 zoom stereomicroscope, 123(fig) 
Wing loading sequence (FALSTAFF), 31 

X 

X-ray radiography, 67, 73, 81 




