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Foreword

The symposium on Composite Reliability was presented in Las Vegas,
Nev., 15-16 April 1974. The symposium was sponsored by Committee
D-30 on High Modulus Fibers and Their Composites, American Society for
Testing and Materials, in cooperation with the American Institute of
Aeronautics and Astronautics, American Society of Mechanical Engineers,
and the American Institute of Mining, Metallurgical, and Petroleum
Engineers. E. M. Wu, Washington University, presided as symposium
chairman.



Related
ASTM Publications

Analysis of the Test Methods for High Modulus Fibers and Composites,
STP 521 (1973), $30.75, 04-521000-33

Applications of Composite Materials, STP 524 (1973), $16.75,
04-524000-33

Composite Materials: Testing and Design (Third Conference), STP 546
(1974), $39.75, 04-546000-33



A Note of Appreciation
to Reviewers

This publication is made possible by the authors and, also, the un-
heralded efforts of the reviewers. This body of technical experts whose
dedication, sacrifice of time and effort, and collective wisdom in review-
ing the papers must be acknowledged. The quality level of ASTM publica-
tions is a direct function of their respected opinions. On behalf of ASTM
we acknowledge with appreciation their contribution,

ASTM Committee on Publications



Editorial Staff

Jane B. Wheeler, Managing Editor
Helen M. Hoersch, Associate Editor
Charlotte E. Wilson, Senior Assistant Editor
Ellen J. McGlinchey, Assistant Editor



Contents

Introduction

OPENING

Some Approaches to Assessing Failure Probabilities of Redundant

Structures—1J. F. MCCARTHY, JR., AND O. ORRINGER
Classical Reliability Analysis
Fiber Bundle Theory
Probabilistic Theory of Structural Dynamics
Weak-Link Methods for Structural Reliability Analysis
Reliability Analysis of Redundant Structures
Probability Models for Engineering Components
Current Trends in Reliability Assessment
Conclusions

STATISTICS AND ACCELERATED CHARACTERIZATION

Probabilistic Design of Composite Structures—R. E. MAXWELL,

R. H. TOLAND, AND C. W. JOHNSON
Design System
Reliability Prediction by MCS
Sensitivity Analysis by VS
Comparison of the MCS/VS Technique with Similar Methods
Use of MCS/VS
Composite Structure Example—The ATS Truss
Discussion
Conclusions

Structural Integrity Assessment of Filament-Wound Components—

E. M. LENOE AND D. NEAL
Elementary Reliability Estimates
Choice of the Probability Model
Hot-Gas Burst Strengths
Central Safety Factor
Extreme-Value Safety Factor
Environmental Degradation
Influence of Joint Quality on Structural Integrity
Assessment of Analysis Capability
Conclusions

Statistical Analysis of Flaw Strength Spectra of High-Modulus

Fibers—s. L. PHOENIX
Theoretical Development
Experimental Application
Results and Discussion
Conclusions

10
15
16
18
21

28

35
36
38
39

42
43
51
52

54
55
56
57
60
65
67
68
69
72

77
78
82
85
88



Evaluation of an Accelerated Characterization Technique for

Reliability Assessment of Adhesive Joints—A. p. BERENS
AND B. S. WEST

Analytical Framework

Experimental Procedure

Test Results

Strength as a Function of Time in Fatigue Environment

Shift Factors for Accelerated Testing

Conclusions

APPLICATIONS

Reliability Aspects of a Composite Bolted Scarf Joint—b. L. REED
AND J. R. EISENMANN
Splice Elements
Load History
Experimental Program
Discussion
Conclusions

Shear Property Measurements of Adhesives in Composite Material
Bonded Joints—w. J. RENTON AND J. R. VINSON
Shear Test
Experimental Results
Discussion
Conclusions

Measurement of Thermal and Mechanical Properties of Graphite-
Epoxy Composites for Precision Applications—N. P. FREUND
Materials
CTE Measurements
Micromechanical Measurements
Optical Fabricability Studies
Conclusions

Evaluation of Adhesive-Bonded Joints in Housing Components of
Glass Fiber-Reinforced Polyester Laminate—L. w. MASTERS
AND T. W. REICHARD
Test Samples and Specimens
Tests and Results
Conclusions

NONDESTRUCTIVE TESTING

Vibration Testing as a Nondestructive Test Tool for Composite
Materials—R. D. ADAMS, D. WALTON, J. E. FLITCROFT,
AND D. SHORT
Procedure
Discussion of Experimental Results
Conclusions

91
93
95
98
99
101

105

107
107
116
117

119
120
124
129
131

133
134
134
135
138
144

146
148
148
156

159
160
162
175



Application of a Special X-Ray Nondestructive Testing Technique for
Monitoring Damage Zone Growth in Composite Laminates—
F. H. CHANG, J. C. COUCHMAN, I. R. EISENMANN, AND B. G. W. YEE
Experimental Setup and Procedures
Experimental Results
Discussion
Conclusion

Acoustic Emission from Stress Rupture and Fatigue of an Organic
Fiber Composite-—M. A. HAMSTAD AND T. T. CHIAO
Procedure
Experimental Work
Discussion
Conclusions

Spectrum Analysis of Acoustic Emissions from Boron-Aluminum
Composites—E. G. HENNEKE II AND H. W. HERRING
Experimental Procedure
Results and Discussion
Conclusions

Damage Analysis in Composite Materials—j. L. ROSE AND W. SHELTON
Signal Processing Considerations
Radiographic Technique
Ultrasonic Technique
Test Results
Preprocessing Suggestions
Concluding Remarks

ENVIRONMENT

Optimization of the Thermal Shock Resistance of Carbon-Carbon
Composites—T. R. GUESS AND B. L. BUTLER
Composite Model
Fiber and Matrix Properties
Results and Discussion
Summary and Conclusions

Kinetics of Environmental Degradation in Graphite-Epoxy Lami-
nates—b. H. KAELBLE, P. J. DYNES, L. W. CRANE, AND L. MAUS
Materials and Methods
Interlaminar Shear Strength Degradation
Degradation Effects on Fracture Energy
Reversibility of Degradation Effects
Summary and Conclusions

Stress Rupture of Glass-Epoxy Composites: Environmental and
Stress Effects—E. M. WU AND D. C. RUHMANN
Theoretical Foundation
Time- and Environment-Dependent Failure Criterion
Experimental Program
Statistical Variability in Rupture Times
Conclusion

176
177
179
184
189

191
192
194
196
199

202
203
206
213

215
216
217
218
218
219
225

229
230
236
237
243

247
248
250
255
260
261

263
264
266
269
279
285



Reliability of Composite Zero-Expansion Structures for Use in

Orbital Environment—L. D. BERMAN 288
Materials 289
Procedure 291
Discussion of Results 292
Hybrid Configuration 295
Moisture Effect 296
General Conclusions 297

Temperature Dependence of the Complex Modulus for Fiber-
Reinforced Materials—R. A. HELLER, A. B. THAKKER,

AND C. E. ARTHUR 298
Measurement of the Complex Modulus 299
Generation of the Response Surface 302
Response Surface and Shift Parameters 306
Conclusions 308

STRENGTH

Prediction of Transverse Strength and Scatter in Test Data for

Unidirectional Composites—L. B. GRESZCZUK 311
Theoretical Considerations 312
Comparison of Predicted Tensile Strength with Test Data on

Model and Actual Composites 319
Prediction of Test Data Scatter for Transverse Tensile Strength 320
Summary and Conclusions 325

A Computational Procedure to Analyze Metal Matrix Laminates with
Nonlinear Lamination Residual Strains—c. ¢. cHaMIS

AND T. L. SULLIVAN 327
Background and Description of Procedure 328
Application of Computational Procedure 331
Discussion and Implications 336
Summary of Results 338

Measurement of Residual Strains in Boron-Epoxy and Glass-Epoxy

Laminates—I. M. DANIEL, T. LIBER, AND C. C. CHAMIS 340
Experimental Procedure 341
Results and Discussion 342
Summary and Conclusions 350

Reducing Variability in Composite Tensile-Strength Properties—

G. J. MILLS, G. G. BROWN, AND D. R. WATERMAN 352
Background 353
Resuilts and Discussion 355
Summary and Conclusion 360

Compressive Strength of Fiber-Reinforced Composite Materials—

J. G. DAVIS, JR. 364
Analytical Model 366
Analysis 367
Experiment and Results 371
Comparison of Experiment and Theory 375

Conclusions 376



Creep, FATIGUE, AND IMPACT

Creep Analysis of Laminates—r. L. FOYE
Unidirectional Creep Analysis
Creep of Laminates
Data Correlation
Conclusions

Composite Matrix Fatigue Crazing—Detection and Measurement—
J. E. SCHWABE
Basis of Experimental Approach
Specimen Description
Experimental Technique
Experimental Results
Discussion of Results
Conclusions

Stress-Rupture Strength and Microstructural Stability of W-Hf-C
Wire-Reinforced Superalioy Composites—bD. wW. PETRASEK
AND R. A. SIGNORELLI
Materials, Apparatus, and Procedure
Results
Discussion
Summary of Results

Frequency Effects on Flawed-Composite Fatigue Reliability—
K. L. REIFSNIDER, W. W. STINCHCOMB, R. S. WILLIAMS, AND
H. M. TURGAY
Experimental Data
Some Related Analysis
Discussion

Some Observations on the Dynamic Fracture Behavior of Carbon
Fiber-Strengthened Epoxy Resin—p. w. R. BEAUMONT AND
W. L. SERVER
Materials and Specimen Design
Quasi-Static and Dynamic Failure Criteria
Results and Discussion
Summary and Conclusions

Impact Damage Effects on Boron-Aluminum Composites—
J. C. CARLISLE, R. L. CRANE, W. §, JAQUES, AND L. T. MONTULLI
Experimental Procedure
Results and Discussion
Conclusions

FRACTURE

Molecular Correlations with Fracture in Fibers and Granular-Filied
Composites—k. L. DEVRIES, B. A, LLOYD, AND T. B. WILDE
Experimental Equipment and Procedures
Materials
Fracture Phenomena

381
382
387
388
395

396
397
398

403

405
406
408
417
423

425
426
434
441

458
460
461
468

473
474
475
475



Model of Fracture in Fibers
Results and Discussion
Conclusions

Determination of Fracture Strength in Orthotropic Graphite-Epoxy
Laminates—H. J. KONISH, JR., AND T. A. CRUSE
Experimental Program
Results and Discussion
Conclusions

Fracture Behavior of Unidirectionally Solidified Ti-TisGe, Eutectic
Composites—A. S. YUE AND B. T. KABA
Experimental Procedure
Results and Discussion

Fatigue Crack Propagation Rates in Woven and Nonwoven Fiber
Glass Laminates—J. F. MANDELL
Theory
Materials and Test Methods
Results and Discussion
Conclusions

Fracture Behavior of Thornel 300/5208 Graphite-Epoxy Laminates—
Part 1: Unnotched Laminates—G. P. SENDECKYJ,
M. D. RICHARDSON, AND J. E. PAPPAS
Experimental Results
Analysis of Experimental Results
Conclusion

CHARACTERIZATION AND MATERIALS DEVELOPMENT

Fatigue, Creep, and Impact Resistance of Aramid Fiber Reinforced
Composites—L. H. MINER, R. A. WOLFFE, AND C. H. ZWEBEN
Fatigue of Unidirectional Composites
Fatigue of Fabric Reinforced Composites
Creep of Unidirectional Composites
Impact of Sandwich Panels
Summary and Conclusions

Thermal Conductivity of High-Modulus Carbon Fibers—1. L. KALNIN
Experimental Procedures
Results and Discussion
Summary

Thermoelastic Expansion of Graphite-Epoxy Unidirectional and
Angle-Ply Composites—A. S. D. WANG, R. B. PIPES, AND
A. AHMADI
Experiment
Discussion of Results for TEC
Concluding Remark

476
471
488

490
491
496
502

504
505
507

515
516
517
519
526

528
529
542
346

549
550
552
552
554
558

560
361
565
572

574
375
581
584



Properties of Filamentary-Reinforced Composites at Cryogenic
Temperatures—M. B. KASEN
Glass-Reinforced Composites
Advanced Composites
Summary

Tensile Properties of an Ultrahigh-Strength Graphite Fiber in an
Epoxy Matrix—T. T. CHIAO, M. A. HAMSTAD, AND E. S. JESSOP
Experimental Results and Discussion
Conclusions

Heat-Treatable Cladding for New Aluminum Alloy 7050-T76 Sheet—
J. T. STALEY
Alloy Selection
Material and Procedures
Results and Discussion
Conclusions

586
588
601
608

612
613
619

621
622
622
624
630



