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FOREWORD

This report summarizes the work accomplished on NASA Contract NAS3-20405,

"Environmental Effects on Defect Growth in Composite Materials."

The program was sponsored by the National Aeronautics and Space Administration,

Lewis Research Center, Cleveland, Ohio. Mr. G. T. Smith, NASA Lewis Research

Center, was Project Manager.

Performance of this contract was under the direction of the Advanced Airplane

Branch of the Boeing Military Airplane Company. Dr. R. R. June, who heads

Advanced Composites Development, was the program manager. Mr. T. R. Porter was

the technical leader, Pete Smith coord i nated specimen fabrication, J. R. Vosper

provided testin; support, and L. R. Hause was responsible for ultrasonic

inspection support.

i

i i i



C
PRECEDING PAGE BLANK NOT FILMED

i
TABLE OF CONTENTS

Paqe

INTRODUCTION	 . .	 .	 .	 .	 .	 . .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 1

SPECIMEN DESIGN AND MANUFACTURE. .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 3

WIDTH EFFECT TESTING .	 .	 . .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 11

MOISTURE CONDITIONING .	 .	 . .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 15

STATIC TESTING .	 .	 .	 .	 .	 . .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 19

CYCLIC TESTING .	 .	 .	 .	 .	 . .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 25

CONCLUSIONS .	 . .	 .	 .	 .	 .	 . .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 31

REFERENCES	 .	 . .	 .	 .	 .	 .	 . .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 99

APPENDIX A STATIC AND CYCLIC TEST	 DATA	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 101

APPENDIX 6 WIDTH EFFECT TEST SPECIMEN,	 DAMAGE GROWTH DATA.	 .	 .	 . .	 125

APPENDIX C STATIC TEST DAMAGE GROWTH	 DATA .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 159

APPENDIX D CYCLIC TEST DAMAGE GROWTH	 DATA .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 285

APPENDIX E WEIGHT GAIN DATA . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 383

APPENDIX F PHOTOGRAPHS OF	 FAILED TEST	 SPECIMENS.	 .	 .	 .	 .	 .	 .	 .	 . .	 395

l`

v



r

P1itCEi)1NG P	 -• -AVE bl,AIvK P^v -f fqf.ht

FIGURES

No. Page

1 Test	 Specimen	 Configuration .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 39

2 Specimen	 L ayup	 Sequence .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 39

3 Specimen	 Cutting	 Procedure	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 4O

4 Stress	 Concentration	 Configurations .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 41

5 Natural	 Defects .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 42
6 Photomicrograph Showinq Root of Ultrasonically

Machined	 Flaw .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 43
7 Impact	 Test	 Machiiie . 	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 44

8 Ultrasonic	 Scan Records	 of	 Impact	 Damage	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 45

9 Effect	 of Width	 on Static	 Strength of Laminate L1.	 .	 .	 .	 .	 . .	 46

10 Effect	 of Width	 on Static	 Strength of Laminate L3.	 .	 .	 .	 .	 . .	 46

11 Phot.oqraph	 of Static Compression Test

S pecimen L3-31-??	 Showing Fracture	 Path.	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 47

1? Fracture Edqe	 Detail	 of	 Specimen	 L3-31-2? .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 47

13 Weight	 Gain	 in	 Untabbed	 Static	 Test	 Laminates.	 .	 .	 .	 .	 .	 .	 . .	 4£i

14 Weight	 Gain	 in Laminate L2	 Untahbed	 SamDles.	 .	 .	 .	 .	 .	 .	 .	 . .	 49

15 Weight	 Gain	 in	 Cyclic	 Test	 Laminates	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 50

16 Weight	 Gain After One Week	 of	 Exposure	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 ^1

17 Weiqht	 Gain After Four Weeks	 of Exposure	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 52

13 Influence of Preload on Weiqht Gain After One Week

of	 Exposure .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 53

19 Influence of Preload on Weight Gain After Four Weeks

of	 Exposure .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 54

?0 Influence of Preload on Weight Gain After Eight Weeks

of	 Exposure .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 55

21 Influence of Moisture Exposure on Laminate L1 	 Shear
' Strength	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 5E

22 Influence of Moisture Exposure on Laminate L2 	 Shear
Strength 55

23 Influence of Moisture Exposure on Laminate L3 Shear
Strength	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 57

i 24 Influence of Moisture Exposure on All	 Graphite

Laminate	 L3	 Shear	 Stren q th	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 57

25 Influence of Cure Pressure on Laminate, 	 L? Shear

Strength	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 58

vii



FIGURES (Continued)

No. Paqe

26 Static Test Load Sequences .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 5Q

27 Front- and Back-Surface Temperatures for

60-second Heatup .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 60

28 Through-the-Thickness Temperature

Difference for Various Heatinq	 Rates	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 60

29 Laminate L1 Static Test	 Data,	 FP	 Slit .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 61

30 Laminate Ll	 Static Test	 Data,	 FP	 Hole .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 61

31 Laminate Ll	 Static Test	 Data,	 HP	 Slit .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 62

32 Laminate Ll	 Static Test	 Data,	 HP	 Hole .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 62

33 Laminate L1	 Static Test	 Data,	 Csk	 Hole	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 63

34 Laminate L2 Static Test	 Data,	 FP	 Slit.	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 63

35 Laminate L2 Static Test	 Data,	 FP	 Hole .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 64

36 Laminate L? Static Test	 Data,	 HP	 Slit .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 64

37 Laminate L2 Static Test Data,	 Low Cure Pressure.	 .	 .	 .	 . .	 .	 .	 65

38 Laminate L3 Static Test	 Data,	 FP	 Slit .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 65

39 Laminate L3 Static Test	 Data,	 FP	 Hole .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 66

40 Laminate L3 Static Test	 Data,	 HP	 Slit .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 66

41 Laminate L3 Static Test Data,	 All	 Graphite

Laminate	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 67

42 Averaqe Ratio of PL to NPL Specimen

Fracture	 Strength .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 67

43 Effect of Moisture on Laminate L1	 Fracture,
FP	 Slit .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 FR

44 Effect of Moisture on Laminate Ll	 Fracture,

FP	 Hole.	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 68

45 Effect of Moisture on Laminate Ll	 Fracture,
HP	 Slit .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 69

46 Effect of Moisture on Laminate L1 Fracture,
HP	 Hole .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 6Q

4/ Effect. of Moisture on Laminate L2 Fracture,
FP	 Slit .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 70

48 Effect of Moisture on Laminate L2 Fracture,
FP	 Hole .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 70

viii



R s
FIGURES (Continued)

No. Page

49 Effect of Moisture on Laminate L2 Fracture,
HP	 Slit	 ........................... 'l

50 Effect of Moisture on Laminate L3 Fracture,
FP	 Slit	 ........................... 71

51 Effect of Moisture on Laminate L3 Fracture,
FPHole	 ........................... 72

52 Effect of Moisture on Laminate L3 Fracture, HP Slit
HP	 Slit	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 72

53 Comparison of Laminate L1 Fracture Data and Inherent
Flaw	 Analysis	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 73

54 Comparison of Laminate L2 Fracture Data and Inherent
FlawAnalysis	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 74

55 Comparison of Laminate L3 Fracture Data and Inherent
Flaw	 Analysis	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 75

56 Typical	 C-Scan Damage	 in Preloaded Test Specimens 	 .	 .	 .	 .	 .	 . .	 76

57 Typical	 Crack Opening Displacement Records for Preloaded
Test	 Specimens .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 77

58 Effect of Preload on C-Scan Damage in Unnotched
Laminates.	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 78

59 Ultrasonic C-Scan Records for Unnotched Laminate L2
Specimen.	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 79

60 Effect	 of Autoclave Cure Pressure on C-Scan Record.	 .	 .	 .	 .	 . .	 80

61 Effect of Autoclave Pressure and Preload on
C-Scan	 Record	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 80

62 Effect of Autoclave Pressure, Preload and Moisture on
C-Scan	 Record	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 81

63 Environmental	 Cyclic Test Loading Patterns. 	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 82

64 Environmental	 Cyclic Test	 Setup	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 R3

65 Room Temperature Dry Tension-Tension Tests,
5/8	 FP	 Slit	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 84

66 Room Temperature Dry Tension-Tension Tests,
5/8	 FP	 Hole	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 84

67 Room Temperature Dry Tension-Compression Tests,
5/8	 FP	 Slit	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 85

68 Room Temperature Dry Tension-Compression Tests,
5/8	 FP	 Hole	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 85

Ix



FIGURES (Continued)

No.	 Page

69 Room Temperature Wet Tension-Tension Tests,
5/8	 FP	 Slit	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 86

70 Room Temperature Wet Tension-Tension Tests,
5/8	 FP	 Hole	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 86

71 Room Temperature Wet Tension-Compression Tests,
5/8	 FP	 Slit	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 87

72 Room Temperature Wet Tension-Compression Tests,
5/8	 FP	 Hole	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 87

73 Influence of Moisture on Residual	 Static Strength for
Slit	 Specimens .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 88

74 Influence of Moisture or Residual Static Strength for
Hole S pecimens .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 88

75 Infuence of Moisture on Tension-Compression Fatigue for
Hole Specimens .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 89

76 Influence of Moisture on Tension-Compression Fatigue for
Hole Specimens .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 89

77 Elevated Temperature Dry Tension-Tension Tests, 5/8 FP

Slit............................. 90

78 Elevated Temperature Dry Tension-Tension Tests, 5/8 FP

Hole............................. 90

79 Elevated Temperature Dry Tension-Compression Tests, 	 5/8
FP	 Slit	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 91

80 Elevated Temperature Dry Tension-Compression Tests, 	 5/8
FPHole	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 91

81 Influence of	 Cycling Temperature on Residual Strength of
Dry Slit	 Specimens . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 92

82 Influence of Cycling Temperature on Residual Strength of
Dry Hole S pecimens . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 92

83 Influence of	 Cyclina Temperature on Fati g ue Strength of
Dry Slit Specimens . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 93

84 Influence of Cycling Temperature on Fatigue Strength of
Dry Hole Specimens . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 93

85 Elevated Temperature Wet Tension-Tension Tests, 	 5/8
FP	 Slit	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 94

86 Elevated Temperature Wet Tension-Tension Tests, 	 5/8
FP	 Hole	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 94

x



FIGURES (Concluded)

No.	 Page

87	 Elevated Temperature Wet Tension-Compression Tests, 5/8
FP Slit . .	 .	 . .	 . .	 . .	 . . .	 . . . . . . . .	 . .	 . . . . .	 95

88	 Elevated Temperature Wet Tension-Compression Tests, 5/8

FP Hole . .	 .	 . . .	 .	 . .	 . . .	 . . . . . . . .	 . . . . . . .	 95

89	 Influence of Moisture Content on Residual Strength of

Slit Specimens Cycled at Elevated Temperature. . . . . . . . 	 96

90	 Irfluence of Moisture Content on Residual Strength of

Hole Specimens Cycled at Elevated Temperature. . . . . . . .	 96

91	 Influence of Moisture Content on Elevated Temperature

Fatigue of Slit Specimens . . . . . . . . . . . . . . . . . . 	 97

92	 Influence of Moisture Content on Elevated Temperature

Fatigue of Hole Specimens . . . . . . . . . . . . . . . . . . 	 97

xi



xiii

t

m

L	 !1

TABLES

No.
	

Page

1	 Structural Laminates Evaluated . . . . . . . . . . . . . . . . . 	 33

2	 Summary of Test Laminate Construction . . . . . . . . . . . . . . 	 33

3	 Defect Type and Size Code. . . . . . . . . . . 	 . . . .	 34

`	 4	 Width Effect Test Matrix . . . . . . . . . . . . . . . . . . . . 	 34

5	 Static Fracture Test Matrix of Wet Room

Temperature Specimens . . . . . . . . . . . . . . . . . . . . . 	 35

6	 Static Fracture Test Matrix of Wet Thermal

Spike Specimens . . . . . . . . . . . . . . . . . . . . . . . . 	 35

7	 Environmental Cyclic Test Matrix . . . . . . . . . . . . . . . . 	 36

8	 Influence of Preload on Static Strength . . . . . . . . . . . . . 	 37

PRECEDING PAGE BLANK NOT FILMED



INTRODUCTION

a

The objective of this program was to derive data for evaluating the effects of

moisture and temperature on 	 the	 integrity of fiber composite components.	 In

particular, the static and cyclic performance of three composite laminates con-

taining flaws was	 investigated at room tempe rature and 422K (3000F)	 in wet and

dry conditions.	 This program extends the results develnped under Contract NAS3-

19709 reported in NASA CR-135403 (ref. 1). 	 The test results evaluate the follow-

ing for each environmental condition:

a.	 Effect of defect type and size on static fracture

b.	 Influence of compression loadings on fatigue

C.	 Description	 of	 the	 effects	 of	 static	 and	 cyclic	 loadings	 on	 damage

accumulation

I
d.	 The effect of preloading on damage growth, static strength, and cyclic

load behavior

e.	 The comparison of wet and dry data at room and 422K (300 0F) tempera-

tures

Static fracture data were obtained for three different composite systems that had

been moisture	 soaked	 to	 near	 the maximum moisture-absorption potential.	 The

fracture test data were obtained at room temperature and immediately after the

application of an abrupt temperature transient that caused the specimen to attain

422K (3000F).	 Three different 20-ply layups were tested. 	 Laminate Ll represents

general-purpose structure, 	 laminate L2 is typical of polar and hoop wound Ares-

sure vessels, and laminate L3 is representative of turbine engine fan blades or

tubular strut support structure. 	 Half the test specimens were preloaded to 90%
f

of	 their	 ultimate	 static	 load	 prior	 to	 moisture	 conditioning.	 Intermittent

nondestructive inspection, including visual and ultrasonic techniques, were used

to detect defect growth.

1



Cyclic test data were obtained on laminate ll specimens in wet and dry conditions

at room temperature and at 422K (3000F). In these tests the specimens contained

a central slit or hole. Bath tension-tension (R - 0.05) and tension-compression

(R - -1.0) loadings were used. The residual tensile strength was evaluated in

test specimens that did not fail during cyclic loading.
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3

SPECIMEN DESIGN ANP MANUFACTURE

The test specimen materials, designs, and fabrication procedures were selected

to permit the generation of data for evaluation of flawed structural components.

The components considered were a general-purpose laminate structure, a polar and

hoop wound pressure vessel, and a turbine engine fan blade. These materials and

layups are the same as previously studied (Ref. 1).

Materials

The materials used for the program were Thornel T-300 graphite fiber, 901 S-qlass

fiber, and Fiberite 934 epoxy resin. Intermediate stiffness graphite/epoxy was

selected as the basic material for the program because of its wide use, moderate

cost, and established structural performance. The Thornel T-300 graphite fibers

were selected because they can 'Ue supplied with a twist, making them suitable for

general-purpose structure as well as filament winding pressure vessels. W,_-

Fiberite 934 resin system satisfied the requirements of a general-purpose epoxy

and also has a wide range of applications in aerospace structures. In the

turbine engine fan blade layup, 901 S-glass fiber plies were interspersed with

the T-300 fiber plies to improve impact-damage resistance of the laminate. This

S-glass and graphite hybrid was selected on the basis of prior work that demon-

strated significantly improved impact-damage tolerance.

Layups and Stacking Sequences

Three different layups were used in the fabrication of test specimens. These

layups are presented in table 1. The first layup (L1) was a 20-ply balanced

layup representative of a practical aerospace application. This layup is moder-

ately directional and would be used to support biaxial loads that approximate

having about a 2:1 ratio. The second layup (L2) is representative of spacecraft

pressure vessels fabricated using both polar and hoop wraps. The third layup

(0) is representative of turbine engine fan blades or, possibly, tubular support

struts. The S-glass fiber was included as O o plies.

i
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The stacking sequence selected for layup L1, based on symmetry and load transfer

requirements, was ((0/+45/0/90)S)2.

The stacking sequence for layup L2 is representative of pressure vessels. There

are two basic approaches to polar and hoop wrapping of aerospace pressure ves-

sels. If the vessel wall is thin, the polar wraps can be applied before the hoop

wraps. However, when the vessel wall is thick, there is slippage of the hoop

wraps at the end of the cylinder. This is prevented when the polar and hoo p wraps

are interspersed by applying one revolution (two plies) of polar wrap followed by

three plies of hoop wrap. The resulting stacking sequence is (0/0/0/+80/-80).

This stacking sequence for laminate L2 was modified slightly to produce a sym-

metrical laminate for testing ((0/0/0/+80/-80)2)S,

The stacking sequence for layup 0 is representativ- of those considered for use

in composite turbine engine fan blades. Two possible layup approaches are the

dispersed-ply approach and the core-shell approach. The dispersed-ply approach

was used because such layups are less subject to delamination from foreign object

impact. The representative stacking sequence then becomes ((0/+30/0*/-30/0)2)S•

The asterisks indicate the plies that are replaced with S-glass to increase

fracture toughness of the laminate. Replacement of the middle p ly results in an

even distribution of the hybridizing material throughout the panel thickness.

Test Specimen Configuration

The test specimen configuration is shown in figure 1. The 76-mm (3.0-in) width

used for the majority of the tests was chosen to provide specimens large enough

to preclude significant interaction between the stress concentration and stress-

free specimen boundaries. The specimen was designed so that the stress concen-

tration factor for the largest defect would be within 5% of the corresponding

stress concentration factor for a plate of infinite width. The potential effect

of the free edge on the fracture behavior was investigated experimentally by

static testing specimens of various widths that contained the largest defects.

The Oo laminate direction corresponds to the axial direction of the specimen.

Woven fiberglass grip tabs were secondarily bonded to the specimen using a 394K

(2500F) cure adhesive.
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Test Specimen Fabrication and Processing

Specimen layup and fabrication steps are illustrated in figures 2 and 3. Lami-

nates were laid up and cured in 81-cm (32-in) wide panels having lengths u p to

293 cm (120 in). The panel sizes fabricated are given in table 2. After curing

fiberglass end tabs were bonded to the basic laminates and then the panels were

sawed into specimen blanks. The panel fabrication steps were as follows:

a. Remove material from freezer and allow it to come to room temperature

before unwrapping.

b. Unwrap material and cut tape to length. Use a template to cut angle

plies to size.

C.	 Lay up plies.

d. Debulk after 4th, 8th, 12th, 16th, and 20th ply by holding the laminate

under vacuum for 15 to 20 min.

e. Cover laminate with perforated FEP, one ply of 1581 fiberglass bleeder

for each four plies of laminate, a layer of nonperforated FEP, a metal

caul sheet, two layers of 1581 fiberglass breather, and a vacuum bag.

f. Cure laminate in an autoclave using the following cure cycle:

1. Apply vacuum.

2. Increase autoclave temperature so that laminate temperature

increases at a rate of 0.50 to 2.80C (10 to 50F) per min.

3. Hold 60 min at 121 0C +5.50C (2500F +200F).

4. Apply 689 kPa (100 psi) pressure 15 min after the laminate reaches

temperature.
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S.	 Increase laminate temperature to 177 0C ±5.50C (3500F +100F) at a

rate of 0.50 to 2.80C (10 to 50F) per min.

6.	 Hold at temperature for 120 min +5 min, then cool under pressure.

g. Cut laminate panels to length of test specimens.

h. Lay up fiberglass-epoxy grips on the panel edges.

i. Vacuum bag and cure in an autoclave at 121 0C (2500F).

J.	 Remove panels from autoclave and cut specimens from the panels.

Specimen Defect Geometry

A number of defects can occur in composite laminates due to manufacturing,

handling, or inservice damage. Defects that can be found in the basic laminates

are-

a. Excessive porosity or voids due to contamination of the prepreg mate-

rials, geometrical restrictions that prevent the escape of volatiles

during cure, or low curing pressure

b. Wrinkled or nonaligned fibers doie to improper layup, thickness

changes, etc.

C.	 Resin-rich and resin-starved areas

d. Impact-damaged surface areas that result in delaminations or broken

fibers

e. Scratched or gouged surfaces caused by mishandling during manufacture

or inservice use
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There are also a number of defects associated with the use of fasteners in

composite structure. Some of these are-

a	 Oelaminations near the exit side of drilled holes due to inadequate

backing or excessive drill pressure

b.	 Overly deep countersinks

C.	 Local damage due to excessive fastener torque

d. Resin-starve-' bearing surfaces that result from excessive drilling

heat

e. New holes located where mislocated holes have been filled

The potential effects of several of these defects were assessed by testing

laminates containing defects simulated by stress concentrations. These defect

types can be categorized as: (1) sharp defects that break or cut filaments, (2)

blunt defects that cut or break filaments, (3) delaminations, and (4) poor resin

properties. The defects that include cut or broken filaments were simulated by

holes and sharp slit. both full -penetration (FP) and half-penetration (HP)

holes and slits were tested (fig. 4). The delaminations were produced by subject-

ing the specimens to impact damage.

In addition to these stress concentrations, potential natural defects typical of

the particular laminate application were also tested (fig. 5).

For laminate L1, specimens were tested that had holes containing overly deep

countersinks. Deep countersinks are often unavoidable due to the lack of thick-

ness of laminate skins. This condition was simulated by countersinking holes so

that the countersink extended through the laminate thickness and left a sharp

edge at the exit side of the hole.

For filament-wound pressure vessels, great care must be taken to provide the
I	

correct pressure during cure. 	 Hence, it is appropriate to investigate the

a
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effects of low pressure on the fracture and fatique strength of laminate L2.

Three variations of curing pressure were used: 345 kPa (50 psi), 172 kPa (95

psi), and 86 kPa (12.5 psi). The normal curing pressure is 689 kPa (100 psi).

For laminate L3, tests were conducted on a 20-ply layup that contained no

S-glass. These tests were conducted to allow an evaluation of the effectiveness

of the S-glass in increasing the fracture toughness of the laminates.

The hole and slit sizes selected for test were 3.18 mm (0.125 in), 9.52 mm (0.375

in), and 15.87 mm (0.625 in). These sizes, coded as 1/8, 3/8, and 5/R res pect-

ively encompass most practical fastener diameters. They are also at the thres-

hold of detectable damage sizes for many common inspection procedures. The same

sizes were used for the surface length of the half-penetration defects, because

when partial penetration damage exists in structure, the most obvious and des-

criptive dimension is the length of the damage on the surface.

The type and size codes used to identify each of the defects are g iven in

table 3.

All slits were perpendicular to the primary load carrying direction of each

laminate. This means that they were perpendicular to the O o fibers. The 
0 

fibers correspond to the hoop direction of a cylindrical filament-wound pressure

vessel for laminate L2.

The slits were fabricated by ultrasonic machining. Ultrasonic machining is

typically used to produce cuts of difficult configuration in nonconductive

materials. Circular cutter tips were machined to a thickness of 1.52 (0.06 in)

and a sharp radius. The ultrasonic vibrations of the cutter produce a laooing

action in an abrasive slurry that carries away the excess material as the cutter

penetrates the part. The slit radius in the composite laminate was typically

about 0.127 mm (0.005 in) with a smooth surface.

Figure 6 shows a typical partial penetration flaw that has been sectioned to

illustrate the root geometry.
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The full-penetration circular holes were drilled, and the half-penetration cir-

cular holes were end-milled.

The impact damage defect was produced by impacting the specimens with a 0.91 kg

(2 lb) weight dropped from a height of 0.38m (15 in). Figure 7 is a photoqraph

of the impact stand used. The test specimen was supported on a circular support

containing a 15.9-mm (0.625-in) diameter hole. This support condition, together

with the 15.9-mm (0.625-in) diameter hemispherical impactor, produced delamina-

tion damage areas approximately 15.9 mm (0.625 in) in size. Examination of

sectioned specimens damaged in this manner showed delamination damage throughout

the laminate thickness. Ultrasonic C-Scan records of typical impact-damaqed

test specimens are shown in figure 8.

9



PRECEDING PAGE BLANK NOT FILMED

WIDTH EFFECT TESTING

As shown in table 4, the static strength of laminate L1 and 0 specimens contain-

ing 5/E FP slits and impact damage was evaluated for three specimen widths. Both

static-tension and static-compression tests were performed. All tests were

conducted in a room temperature air environment. The tests show a slight effect

of specimen width for test specimens less than 76 mm (3.0 in) wide. The impact-

damaged test specimens and the specimens with slits displayed similar compres-
s	

live strengths. However, under tension loads the specimens containing slits had

a much lower strength.

s

A 76-mm (3.0-inch) specimen width was selected as a baseline for the current

testing and for previous tests (ref. 1) This selection was made from analytical

studies. To confirm this selection, tests were performed on specimens containing

the largest defects selected from specimens of approximately 50, 100, and 150 mm

(2.0, 4.0, and 6.0 in) in width. Results of these tests, along with the 76-mm

(3.0-in) specimen data was used to assess the width effect on the specimen

strength and to check the validity of the specimen size selection.

In order to gain additional information, this test series was expanded to include

static-compression testing of the specimens with slits as well as tension and

compression tests of the specimens containing delaminations. The specimen dela-

minations were the result of a low-velocity impact.

The results of the width effect testing are shown in figures 9 and 10 and

presented in appendix B. These data are normalized to load-per-unit width to

allow a direct comparison of the various panel widths. Previous test data are

also included in the figures where applicable. The trends found are similar for

both the L1 and 0 laminates and similar conclusions are applicable to each.
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At widths of 100 and 150 mm (4.0 and 6.0 in) there is no significant width effect

shown by the data. At the 50-mm (2.0-in) width, there is a slight decrease in

strength. The 76-mm (3.0 in) specimens are similar to the 100- and 150-mm (4.0-

and 6.0-in) specimens. It is concluded that the selection of the 76-mm-wide test

specimen size was sufficient for the largest defect size tested.

The test results permit several additional conclusions. The tension test data

showed a large difference between the impact-damaged and the slit specimens. The

impact-damaged specimerF had tensile strengths comparable to the undamaged spec-

imens, while the slit specimens had less than 50% of the damaged specimen

strength.

The visible external damage was slight, with a 3.39J (30 in-lb) level of impact.

A visual examination of the specimen after impact revealed only a slight front

surface dent and no broken filaments. The dent depth was typically about 0.08 mm

(0.003 in). Damage of this magnitude would probably be considered to be unde-

tectable by visual inspection. It was concluded that impact damage that produces

only delamination has little or no effect on the tensile strength for the layuD

patterns tested.

The compression strength of the impact-damaged specimens was approximately the

same as the compression strength of the specimens containing slits with lengths

equal to the delamination diameter. The magnitude of the compression fracture

strength was similar to the tension Fracture strength of the slit specimens.

This implies that notches are equally severe in compression and tension and

delaminations of the type tested are as critical as a machined notch in compres-

sion.

Examination of the failed compression panel supports a notch-sensitive fracture

failure mechanism. The failure initiated at the notch edge as a local

compressive failure and produced local delamination, buckling and fiber breakage

which lead to a local loss of load carrying ability. In a manner analogous to

tension fracture, the now-larger damage size results in even higher local

stresses and unstable fractures that propagate across the specimen width.
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Photographs of failed specimens shown in figures 11 and 12 illustrate this

failure mode. As shown in figure 11, the specimen failure emanated from the

notch and run to the specimen edge. The path of this failure is normal to the

panel loading. The close-up detail of the failure shows the loctil buckling-shear

failure of the laminate. This failed region lost the ability to support com-

pressive loading.

The test specimens containing impact damage behaved similarly to the machined-

defect specimens. The multilayer delamination supports a very small compressive

load in the delaminated impact zcne. In laminate L1 materials, the machined slit

and impact-delaminated zone were of similar size and had a similar effect on

compression fracture strengths. In laminate L3, the size of the delaminated zone

was not as wide (fig. 8) as the slit length, and the test specimens had a greater

compressive fracture strength. The smaller delaminated zone width is attributed

to the orthotropic ply orientation ((0/+30/0/-30/0) 2 ) S for laminate L3.

13



{	 PRECEDING PAGE BLANK NOT VILRIED

NOISTURE CONDITIONING

The specirrens in this program were tested in two moisture conditions: dry and

wet. The test conditions are given in tables 5 through 7. The dry condition

resulted from normal storage in the laboratory from the time of cure until the

test. The wet condition specimens were soaked in a water bath at 355K (1800F)

for 8 weeks. These conditions represent the extremes of expected structural

applications.

The length of the laboratory storage condition was typically 90 days. The

laboratory temperature was continuously maintained at approximately 200C. The

laboratory relative humidity, though not controlled, was generally in the range

of 40% - 50%.

The water-soak was selected to produce a condition near the maximum moisture-

absorption level. The soak time and temperature were selected to minimize

unrealistic effects from the conditioning treatment and to provide soak time

within the scope of the program. Exposure temperatures for service conditions

that can influence the rate of moisture absorption can range up to the maximum

design requirements for the composite. However, it is not likely that water

baths would exceed 1000C (2120F) for most composite applications and will likely

be somewhat less.

In order to assess these parameters and to determine the required exposure

conditions, a Boeing finite-difference computer analysis for moisture absorption

was conducted on the test specimen configuration. From this study it was shown

that in order to precondition the test specimens to maximum moisture content in a

time that met schedule requirements,

performed at temperatures of 355K (1800F)

conditioning in 8 weeks.

the moisture conditioning had to be

This permitted completion of moisture

Weight Gain Data

During the elevated-temperature soak, test specimens were taken from the water

bath at weekly intervals, towel dried, and weighed to determine the amount of
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moisture gain. Previous exposure testing of similar configuration specimens has

shown, that the glass tabs absorb moisture at a higher rate than the

graphite/epoxy, making the actual weight-gain values hard to interpret. 	 To

offset this problem, untabbed test laminate material from each of the laminate

types was soaked and weighed along with the test samples. The weight of the

untabbed laminate materials was used to monitor the conditioning treatment.

To minimize variances due to conditioning procedures, the specimens were condi-

tioned together in one tank. Program schedules required two separate batches;

the first included the static test specimens (XX-2X-XX numbers), and the second

included cyclic specimens (XX-3X-XX). These materials were purchased and pro-

cessed at separate times under different tasks in the program thus preventing

simultaneous conditioning.

The weight-gain data found for the untabbed laminates conditioned with the static

test specimens is shown in figure 13. As can be seen, the final moisture level is

about 1.4% to 1.5% by weight in all laminates. Laminate L3, which contains four

plies of glass fiber, has the greatest final moisture content.

Test panels of laminate L2 were cured at lower than the standard 689 kPa (100

psi) autoclave pressure. The effect of cure pressure on moisture absorption is

shown in figure 14. The laminate cured at the lowest pressure experienced the

greatest moisture absorption. This increase in moisture level can be attributed

to a higher void content in the low pressure cure laminates. The higher void

content in these laminates was confirmed by ultrasonic inspection of the speci-

mens.

Moisture conditioning of the cyclic test specimens was also monitored using

untabbed laminate material. Figure 15 presents results of the weight gain for

laminate L1 and L3 untabbed samples. The data points are derived from these

measurements.	 Lines, representing the results derived from the static test

specimen samples, are shown for comparison.	 The results are similar.	 The

greatest difference is in the terminal weight gain response for laminate L1.
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The weight gain data in the test specimens having bonded glass grip tabs are

compared with the untabbed coupon data in figures 16 and 17. As expected, there

is a significant influence of the end tab on the weight gain data, making the

weight gain measurements in the specimens greater than expected for only the

graphite/epoxy. It was assumed, however, that these results can be used to

compare the tabbed specimens with each other to show trends.

Hal' the static test specimens were preloaded prior to moisture conditioning.

These tests were used to assess the effect of potential proof testing on subse-

quent moisture absorption and structural properties. The preload level selected

was 90% of the estimated static fracture strength. Because a range of defect

types and sizes, having various fracture strengths, was evaluated, a range of

preload stress levels was applied to the test specimens. The percent weight gain

Fpecimens from each of the three laminates as a function of the preload level is

shown in figures  18 through 20. The three figures  are for 1-, 4- and 8-week

conditioning periods.

The static test specimens were evaluated in groups of four, a PL and NPL specimen

for both room temperature and 422K (3000F) tests. This gave two nonpreloaded and

two preloaded test specimens for each laminate and defect geometry. For this

reason the same number of nonpreloaded specimens were used to evaluate the

average, maximum, and minimum lines in figures 18 through 20, as data points

shown for the preloaded specimens. Also the preloaded test specimens are in

pairs, one identified for subsequent room temperature testing, and one for 422K

(3000F) testing.

As can be seen from the one week soak data in figure 18, the initial weight gain

in these specimens is accelerated by the preload. However, after moisture condi-

tioning for 4 and 8 weeks, the data for laminates L1 and L2 indicate there may he

a decrease in moisture absorption with preload. The data also indicate there is

a greater scatter in moisture absorption of the preloaded test specimon s.
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A review of the data from laminate L3 indicates that one specimen from each pair

of nominally identical tests absorbed moisture at a hiqher rate. Because these

specimens were cut from adjacent sections of the same panel, were preloaded at

the same time to nominally the same load, and were placed together in the water

tank, this difference is as yet unexplained. A review of the crack opening

displacement (COD) records for these test specimens indicates there is a trend

for the specimen experiencing the greatest weight gain to show a greater damage

during loading.

Interlaminar Shear Data

As a method of monitoring the effect of moisture levels on matrix properties,

interlaminar shear test specimens were cut from moisture conditioned samples

after 1, 2, 4 and 8 weeks of exposure. The results of these tests at room and

422K (3000F) are shown in figures 21 through 25. The test specimen was 6.3 mm

(0.25 in) wide and had a 4:1 span-to-thickness ratio. Five replicates were run

for each test condition, with the average values and the range shown in the

figures.

A trend for decreasing interlaminar shear strength with soak time was observed

for all laminates. The graphite/glass L3 laminate showed the greatest effect of

soak time. All laminates had a significant reduction in interlaminar shear

strength at 422K (3000F).

The interlaminar shear strength for the laminates cured with low autoclave pres-

sures are compared in figure 25. The results shown are for specimens that have

been conditioned for the full 8 weeks. Only the laminate materials cured at the

lowest pressure of 86 kPa (12.5 psi) had reduced properties.
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STATIC TESTING

Static tensile fracture strength was evaluated for the three laminates at room

temperature and 422K (3000F). All testing was conducted with moisture-condi-

tioned test s pecimens. Tables 5 and 6 describe conditions for each test. The

four load sequences used are presented in figure 26. The first sequence (a)

shows the room temperature nonpreloaded static test performed after moisture

conditioning. Tests without preloading are designated NPL. The second sequence

(b) shows the room temperature preload-static test sequence. Preloaded speci-

mens are designated PL. As shown, the preloading was performed prior to moisture

conditioning. The corresponding 422K (300 0F) test sequences are shown in fiqure

26 by (c) and M.

Test Procedures

All static tests were performed in a load controlled test machine using hydraulic

specimen grips. The specimens were loaded at a rate of 1100 N/s (250 lb/s) for

both preloading and fracture testing. This rate resulted in failure in about t

min after the onset of loading. Unloading after preloading was rapid, with no

hold time at the maximum load level.

The flawed test specimens were instrumented using a crack opening displacement

(COD) gage across the defect. The COD gage was placed across the defect against

bonded knife-edge supports; for specimens with larger holes, knife-edge supports

were inserted in the hole. COD versus load was recorded for each test. These

curves are included in appendix C.

Temperature Control

The 422K (3000F) elevated temperature tests were static tested after the appli-

cation, of in abrupt temperature transient. The test specimen was heated by a

radiant heater placed near one face of the test specimen. This heating procedure

produce. a temperature gradient during heatup. The temperature was allowed to

stabilize during static testing. This type of heating was considered to be

representative of many structural applications.
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The specimen heating procedures were developed using temperature survey speci-

mens. Temperature gradients were developed across the width and along the length

using front-surface, back-surface, and embedded thermocouples. Also the tests

evaluated the through-the-thickness temperature gradient variation with changes

in the heatup rate. The measured front- and back-surface temperatures for a 60-

sec heatup rate are shown in figure 27. The temperature difference between the

front and back surface was about 17K (300F). From these tests the through-the-

thickness temperature difference during heating for a range of heatup times was

determined as shown in figure 28. A heating time of 60 sec was selected for the

static testing, resulting in a 17K (30 0F) temperature difference through the

specimen thickness.

Test specimen loading began 180 sec after the start of heatup, allowinq tempera-

ture stabilization at the t ime of static test. Temperature survey results

indicated the through-the-thickness temperature difference was less than 3K

(50F) at that time.

Static Test Data

The static test data are presented in tabular form in appendix A.

Static test results are shown in figures 29 through 41. The circular symbols are

for the room temperature tests, and the triangular symbols are for the elevated

temperature tests. Lines are shown connecting the nonpreloaded test data at room

and elevated test temperatures.

Unnotched specimens shcaed a significant reduction in strength due to the ele-

vated temperature for all the laminates. However, the notched strengths for

laminate L1 and L3 specimens did not show this trend. The fracture strengths of

notched, hot, wet laminates were greater in some cases than the room temperature

values.

The elevated temperature primarily affects the matrix properties, and not the

fiber strengths. Interlaminar shear strength data show this large decrease in
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matrix snear strength at the elevated temperature. A reduction in matrix proper-

ties would be expected to cause a significant reduction in shear transfer around

the defects at 422K (300 0F). Such an effect can relieve the notch stress

concentration and reduce the loss of basic laminate strength.

The influence of preloading on the fracture strength after moisture conditioning

is a concern when considering proof-loading techniques for composite structure.

A goal of this study was to determine if the fracture strength of moisture-

conditioned samples was degraded by the prior preload. The preload was applied

at room temperature and prior to moisture exposure. This would be typical of a

before-service proof test. The data shown in figures 29 through 41 were used to

compute the ratios of the preloaded (PL) specimen to nonprelnaded (NPL) specimen

fracture strengths. A similar computation was made for the dry room temperature

static data from reference 1. These ratios are shown in table b.

An examination of the static fracture data indicates that preloading does not

exert a large influence on strength; most of the PL specimen data were within +10

% of the NPL test data. Part of the observed variations probably were due to

scatter. However, there is some indication of a trend. This is shown in figure

42, where the average PL/NPL specimen strength ratio for each laminate and test

condition is compared. Laminate L1 shows a 5% average increase in room tempera-

ture, dry fracture strength and a 7% average decrease in the hot, wet fracture

strength, for a 12% change. The other laminates show average residual strengths

that are within 4% of the initial fracture strengths for all environments.

The fact that, the PL/NPL ratio was greater than 1.0 for laminate L2 and less

than 1.0 for laminate L3 may be significant, but the magnitude of the change in

strength is very small and probably not critical to proof-loading applications.

The autoclave pressure during cure had only a small effect on the fracture

strength of laminate L2, as shown in figure 37. This is in contrast to the

interlaminar shear strength reduction presented in figure 25. This is consistent

with the fracture strength primary controlled by fiber properties and the inter-

laminar strength primary controlled by matrix properties.
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Figures 43 through 52 compare wet and dry test data. The wet room temperature

tests typically exceed the dry room temperature strengths by 107 in the all-

graphite L1 and L2 laminates. The qraphite-glass 0 hybrid laminate displayers

the reverse trend, with the dry laminate having the greater strength.

The influence of moisture conditioning on fracture strength was determined by

comparing the dry room temperature tests reported in a previous program (ref. 1)

with present data. These tests had identical layups, materials, and specimen

configurations but a different material order. A compari.vn af these materials

showed a 67% difference in fiber volumes for the present tests and 62% for the

previous tests. This difference is also reflected by material thickness.

Because the quantity of graphite fiber is controlled by Boeinq specificat i on and

remains constant, the data were compared on a basis of total load rather than

stress.

Static Fracture Analysis

There have been a number of techniques proposed for the analysis of composite

fracture. In these linear stress analysis methods the defect size is shown to

control laminate strength. The current test data is analyzed using the inherent

flaw analysis (ref. 2). 	 In this analysis the typical fracture relations for

slits and holes are modified by adding an inherent dimension a o ; that is,

KC = a  ( lr (a + ao )) ^ 	 for slits

a
K` - a

c 
(n ao ) 4 F( . ) for holes

Kc = a c (itao) ^ for unnotched strength

where F() is the standard Bowie function for cracks from a hole, and Kc, a ct A.

and R ere fracture toughness, fracture stress, half slit length, and hole radius,

respectively.
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Figures 53 through 55 compare the static test data for the FP slit specimens and

the least square fit fracture lines. The figures also include the velues of the

fracture toughness and inherent flaw size that were computed.

Damage Growth

The damage growth was monitored by the crack opening displacement instrumenta-

tion, periodic C-scan, and visual observation. These results for all the static

testing are presented in appendix C.

Figure 56 shows typical C-scan damage experienced by the three laminate materials

during static loading. As shown, there is a difference in the size of delami-

nation damage experienced by the three laminates. Laminate L1 shows the lowest

tendency to delaminate at the notch, while L2 shows extensive damage growth.

This damage growth difference results from clustering of the plies and the low

inplane shear strength in laminate L2 (0 3+80). Laminates L1 (0/+45/0/90) and L3

(0/+30/0/-30/0) have dispersed ply orientations and higher inplane shear because

of the fiber orientation.

The half-penetration defect test specimens show a damage indication above and

below the notch after load. This damage indication is produced by a delamination

at the specimen midplane due to the interlaminar shear. The through-penetration

slit specimens show damage growth at the notch tips. This growth is again due to

the shear stresses, but in this case it is inplane shear. Visual examination

reveals splits near the notch tips for both defect types.

The crack opening dis p lacement records for the three laminates and two defects

types are compared in figure 57. These two types of damage growth behavior were

typical of all machined defects tested.

Ultrasonic examinations of the preloaded unflawed test samples are shown in

Figure 58. The scans for laminates L1 and L3 before and after preload did not

show any change. The laminate L2 scan showed extensive internal damage. Careful

examination of the scan indicates that the damage is in the (+80) plies.	 An
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examination of polished edges on these specimens indicates there is microcrack-

ing in the (+80) plies at the applied strain levels for this specimen configura-

tion. C-scan records after moisture conditioning (fig. 59) indicates some fill-

in of this damage by moisture. This then can be used to explain the accelerated

moisture absorption shown in figure 18 for this specimen.

The C-scan records for specimens with cure cycles having low autoclave pressure

are shown in figures 60 through 62. These records show a significant reduction

in laminate quality at the. lowest pressure and some reduction at the next to

lowest.	 This indication of poor quality is probably due to voids or poor

interlaminar bonding. It is interesting to note that moisture conditioning

reduces the attenuation shown in the low-pressure cure laminates, indicatinq a

fill-in of the poor interlaminar bond or voids.
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CYCLIC TESTING

The test matrix for the environmental cyclic tests is shown in table 7. The

approach used is a parametric variation of environmental and testing parameters

to evaluate their effect. The cyclic testing was limited to one laminate

((0/+45/0/90)S)2 and two defects (5/8 FP hole and 5/8 FP slit). The tarqet life

(cycles) defines the maximum applied number of load cycles before the cyclic

loading was stopped and the specimen tested for residual strength.

Test Procedures

All cyclic and static loading was conducted in a laboratory air environment. The

` wet tests were room air cyclic tests of specimens that had been moisture pre-

conditioned in a water baL'h for 8 weeks. This was the same preconditioninq used

for the static wet specimens. The moisture content in the graphite/e poxy lami-

nate after this exposure was approximately 1.5%. The preconditioned specimens

were stored between tests in a wet environment at room temperature to maintain

their moisture level.

Both tension-tension (R = 0.05) and tension-compression (R = -1) cyclic loading

patterns were applied as shown in Figure 63. In the event that the tar get cyclic

life was reached without a fatigue failure, the specimen was given an ultrasonic

inspection and then static loaded to failure to establish residual strength. The

effect of a preload cycle was determined from the preload tests.

Test loads were selected by evaluating previous results (ref. 1) for dr y room

temperature conditions. The number of load levels was minimized to allow a

direct comparison of the life results from various test conditions. All tension-

tension tests (R = 0.05) were at 46.7 KN (10.5 kip). This load was the upper

bound used for cyclic testing in order to prevent single cycle failures and is

about 85% of the average dry room temperature static strenqth. Because of the

similar response of the 5/8 FP hole and slit, the same loads were used for both

defect types.

i
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As noted, selected specimens were preloaded. As in the static tests, the preload

was applied to the test specimens prior to moisture conditioning. This preload

is a one-time load application with no hold time at maximum load. The level was

48.9 KN (11.0 kip) for both defect types, which was approximately 90% of the

anticipated room temperature dry fracture strength.

Cyclic testing was performed in servohydraulic test machines at a maximum fre-

quency of 5 Hz. Figure 64 is a photograph of the test setup. The cyclic

frequency was reduced for the first few cycles and while read inq the instrumenta-

tion.

Load was transmitted to the specimen through bolted friction grips. The compres-

sive-loaded specimens were restrained from buckling through the use of two face-

plates, one against each specimen surface. The faceplates had a 50.8 mm (2 in)

diameter hole centered over the defect to allow local out-of-plane deformation

and to allow inspection of the specimen damage. The inspection hole diameter was

smaller than specimen width, allowing full length support at the specimen edqe.

All the test specimens had crack opening displacement (COD) instrumentation to

monitor changes during cyclic load. The COD gaqe output was recorded periodi-

cally during the cyclic test life. This information was used to monitor damage

growth in the test specimens due to loading and environmental conditions.

Inspection Procedures

Ultrasonic inspection of the test specimens was conducted before the specimens

were installed in the test machine. The preloaded specimens were reinspected

following the preload cycle. In addition to these pretest inspections, fatigue

specimens were reinspected during the cyclic life of the specimen. For specimens

that reached the targeted cyclic life without failure, an inspection was per-

formed before the residual strength measurements were conducted. These ultra-

sonic scan records are included in appendix D.
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To identify potential damage from the unloading portion of the preload cycle,

pulse-echo ultrasonic inspection was conducted before preload, while at load,

and after unloading. This was performed in the test machine using a hand-held

transducer. It was found from these studies that there was only limited damage

growth during preloading. This is consistent with the ultrasonic scan results

and for results for 5/8 slits and holes in laminate U. A comparison of the pulse

echo inspection data taken during maximum load and after unloading indicated that

this damage occurred on loading, with no detectable damage resulting from

unloading.

The ultrasonic inspection during the cyclic test life was made by removing the

specimen from test. The specimen removal procedure was adapted to allow better

techniques to be used during inspection. The inspection times selected were

after 10 cycles for the 10 3 cyclic life specimens and after 100 cycles for the

106 and 10 7 cyclic life specimens. These lives were selected to supplement the

available data at 1, 10 3 , 105 , and 106 cycles.

Temperature Control

The tension-tension test specimens, were heated with a radiant heater on one

face. This procedure is similar to that previously used for static testing. The

temperature gradient through the thickness was found to be less than five 3 K

(50F) after about 2 min. at temperature. Heating from one side allowed easy

specimen inspection and access for the COD gage.

The tension-compression testing required specimen stabilization plates that

interfered with temperature control and heating. This problem was overcome by

placing resistance heaters on the stabilizing plates in addition to the radiant

heater. In this manner the specimen temperature is controlled to within five 3 K

(50F) of 422K (3000F). These procedures allowed access to the specimen for

inspection and COD instrumentation. Access to the specimen face was through the

50.8 mm (2 in) diameter central holes in the stabilization plates.
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Test Results

Dry room temperature test results are presented in figures 65 through 68. The

results are shown as maximum cyclic load versus applied load cycles. Specimens

that did not fail during the cyclic test (circles with arrows) were residual

static tested to failure. The residual static test results are shown as tri-

angular points in the figures. 	 Results from similar tests (ref. 1) are also

included in the figures and identified with the number (1).	 The test data

support the combinations of the results from these programs.

The results for the slits and the holes were similar for both the tension-tension

and the tension-compression tests. Under tension-tension loading there was a

high endurance limit, and the residual static strength increased with the appli-

cation of cyclic loads. Under tension-compression loading the endurance lord was

about 60% of the static tension load for the long cyclic lives. The residual

static tension strength data indicates an increase as found for tension-tension

loading, although the limited data prevents firm conclusions.

Cyclic test results for room temperature wet tests are presented in figures 69

through 72. These data show a trend similar to the dry testing.

In both of these sets of data there does not seem to be an effect from the

preloading on the cyclic lives.

The wet room temperature results are compared with the dry room temperature test

data in figures 73 through 76. Figures 73 and 74 compare the residual strength

data from the tension-tension tests, and figures 75 and 76 compare the cyclic

life data from the tension-compression tests. The open symbols are for the dry

tests, and the closed symbols are for the preconditioned (wet) specimens. The

preloaded and nonpreloaded specimens are not differentiated in this presenta-

tion.

For both the hole and slit defects the residual strength of the wet test speci-

mens generally exceeds the identical dry test s pecimens. There is an indication

that the residual strength of the wet and dry specimens are the same after 10

million cycles.
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The comparison of the cyclic test data for the tension-compression testing indi-

cated a significant reduction (greater than an order of magnitude in life) for

the wet specimen test data. This reduction is probably the result of reduced

compressive properties and increased delamination in the wet specimens due to the

reduced matrix strength.

Figures 11 through 80 present the dry 422K (300 0F) test results. The presenta-

tion format is the same as for the other test conditions. The test loadings were

maintained at the same levels as used for the previous series. As shown, the

tension-tension tests again generally survived to the planned life, whereas the

tension-compression specimens experienced fatigue failure.

These data are compared to the room temperature tests in figures 81 through 84.

The elevated temperature tests are similar to the room temperature wet tests;

i.e., higher residual strength and significantly shorter fatigue lives. How-

ever, it should be noted that residual strength tests were conducted at room

temperature for both the room and 422K (3000F) cyclic tests. The difference in

residual strength is due to the prior effect of temperature on damage qrowth

during load cycling, while the early fatigue failures at 422K (300 0F) for the

tension-compression tests are due to the temperature effects on both strength and

damage growth.

Figures 85 through 88 present the wet 422K (3000F) test results. The tension-

tension test loadings were maintained the same as for the previous testing.

However, for the tens i on-compre sson testing the cyclic load had to be reduced to

prevent static compressive load failures.

These data are compared to the 422K (3000F) wet specimens in figures 89 throuqh

92. It is interesting to note that the curve for the residual strength of the wet

test specimens intersects the curve for the dry specimen residual strength at the

long lives. One explanation could be drying of the test samples during cycling

^R loading. This would be reasonable because of the potential acceleration in the

diffusion rates from the cyclic loading. Also this would be expected in the 422K

(3000F) tests where the diffusion rates would be high due to the temperature.
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CONCLUSIONS

Three composite 20-ply laminates representative of general structure, pressure

vessels, and turbine engine fan blades were studied to develo p data on the

moisture and temperature effects on defect tolerance. The test results presented

apply to the specific laminates and test conditions evaluated. However, the

trends define general behavior for a wide range of composite materials and help

to define expected structural behavior. Some of the conclusions that were made

from the test data, and which are discussed in more detail in the report, are as

follows:

a. Defects in the composite laminates that cut filaments significantly

reduced the strength.

b. The failure in the test specimens with cut filaments initiated at the

stress concentration and propagated across the specimen width. The

failure mode and failure stress were similar for both tension and

compression loading.

C. The fracture strength was a direct function of defect size. Only when

specimen width was less than about four times the defect size were the

edge effects significant.

d. When specimens had impact damage delaminations with no broken fila-

ments there was no reduction in tension strength but there was a reduc-

tion in compression strength. The compression strength was reduced to

the same value as for a machined defect of the same size as the

delamination size.

e. There was little difference between the performance of laminates with

circular holes or sharp slits in the sizes tested.

f. Half-penetration defects were less severe than full-penetration

defects of the same surface length.

F
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g. Absorbed moisture had a small effect on the static fracture strength at

room temperature. 	 In graphite laminates the wet specimens had a

greater strength, whereas the hybrid laminates had a reduced strength

when wet.

h. Preloading had a small effect on moisture absorption and residual

static strength. The preload accelerated initial moisture gait but

not the end result. In laminate L1 the preloading increased the dry

room temperature residual strength and reduced the elevated temper-

ature wet value. The other conditions and laminates showed little

change.

i. Graphite fiber composite materials were relatively insensitive to ten-

sion-tension fatigue, even when at 422K (3000F) and wet. However, the

application of compression loadings (R = -1.0) yielded fatigue fail-

ures at significantly lower loads than in tension.

J.	 Moisture and temperature, independently and in combination, had a siq-

nificant effect on tension-compression fatigue behavior.

i
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' denotes S-glass ply

p/ Two panels ware required

Table 1. Structuni Laminates Evaluated

Designation Material Layup Application

L1 Thornel 300/fiber it* [10/346/0/90))2 General structure
934 (T300/934)

1.2 T300/934 [(03/=80)2, S Pressure vessels

L3 T300/934 with 901-S [(0/+30/0'/-30/0)21 S Turbine engine fan
J blades or support

struts

'Plies that are replaced with S-glass

Table 2. Summary of Test Laminate Construction

Specimen
number Test type Laminate

number Stacking sequence Panel size
m (inXin)

L1 .21-XX Static L1 [(0445/0/90)S, 2 0.81 X 3.06
(32X 120)

L2 . 2X-XX Static L2 1(03/*80)2, S 0.81 X 2.92 O,
(32X115)

so
L3.21-XX Static L3 1(0/+30/00/-30/0)2, S 0.81 X 1.90

(32X75)

+	 L3-22. XX Static L3 all [(0/+30/0).30/0)21 S 0.81 X .76
graphite (32X30)

L1-31-XX Cyclic L1 [(0/345/0/90)S1 2 0.81 X 1.52 ©,
(32X60;

O/ Test panel was cut after layup into one 0.81 X 1.96 (32X77)
panel and three smaller panels prior to cure for the low
pressure cure cycles

}



Table I Defect Type and Size Code

Approximate diarrwter
or surface length

mm (in) 3,18 5.52 15.9
Defect (0.125) 10.3751 (0.625)
type

Full-penetration hole 118 FP HOLE 3/8 FP HOLE 5/8 FP HOLE

Half-penetration hole 00 1/8 HP HOLE 3/8 HP HOLE 5/8 HP HOLE

Full-penetration slit 1/8 FP SLIT 3/8 FP SLIT 5/8 FP SLIT

Half-penetration slit 	 go Ire HP SLIT 3/8 HP SLIT 5/8 HP SLIT

100-degree full-dapth 1/8 CSK HOLE 3/8 CSK HOLE 5/8 CSK HOLE
countersink hole

Circular dishn	defect _ — 5/8 DISBOND
between 15th and 16th plies

Low velocity impact _ _ IMPACT
damage 3.38 N-m (30 in -10

0^ HP defects are 1.5 mm (0.060 in) deep

Table 4. Width Effect Test Matrix

Laminate L1 `3

Defeo
code

5/8 FP SLIT IMPACT 5/8 FP SLIT IMPACT
Specimen
configuration

[S

pecimen mm 50 100 150 50 100 150 50 100 150 (50 100 150
 (in) (2) (4) (6) (2) (4) (6) (2) (4) 16) (2) (4) (6)

St3tiC 1 1 1 1 1 1 1 1 1 1 1 1
tension
static 1 1 1 1 1 1 1 1 1 1 1 1cr rmprewion

34



Ar MI

9

Table 5. Static Fracture Test Matrix of Wet Room Temperature Specimens

an

Layup pattern
and loading
condition

Defect type and degree of penetration

Circular holes Sharp slits Natural
So 1/8 3/8 5/8 1/8 3/8 518 S1 S2 S3

_ FP HP FP HP FP HP FP HP FP HP FP HP - -

L NPL 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Li PL 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

L NPL 1 1 - 1 - 1 - 1 1 1 1 1 1 1 1 1

2 PL 1 1 1 - 1 - 1 1 1 1 1 1 1 1 1

L NPL 1 1 - 1 - 1 - 1 1 1 1 1 1 t 1 1
3 PL 1 1 - 1 - 1 - 1 1 t 1 1 1 1 1 1

Static tests at room temperature after moisture conditioning

Lt

L2

L3

NPL

PL

Laminate L t ((0/*-45/0/90)S)2

Laminate L 2 ((03/*-8012)5

Laminate L 3 ((0/+30/0'/•30/0)2)$

No p► eloau

Preload to 90 percent estimated strength
prior to moisture conditioning

FP	 -	 Full penetration

	

HP -	 Half penetration,

	

So -	 Unflawed test specimen

	

S t , S2, S3 -	 Natural defects (see Figure 5)

Table 6. Static Fracture Test Matrix of Wet Thermal Spike Specimens

Layup pattern
and loading
condition

Defect type and degree of penetration

holes_Circular Sharp slits Natural
So 1/8 3/8 5/8 1/8 3/8 518 S 1 S 2 S 3

_ FP HP FP HP FP HP FP HP FP HP FP HP - - -

NPL 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1L 

1 PL 1 1 1 1 t 1 1 1 1 1 1 1 1 1 1 1

NPL 1 1 - 1 - 1 - 1 1 1 1 1 1 1 1 1
L2

►'L 1 1 - 1 - 1 - 1 1 1 1 1 1 1 1 1

NPL 1 1 - I - 1 1 1 1 1 1 1 1 1
L3

PL 1 1 - 1 - 1 - 1 1 1 1 1 1 1 1 1

Static tests at 422K (300"F) after abrupt heating from room temperatureI	 all specimens moisture conditioned

L I 	- Laminate L 1 (10/t45/Oi90) S ) 2 FP	 - Full penetration

L 2 	- Laminate L 2 ((03/t80) 2 )S HP	 - Half penetration

L 3 Laminate L 3 ((01+3010 0/•30/0) 2 ) $ So	 - Unflawed test specimen

NPL - No preload S1, S2, S3	 - Natural defects (see Figure 5)

PL	 - Preload to 90 percent estimated strength
prior to moisture conditioning
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I.
Table 7. Environmental Cyclic Test Matrix

Number of tats at designated test condition
Test conditions

Room Room temperatwe 422K 13000 FI 422K (3000F)
Q —

..
3

temperature
-- dry wet dry wet

o

4 Target life(ryoks) Target life (cycles) Target life (cycles) Target life kycles)

108 10^ 103 106 107 103 108 107 103 108 107

W 0 1 1 1 1 1 1 1
p 0'^ 90 1 1 1 1 1 1 1
a. 0 1 1 1 1 1 1 1 1 1
LL t ' 0 90 1 1 1 1 1 1 1

L1
0 1 1 1 1 1 1 1 1 1

N0.05
90 1 1	 1 1 1 1 1 1 1

Q. 0 1 1 1 1 1 1 1 1 1 1
u. 1.0 90 1	 1 1 1 t 1 1 1
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ACUUM BAG
REATHER-1581 GLASS CLOTH

IETAL CAUL SHEET

ONPERFORATEDFEP

LEEDER-1581 GLASS CLOTH

ERFORATEDFEP
YLON PEEL PLY

RAPHITE-EPDXY
AMI NATE
YLON PEEL PLY
ONPERFORATEDFEP

LAT ALUMINUM
OOL

L

406 mm (160.0 in)
63.5 mm

(2.5 in) ^
00

76 mm
Q 0 in) O
	

—	 — Q-I-^ (SYM)

L
(SYM)

LE GLASS END TAB
181 WEAVE PPEPREG CLOTH
5 PLIES PER FACE

Figure 1. Test Specimen Configuration

Figure 2. Specimen Laminate Layup Sequence
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1
O.B1 m
(32 w)

LAY UP AND CURE
BASIC PANEL

STEP 2

LAY UP AND C, IRE
FIBERGLASSGRIP
TABS

^V^

II

AS REQUIRED	 STEP 1

u	 STEP 3

^I ^

Tt I '

SAW-CUT
SPECIMEN
BLANKS

Figure 3. Specimen Cutting Procedure
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a) FULL-PENETRATION HOLE (FP)	 c) FULL-PENETRATION SLIT (FP)

b) HALF-PENETRATION HOLE (HP)
	

d) HALF-PENETRATION SLIT (HP)

Figure 4. Stress Concentration Configurations

41



LAMINATE DEFECT

LI

L3

l000

V//> > \
DEEP COUNTE RSINK

VOIDS

NO HYBRID FIBERS

Figure 5. Natural Defects
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3.18 mm

.125 in)

Figure 6. Photomicrograph Showing Root of Ultrasonically Machined Flaw

OF POOR
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Figure 7, Impact Test Machine
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LI-31A-3

OF POOR
25.4 mm

(1.0 In)

7--r

iL

00

Z_	 Z

LI-31A-4

LAMINATE LI SPECIMENS [(0/t46/0/90151 2

Zir

lAct

too
4--

:ter

0-31-15	 0-31 - 16
LAMINATE L3 SPECIMENS [(0/+,10/0*/•30/0121 S

Figure 8. Ultrwonic Scan Records for Impact DaamW
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Figure 9. Effect of Width on Static Strength of Laminate L 1
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Figure 10. Effect of Width on Static Strength of Lannnate L3
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Figure 11. Photograph of Compression Fracture Specimen

Figure 72. Edge Detail of Compression Fracture
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APPENDIX A

STATIC AND CYCLIC TEST DATA

This appendix contains the static and cyclic test data for all specimens. The

reported data includes specimen geometry, loads, and test parameters. The gross

section stresses have been reported for all the critical test conditions.
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N Ô 	 r

T .1

N 
"^
v

p	 O	 f

N M N^ Nyn	 N

r	 n

M'	 f N	 '.61 N
^ v r

n

T r. ^ y

^
%`	 =

^O=.^..
^	 ^^ 8B0	 * ^ 8r ^BhrnrnSd 88 >; pp

	 ^n
•D	 i^	 B Qq	 g B^iF^^0 S J .! O	 7v

J S	 n O M A S	 rl ca
M v

h
ul	 E

1 n r I I	 N ^ I 1	 I	 ^I
.^J

I	 I	 M rlo< N

_^ ^	 I ^^' I	
g 8 8^ g81

`^
m^
r

I	 j	 s I	 I	 r 0

T r

W W
r^ C - __ _ .^

. W I	 J JI J	
0	 ^^ J	 J J	 J

^^
^--

^

J
! ^ J v	 ^ }J	 J

r _ d of

i

W
e	 `1 I	 I ^ ry ^Y n! '	 I	 I J !

^^ ^: NCI

AI

S ^ ^ N r M ^^' ^» "1^	 _^ ^ : ^'- ^-rd

< L
I p

{a	 d u ^
4

yJ

O n
rN	 fJ'

J
r

In ..!	 Y
N	 a

n ,3! ? i AI
J-.. T ar^ 1/1r^ ry r w .!

r,, r	 n

ar
Q ^ ( ^ r o A w;

S
r M a d „ ^	 ^, ^'

Zi E	 z= 9	 _ ,V _ -	 !v^,Y p_	 _-
N ti _ 

n	 N

^^ u
^ i

^	 J	 -
o	 ^

r h
n

J	 r
^	 h

„	 !	 ,.
p	 s	 ,.

J C' I^ I

i

111

h J VI = J JI

Or ..

	
I	 `

u	 y r

ir

n

n

tt	 0

T ` N ♦ ^r o f

^ VI

_ w r c rt '^ M ^
00 _ -^^ d

J

J

r r „
I

CI ^

I

m



r	 t	
EE	 ^uJ

^ ^	 y	 w ^^ ^14

N!
,.

S
-A J O N J Ni

IW	
^.	 E	 i J11 	 O	 N-^	 N V j ^v J w-^ J`_J

J

• T T f J • N T T T J) N ` s N r 'r	 r- r

r FE

F4	 ^ -.. r	 N -

=	 J '^	 .I	 ±	 j	 .I N N	 N T	 Y

118

i

N	 ORIGINAL PAGE IS

OF f?COR QUALITY

1 W 

a
N	 ~	 '

Z	 ^I N '-T 7 0 G' h	 p
O „- J " Tr ^T

N	 r
T7 T ^-

lm
^^T

^,	 ]	 ' NI T M h N y M y	 M '!^ 7	 ,n ^^ i t 0	 to V) 	 ,^ N

WIN

u	 I

^	 I

~p ' 0 0
w	 J
0	 0 'gyp	 'o

N	 J
r0	 0	 O

I

u
2

A
u

V	 x^M1C N Iq Q 2
1	 , 7 )T MN N^ ^a

N	 N M
J N ^
N N N

M1 w
^^ w ti 	N

U	 a vl ]
I

N ri r^ N N Y N ^ H M ^' 2

- ^ Q= vi g d S K 0^ 0^ Sg 8n ^^

_
^^ ^^ ^^ ^I

7^ ^ o J
T ^

^o !o^	 Jo ^ 3 ^o So ^p ^o
T	 rS r T .: T .^ T .r

u^ _

I

(1
F4
	 A I	 1

n
^^	 J

I	 A^ ^r^
a n" N	 ^'^ N ...

•

_

n
8

r
$ R 0

Q	 Z I I S O	 C1
go	 49

I	 I I	 OD	 40 2

C ^ v t
or



ORIGIFJAL MTT. IS

OF FOO q QUALITY

'^^^	 Z .	 ,.	 I	 I w^	 I ^	 l	 I	 I 1
M	

' N r ^W F Q
:~ I^ 	 _^ rF	 I	 I ^^	 I I	 I	 I I^

—
T T r N

I	

^-	

o	 O
O	 n

,	 n„

O

A	 ^	 O

i

I

7

I
ti
-

r	 J

t7
2	

s
^

_
O

U	 i N ^ ^—	 — M1
cr
^ v	 v	 v	 J _

< O = c$9
—qqqq 

v	 V

b	 0 C	 2!	 O	 no M	 F tJ	 p
I	 ^ S^ r ^ M^

O

^r, it OD ^v Mi Tc Qry

O	 z ,	 I	 I
N

 fm I	 I	
w^ N M

Q	 _I o	 R	 8 8
• '^ _ ^ I	 I	 I ^O ^3^ I	 I	 I	 ^ mo

s .. r =, 7 r

•
`^ '^	 y

r o
L

I

sr

r ^' 3	 3--

2

r ^

t# I	

, N	 J	 j j.- ^y

^, ^	 i	 f^ l l	 f ^^, N^ N d M J ^^ J J _ V J ^ N_ J
f

.s ^a

'J	 N p _ .. J
cr

S O T

_

do

1 N	 N	 l^ — N ,y H	 N
`

31I J^
r

'K

^f^ r
C
^

J
r 0

s	 n	 )
A r	 v	 T	 ^ n l^'

ti	 w
IP	 A DN	 q

J`v A= J ^ /^
_t3r^

1

119



A

r

h'

Y

o

o^

r
N r
T
•^ Va
o ^

r
J ,

3

J J

it

URIGINAL PAGE IS	 f

OF POOR QUALITY
s

I i	 . 3	 i

z

z	 ^ ^
n

n s

Ls

^ •0

jai

J
V

I J II	 0I ^

iTyNe ~~o.^i 0, ^ +^ -	 J SJ I J	 I.s c hlJ	 ^N	 ^ n ^ ..	 J7	 .)	 !`t ^ ti^^ M NJ
nMy T^ M T"'^ ^

^Y ...I p ^	 p 1n 
o ^

^ ^ ^ w 0 R
J ^' ^^	 ^^ J N 1 ^ M T — Yl 7 rJ	 —

J

0 0	 0 a
N

0	 I 0

` O OsG , O p

h r
po w"' h^ lJc

3 Y N ^ by ~ ~^ ~^ ~ ^ O^
N J

N'	
I

N 
^U	 ^N .d

<s=: $8 ES Bd ig,8 ^^g gN
88

7 # O T Q' S	 T;
1 C I

7 Q 1.0 y
----------

^'^ d ^^ Jf rN
Z a

^	 Yi
t

I	 t  n+ r . w!
^' ^ ^' ^ I	

I I n 7	 IN 3 n r
r'

N

0 0

^V n

^
qqf
7 f

J
04 J 
9^

^ Jy ^ .J 4

i= 0
oil

r
=
^

J

^ r " ^ r S w rJ,l(1 J M J lit j yl J N J

0 ^
V

0
1

^,5 tP

—	 r »

o ^• o _3 S o vb
v

J

T

	

^ t7p N L	
'A

J	 I	 I	

I

Z 2^w^^^

J M ^ ^ y w h ^ ^ n
J ^ J^ n.► ^ 1 .fl 1J

r
r ^

0
	0 A	 a1 y h	 ^^ O N	 n

T° n^

i

	

It M	 H	 61 ry	 J

	

I	 I	 I	 I	 I

120



ORIGINAL PAGE IS
I	 OF POOR QUALITY
IC

^
t

^ ;^ I	 I	 I	 I ^	 ( I I	 I	 I	 I

r ♦7ah o	 = ^I I	 I	 I I	 I I I	 I

W e - L

I

u

r	 ^	 J ?	 M N
a	 o
^	 N	 r•1	 N

I	 O I^ I

U ^N s ^ I	 a N • N ^^ ^^^ R- ^ ^ ^» ^N ^Y

V I >•— ^v Ste-• S T^ M^^ 7v ^

W	 ^
I

w	 T 9 n ^ P

G Z	 Y^ I	 I	 I
O `^

^^	 •+ I I	 I	 M 7 ^wM

P• ..	 I

e
N y

^ T

J
QQ

^ J J Q J

I

S
•► ^	 ^	 ii

r

M
N_ .Ji

t w
w j

in	 ,T
y

A J N J N J

0	 y	 ,d =
S

^ ,!	 .! ^	 .7 ^

:. P
• n

J -^	 - J

I^ ^ \ q 3
I r _

of
-;

-^^^5^
r, i	

w	 ~~	 ~^

i	 iY ; ^	 f r_ i. rJ-' n r Ij^ J^
^ ti^ wry u	 e

J

^^ ^^ e	 2
'1 •_ ^0 • ^	 J rS O r	 -s rO	 '^

s V^ V^	 w1 _	 w1 V	 V V	 V

r = J J

1 J
^ S I

dp
d1	 r•	 r ~	 ?	 r n

JI

}

J
t
a
Jr

t

C
Q
7

•	 ^ y

0
^ 

C
i Ilt.

I

^ 
IA e

u^
O ^ .

__ r
J J +



n
P ^ r S J ,y^ N,

M Y► w, ^ 7 J^ .r, vl	 I

n
g	 a 

J
'^ ^

^ i w 7 og_	 _ 7

nn r ^ Q	 T ^ /I
^j v. S9 V MV1 7

C o

	

0 0	 N r
T	 'n y	 I 7 I '"^ 9

	

r r 5 r	 P r ^ r

I

OTG6NA1_ PA E IS

OF POOR Q t.1TY

iI

N
Y

J ^ Z ^?
Z Yy

W F "

	

Q N <	 eD
O 2 J

	

W	

1I

np ,p ro ^O ^
	

wo ,? YO ^Q

r^ V
J

7

< a	 i	 '= 1

2	 a

n

mom-- ^
n	 o•

I'	 _	 =
W'	 ^	 -	 Z

fti ^
Jo

0 h r ^ G s rT
rw^_	 J> ^^

3

mo I	 3 ^_
v ^ 	 t

J
J

J	 ^,

J	 J	 ' to T S	 S	 3	 -^

J	 S	 I, J

J
I	 u►^	 d

^	 -	 Z2	 Q
r	 —

_	 _	 i ` '•,	 666

„I T T Y 0 y ^ -'

u^

n

^ s
. n in I H T, 	 y	 'tit f

ar

^^^ S o^^_ g 	 NIA

1

	

-	 J r

- y
—^ J

	

N N' M T T	
O

,

I

is

122

Rp

3K ;.t
CJ ^

i
+ r S

^

f	 i

I	
—

r
Y

n? po r^ G 0 rA:

UI 3v,^	 ^I Nv N^ M^^'
N'^'	 N,_,

c

a^

G

ah O^

C	 G

^ J .! O.	 J O	 O. ^ OS	 7^ 7^^ Sv

r ^

x	 i Y ^	 I	 I
'^ ^ ^' n

z
^ C	 2 j I	 ^	 16

v I

` y ^

A
0

0

0
y A MA+ MA`	 N
ry .^. N .C.i N .^.. rJ M N ^

88r,. °,. S g m ^ ^^°^ r,. r.d rr N r' ^. Jo 90 J°S^ JoT ^ S v 7.. 5... S .,+
n

A
m'I

TT
N CA , C..^ v

OE^^^Ii	 I
_	 1

T

I'm



I

J

ly
I J

1 '
0

I ^

3

I^

1

N	 N
N	 7 Al	 J J

r r pl

Oro	 O i ^! ^ 0 ,A ^ ^ yL1

j 1 1 .^ .!	 M V' 3 r IA ^

__

r.

r V	 J ^ ^ II

_

Q

J

A.r ^s ^ f	 'a J	 IZ^
J	 yV

N
r N ^ `

7
vi

M	 • P	 0_^ S_ \ 1^

y -	v - V	 N - ~ ~ _.	 ^ 1

J J	 c

i J
:T_.

 41 ;g ^ A

ORIGINAL PAGIE IS
rl	 LIALl IT V

rVVn ^vn^... .

II ^^ ^^ a

J F

J

I 1 flI	 .^ ^^r	
^ n^ 1	 ,,^rif • 7	 ^ v 1	 I	 J w ^

v

N ( _I g R g'	 8d 8^I	 N J
gs

Yov
-	 ,_^

O	 MI	 p r T^ T f	 1 1	 I	 T J N S
J ^ r' ^	 vf " J... ^

J	
I
f^ ^	 I`r

M
J4	 ^0

3 IO O	 0	 N ^	 ^	 rrf	 o
v

y	 J

O

OIII

I II

= E )^ J O .7 p T 7 T ^^ N^ T Q	 I^ Y^ 
0
J 1, J v	 I

7N T	 O y .1T J ^' -	 -	 J

iQZ m ^ ^	 ,0,^ •^ ^ ^ ^^ ^ d c \ i^ a ^ ^ E	 +
^	 ._ ^ ^ ti

^ n. t• ^^ t+ J Ji i ^	 a r	 rJt,.n

I	 ^. ^.	 I	 I	 I M 'n fT	 I

	

ry^ N fA	 N^ NeA

O = JI

	

I	 I	 I ^ b a x

7 _ T v

_ aZ	 +
I^ 

n	

I
N A~	

C ` N	
^

S

r	 i	 e# J,^	 rfJ N y J J hJ

M

II[[
Id+ l 	 `^ ppp	 l^.

I"	 z J w	 `^ w

	

r; ^^ j. M .^.
{^^	 J	 ^	 ^ T N ^ ^ .^ r ^ r 7 a•

S	 ^^	 ^	 31 •	 ^	 v	 °	 0-	 v	 v

J	 ^ M r	 9y

i
	

123



PRECEDWC PACE EI.' NK i-.Ji

APPENDIX B

i

r

WIDTH EFFECT TEST SPECIMEN GROWTH DATA

This appendix contains the ultrasonic scan and crack opening displacement COD

data for the width effect tests. Since some of these tests were compression

loaded, the COD record indicates closing displacement.
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APPENDIX C

STATIC TEST DAMAGE GROWTH DATA

This appendix contains the crack opening displacement test machine records, the

ultrasonic C-scan and the visual notes indicating the damage growth in the static

test specimens. The results are grouped according to laminate type and defect.

Each record is identified by specimen number and defect code.

All static test specimens were examined using these techniques at each stage in

the testing process.

159



INITIAL

AFTER
PRELOAD

21.5 KIP

VISUAL DAMAGE

°--	 NONE

AFTER
MOISTURE
CONDITIONING

I

^^' FLA7rr ,CDT 'j LM.:D

ORIGINAL PAGE IS

OF POOR Q^^AL!T f

LAMINATE L1
NO DEFECT	 TEST SPECIMENS

ROOM. TEMPERATURE	 422° K (300° F)

L1-21-1	 L1-21-2	 L1.21-3	 L1-21-4

161

lb



ORIGINAL PAGE iS
OF POOR Q^	 to

V

N

^^	 N

162



INITIAL

AFTER
PRELOAD

15.3 KIP

VISUAL DAMAGE

FINE CRAZE FROM HOLE —y
0.1 inch IN LENGTH

AFTER
MOISTURE
CONDITIONING

ORIGI IIIAC PAGE
BLACK AND WHITE= PHOTDGRAP11

LAMINATE L1

1/8 FP HOLE	 TEST SPECIMENS

ROOM TEMPERATURE	 4220 K (3000 F)

L1-21-5	 L1-21-6	 L1-21-7	 L1.21-8

163



ORIGINAL PACE IS
OF PGOR QUALITY

_^	
1 0	 ^^'

_ --_ - - - - - _ - -_-_--- -	 -_- V



ORIGINAL PAGE IS

OF POO R QIJAUTY

^a

165



AFTc?
MOISTURE
CONDITIONING

166

.AFTER
PRELOAD

11,7 KIP

VISUAL DAMAGE

^—	 NONE	 —

INITIAL

Of'?'Cl'IN,AL PA ;E

BLACK AND WHITE PLIOTOCRAP14

LAMINATE L1

3/8 FP HOLE	 TEST SPECINII:NS

ROOM TEMPERATURE	 4220 K ( 000 F)

L1-21-9	 L1-21-1D	 LI.21-11	 L1-21.12



1	 ORIGINAL PAGE IS

OF POOR QUA;.SSY

1 -

Z__

Ir

fj

k	 c
N	 Q

167



URiGiNA,L PAGE IS

"F POOR Q'.1h= i a i

.Z•

77=

N

J

168



INITIAL

AFTER
MOISTURE
CONDITIONING

ORIGINAL FAGS

BLACK AND 'WHITE P.

LAMINATE L1
518 FP HOLE	

TEST SPECIMENS

ROOM TEMPERATURE	 4220 K 13000 F?

L1-21 . 13	 Li-21-14	 L1-21-15	 L i 7? 'E

VISUAL DAMAGE

AFTER	 #e

PRELOAD,	 "'-	 NONE

10.4	 ' c.=' s.,•^
KIPP ''?ti ::.:ate

169



r-

ORIGINAL PAGE I5
_	 OF POOR QUALITY	 d

fir

- - -- -T --	 - -	 -^	 _-' -- - - 1

- - - -- - --- -- --^- ^ _--^ ^ ------ ---	 - - - rte- _ _-

170



N

1

L
	

OWTN'AL PAGE IS

'F POOP. QUALITY

t_
r

171



INITIAL

VISUAL DAMAGE

^-- NONE

0.1 inch F!NE (;RACK

AFTER
PRELOAD

15.9 KIP

AFTER
MOISTURE
CONDITIONING

0R!GIi l1^,L F,'.( L
BLACK AND WHITE PHOTOCRA?H

LAMINATE L1
1/8 FP SLIT	

TEST SPECIMENS

ROOM TEMPERATURE 	 4220 K (3000 F)

L1-21-22	 L1-21-23	 L1-21-24

172



1
ORIGFNAL rAGE IS

--	 - - - OF FQQR QUALITY

-	 - -- - ---^--- ---

J	 N	 ^	 ^	 0

173



ORIGINAL PAGE IS
OF POOR QUALITY

---	 -	 - •r

- ---
- - - - -- -

--_--_- - - - -_ -t,-_	 _

--- --- -^-ter---

- N

p

N

1

^,
v

E

. •	 ^ •	 ^ }. 5.x..1.

174



INITIAL

^-rte`--yrrs'^_ =3^^1'

AFTER
PRELOAD

12,7 KIP

VISUAL DAMAGE

f-- NONE -y

AFTER
MOISTURE
CONDITIONING

BLACK AND WHITE PHOTOGRA, ,rl

LAMINATE L1
3/8 FP SLIT	 TEST SPECIMENS

ROOM TEMPERATURE	 4220 K (3000 F)

L1-21 . 25	 L1-21.26	 Ll-21-27	 Ll-21-28

175



ORIGINAL PAGE IS

-	 --OF_̂ OR 0 AUTY

-- -- — -- ---------- —_^--- - `t1 ----- — `T —

-	 -	 - —7--	 --	 -

so

	

N	 Cj

I -	 2r

i

im

176



N

N

0

ORIGINAL PAGE IS
OF POOR QUALITY	 J

Jet

—_----_-- - 
^--:--_^_—.---^--_^--_—«^_.--_

	 -7of----ter! -:--- -

___.	
� y-g--=--_^

-	 -	 -	 -

--	 -	 -	 tj

177



INITIAL

AFTER

PRELOAD

-IQ..L KIP

VISUAL DAMAGE

^-	 FINE SPLITS	 -^

AFTER
MOISTURE
CONDITIONING

3L.J% 	ANN Vvi-. i V.	 '?TJ.iRA1'fl

LAMINATE L1

5/8 FP SLIT	 TEST SPECIMENS
ROOM TEMPERATURE	 422° K (30& F)

L1 . 21-29	 L1-21-30	 L1-21.31	 L1-21-32

178



ORIGINAL Pf•..: i

- - - - -OF POAFi-	 -.-- - ---	 _	 _

_77=_-	 ------ - `-"	
G

ri

-7- Z

7 
179



ORIGINAL PPGE

-- ^--_ _ - - -'	 -- --
AC;

 _•-^ - i

_	 - -	 —	 - . _ _. _ _•^ _ __ ^

T — ^ _
	 lei

P
V

1

180



!i !iTIAL

^m

VISUAL DAMAGE

NONE

FINE SPLITS ON BACK

AFTER
PRELOAD

13.7 KIP

AFTER
MOISTURE
CONDITIONING

p

LAMINATE L1

1/8 CSK HOLE	 TEST SPECIMENS

9O0M TEMPE g ATURE	 4220 K ( 3000 F)

L1 . 21-18	 L 1-21-'9	 0.21-57	 L1.21-58



m

!	 OR1GIN'AL rr "5
OF POOR CAL

- - -- - -- ------ --- --

162

^c._



--	 — — -- ORIGINAL. PAGE 'S ----
0f POOR QOALITY

N

1	
a

- o

c

183



ORIGINAL PAGE IS

QE _PS?OB QUALITY

_ p

N

7

184

•



INITIAL

VISUAL DAMAGE

NONE

FINE SPLITS ON BACK

AFTER
PRELOAD
10.8 KIP

AFTER
MOISTURE
CONDITIONING

ORIGINI AL PAGE

BACK AND WHITE PHOTOGRAPH

LAMINATE !?
3/8 CSK HOLE	 TEST SPECIMENS

ROOM TEMPERATURE	 4220 K (3000 F)

L_1 -21-17	 L1-21-37	 Ll-21-38	 L1.21-39

185



ORIGINAL PAGE ±S

OF POOR QUALITY.

r _

196 -



OR1Glti',;L P,; C,
SLACK AND 

WHi'TE P;io--OCRILPH
LAMINATE L1
5/8 CSK HOLE
	

TEST SPECIMENS
P,OOM TEMPERATURE	 4220 K (3000 F)

VISUAL DAMAGE

AFTER
MOISTURE
CONDITIONING



m
- ORIGINAL PAGE VS

OF POOR QUALITY

O

188



0 QNAt-PA Gt is
0 F F57? 

C_, , ALITY

4_1

#""-, _3^1^:hmL

.,.: *.*I- L , -Y - .	 . 1 189	 . .C3

IV



INITIAL

A

AFTER
PRELOAD

20.7 KIP

VISUAL DAMAGE

^-	 NONE

AFTER
MOISTURE
CONDITIONING

dt_ACK AND WHITE PHOTOGRAPH

.m

LAMINATE L1
1/8 HP HOLE
	 TEST SPECIMENS

ROOM TEMPERATURE 	 4220 K (3000 F)

L1-2141	 L1-21.42	 L1-21.43	 L1-21-44

190



CI F rG :}R QUALITY	 - - - ---- ----- - -- -

1

N 1

..^	 ...	 -• '	
191	 -	 -

I



w^.a.o • 979ML Q

f	 ^J
.	 V

a

192



INITIAL

AFTER
PRELOAD

19.1 KIP

VISUAL DAMAC-E

^-	 NONE

AFTER
MOISTURE
CONDITIONING

ORIGINAL PACE
BLA^-;K AND WHITE PHOTOGRAPH

LAMINATE L1
1/8 HP SLIT	 TEST SPECIMENS

ROOM TEMPERATURE	 4220 K (3000 F)

L1-21 .45	 L1.21-46	 L1-2147	 L1-2148

193



- ORIGINAL PAGE IS
-	 OF POOR QUALITY

,1	 a

,_ _ _ _	 __.rte _ _
	 . ----- —_- --__ _ -_-- _ - -• ----_— - _- ^---- - _ _ _-

=- =T

I



L

77-

ORIGINAL PAGE 16

OF POOR QUALITY

7

195

I



INITIAL

NONE -i

AFTER
PRELOAD
18.3 KIP

VISUAL DAMAGE

- FINE CRACK

AFTER
MOISTURE
CONDITIONING

CPIGINAL PAGE
BLACK AND WHITE PHOTXRAp}{

LAMINATE L1
3/8 HP HOLE	 TEST SPECIMENS

ROOM TEMPERATURE	 4220 K 1300' FI

L1-21-49	 L1-21-50	 L1-21-51	 L1-21-52

196



ORIGINAI- PAGE IS
OF POOR QUALITY

-:7--- ----

T-^

__-----^_--- --- -= -- T _ate

x•f -^.•°_,^.	 -.	 .,... 197 ^
	 -



0RIGiNAL i'1._'r i ")'
- ---	 -	 Of pEHf3R-QNAHTY	 p

_	
I

1

G
n

T	 .^

k

s s a

198

f+



INITIAL

AFTER

PRELOAD

17.3 KIP

VISUAL DAMAGE

^-	 NONE

AFTER

MOISTURE
CONDITIONING

ORIGIN AU PAGE

BLA► ,K AND WHITE PNC1T X:r:%r h

LAMINATE L1
318 HP SLIT	 TEST SPECIMENS

ROOM TEMPERATURE 	 4220 K (3000 F)

L 1-21-53	 L 1-21-54	 L 1-21-55	 L 1-21-56

199



nj
8 8	 r

u ^.

N

N

r r̂ i

_. 200

i



----ORIGINAL-PA3F
OF POOR QUALITYT-Y

L.

7:	 7

201



INITIAL

AFTER
PRELOAD

17.7 KIP

VISUAL DAMAGE

^-- FINE CRACKS -^

AFTER

MOISTURE
CONDITIONING

ORIGINAL PAGE
BLACK AND WHITE PHOTOGRAPF{

LAMINATE Ll
5/8 HP SLIT	 TEST SPECIMENS

ROOM TEMPERATURE	 4220 K (30(x° F)

L1-21-63	 L1-21-64	 L1-21-65 .	 L1-21-66

202



^^

a^
--

,;,.



X-2	
204

ORIGINAL PA(^E IS
Ins 

POOR 
QUALITY

.a



L1-21 . 59	 L1.21-61 L 1.21-62 L 1-21.67

AFTER

MOISTURE
CONDITIONING

INITIAL

AFTER
PRELOAD

1 6, 1 KIP

VISUAL DAMAGE

NONE

FINE CRACK 0.1 inch -^

OR IGINAL. PAGE

RLACK AND WHITE PHOTOG-,.'

LAMINATE L1
5/8 HP HOLE	 TEST SPECIMENS

ROOM TEMPERATURE	 422° K (3000 F)

1	 205



ORICINAL-V" ; IS

•	 OF POOP. QUALITY

Y.

—; ---	 ^. -- - -- ^_ _ -=__-_ _— _=-_mss

	

1
t) .:07

206

lk .^. -



ter- --	 -__-_• --_	 -f-.•_^_ 4	 _rte	 -.-.._--

- 	 ter•- - _- '^

x•F rrt!-7 ^. . - 207
I



INITIAL

7R
' r -

AFTER

PRELOAD

35.1 KIP

VISUAL DAMAGE

_ _' t►=^ ' F • fir" - ^

^--	 NONE

i-

`* s 7 7
AFTER
MOISTURE
CONDITIONING

ORIGINAL PAGE
BLACK AND WHITE PHOTOGRAPH

LAMINATE L2
NO DEFECT	 TEST SPECIMENS

ROOM TEMPERATURE 	 4220 K (300° F)

L2. 21-1	 L2-21-2	 1.2-21-3	 L2-21-4

208



ORIGINAL P-AU IS
Of POOR QUAL',TY

-	
o 2

E fa

d

N	 •-

i
•1

J

3'.^^

209	 I

•



INITIAL

AFTER
PRELOAD

44 KIP

VISUAL DAMAGE

- 0.3 inch FINE SPLITS

4

3
F

zAFTER
MOISTURE
CONDITIONING

^t3

ORIGINAL PAGE IS
OF POOR QUALITY

LAMINATE L2
1/8 FP HOLE	 TEST SPECIMENS

ROOM TEMPERATURE	 4220 K (3000 F)

1-2-21-5	 1-2-21-8	 L2-21-7	 1-2-21-8

210

n • 4



ORIGINAL PAGE 17,
OF POOR QLIIA'L'rt'Y-

77-

-----------

sr-

211
1



ORI,GINAL-PAGE I&-

OF POOR QUALITY

3i	 o

oa

-77

7-:L

-7L

10

-7	 7.

212

7



(	 i

INITIAL

VISUAL DAMAGE

-'"	 •+^a^•-^ -^— 1.0 inch FINE SPOTS —^
AFTER
PRELOAD

22.9 KIP

AFTER

MOISTURE
CONDITIONING

ORIGINAL PAGE
BLACK AND WHITE PHOTOGRAPH

LAMINATE L2
3/8 FP HOLE
	

TEST SPECIMENS

ROOM TEMPERATURE	 4220 K (3000 F)

L2-21-9	 L2-21-10	 1-2-21-11	 1-2-21-12

213



ORIGINAL PAGE IS
-OF-POOL QUAUTY

_	 1

T---	 ---r-- ` `--- - ---- - --r7

a 
214

t



ORIGINAL PAGE IS
• - - - _	 OF POOR QUALITY -- -- _-	 -	 -

TIF

ZZ

-'-- -	 - _-_-

- -----`	 - -	
------ --	 QI

'^•f	 '" ^,-^r :^ • ..	 215



INITIAL

AFTER:
PRELOAD

17.7 KIP

VISUAL DAMAGE

f— 1.0 inch FINE SPLITS —^

AFTER
MOISTURE
CONDITIONING

ORIGINAL PAGE
BLACK AND WHITE PHOTOGRAPH

LAMINATE L2
5/8 FP HOLE	 TEST SPECIMENS

ROOM TEMPERATURE	 422° K (300" F)

L2. 21-21	 1-2-21-22	 1-2-21-23	 17-71 -74

216



-" --	 ORIGINAL PA2E la	 g
OF. POOR QJALITY

fill

__ . _. ___:^..-__:_. .•^	 Wit:- --._ _^--- —=`--- .^-^^'::.^._:!.____..:__=_=-_=-_:f-__^_:

1

4;11• )J^)^W	 •)^	 -

217



ORIGINAL PAGE

Q

i

218

X.

h&r



L2-21.20	 L2-21-27	 L2-21-28L2-21-25

ORIG!NAL PACE

BLACK AND WHITE PHOTOGRAPH

TEST SPECIMENS

ROOM TEMPERATURE	 4220 K (300° F)

LAMINATE L2
5/8 FP SLIT

AFTER
PRELOAD

19.5 KIP

VISUAL DAMAGE

f— 0.7-1.0 inch FINE SPLITS	 —

INITIAL

AFTER
MOISTURE
CONDITIONING



roll r lw-z" _	 .. --•• 220 -

-- - -DRIGINAL-PA 'c IS
OF POOR QUALITY

0

==- -
r4s	 -

.1



ORIGINAL Pku,-

ZF-PUGR QUALM -

7777777=777- —

Wk

7—==

—7—

7.= Lai

-7:

-=E—

221

I



INITIAL

I 

ti
^	 y

v
AFTEH
PRELOAD

28.0 KIP

VISUAL DAMAGE

1.0-1.4 inch FINE SPLITS

2.1 inch FINE SPLITS --y

AFTER
MOISTURE
CONDITIONING

I	 ORIGINAL PAGE
BLACK AND WHITE PHOTOGRAPH

LAMINATE L2
5/8 HP SLIT	 TEST SPECIMENS

ROOM TEMPERATURE 	 4220 K (3000 F)

1-2-21-29	 L2-21-30	 L2-21-31.	 1-2-21-32

i

222
	

1



ORIG I N L PAGE IS

13

223

I	 I

in



ORIGINAL -PAGE- IS
OF POOR QUAUT0	 y. -

 

U.

I L

224

-7- 7Z

14

WON



INITIAL

AFTER
PRELOAD
23.8 KIP

VISUAL DAMAGE

--0.6-0.8 inch FINE SPLITS

0.8-1.0 inch FINE SPLITS

AFTER
MOISTURE
CONDITIONING

ORIGINAL PAGE

BLACK AND WHITE P!-iUrOGRAPH

LAMINATE L2
3/8 FP SLIT	 TEST SPECIMENS

ROOM TEMPERATURE 	 4220 K (3000 F)

1-2-2141	 L2-2142	 1-2.21-43	 1-2.21.44

225



PAGE IS
OF TJOR-QLAUTT

226

FM

1



ORIGNAt.- t-LAGE IS
OF POOR QUALITY

o

V

7

'77

7d

77.-

-7:

7

Sol N

I

—227



INITIAL

AFTER
MOISTURE
CONDITIONING

ORIGINAL PAGE
BLACK AND WHITE PHOTOGRAPH

LAMINATE L2
318 HP SLIT
	

TEST SPECIMENS
ROOM TEMPERATURE	 4220 K (3000 F)

1-2-21-45	 1-2-21.48	 1-2-21-47	 1-2-21-48

i

AFTER
PRELOAD
32-2 KIPKIP

VISUAL DAMAGE

IT m- 2.0-2.5 inch FINE SPLITS

t, 4 F -701	 1

228



- %71

ORIGINAL PAGE IS

OF POOR QUALITY

17-7

i--- ^- ^-AT

7-if

XJQN2L.

IV

^or

229



`.^	 _.	 230	
.^^

ORIGINAL PAGE IS

--	 -	 - OF POOR- QUAUTY- -

	

•	 4	 ^

--T

la

-



l

f

INITIAL

AFTER

PRELOAD
24.9 KIP

VISUAL DAMAGE

0.3-0.4 inch FINE SPLITS —^

AFTER
MOISTURE
CONDITIONING

LAMINATE L2
1/8 FP SLIT	 TEST SPECIMENS

ROOM TEMPERATURE 	 4220 K (3000 F)

1-2.21-49	 1-2-21-50	 L2-21-51 .	 L2-21.52

231
f



ORIGINAL PAGE IS
•^ flF POOR QUALITY_	 _

ii

--- A - ----	 -^_ -. --

232



ORIGINAL P,AGL IS

U -rr' C-AQ-Q-9HAL4TY

U

-- -- — _—
_ _-- ----------—_ --- --- ---- _ter— 

^ ------'—^-

ol -

—777a

o:A	 —

233
i



INITIAL

' `a	 ro % 	4

AFTER
PRELOAD

2G.8 K I P a

VISUAL DAMAGE

0.1 -0.2 inch FINE SPLITS

0.2—Q3 inch FINE SPLITS —^

t

AFTER
MOISTURE
CONDITIONIh("

ORIGINAL PAGE
BLACK AND WHITE PHOTOGRAPH

LAMINATE L2
1/8 HP SLIT	 TEST SPECIMENS

ROOM TEMPERATURE	 422° K (3000 F)

1-2.21-61	 1-2-21-62	 1-2-21-63	 1-2-21-64

234

ddommumm.



w

Z
1 4!-

n ^

OF POOR QUALITY

0
0

._.	 --._—---^-

235

4

I



ORIGINAL PACE IS
---	 - -	 -- --- - nF pnn	 -QUALLI1L.	 - ---^- _ -_ - —

^ A

i `4

. r

-	 - -- - -- - -- --------	 -	 -

-

-_	 ^• r_ --
-- —	 a_

^.^ •^r¢	; .^	 236	 .> »^3



LAMINATE L2
5/8 FP HOLE
50 psi CURE ROOM TEMPERATURE 	 4220 K (3000 F)

TEST SPECIMENS

1-2 .22-1	 1-2-22-2	 L2.22.3 . 1-2-22.4

S	 ^^{ y^la

L

INITIAL

AFTER

PRELOAD

17.8 KIP

s

1^^s

F

AFTER

MOISTURE
CONDITIONING

ORIGMAL PAGE

t ,t uK AND WFi1TL PHOTOGRAPH

VISUAL DAMAGE°'"1°" Lj°" `' `_
ms µ.

y	 KMi.^^

0.8 inch FINE CRACK	
BB	

,_!	 +•ì ;
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APPENDIX D

CYCLIC TEST DAMAGE GROWTH DATA

This appendix contains the ultrasonic C-scan examinations and the crack opening

displacement COD records made of the cyclic test specimens. The ultrasonic

examinations were made several times during the course of the trsting, giving a

progressive record of the damage development in these specimens.
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y1

o
W

r
s

0

u

r
J
r
0

W
S

Q
W

o,
J
W
Z

W 0
^ J

t

L	 J

JL

1	
11

	 . """ 1

r

I	 1
J
,

,Illl^lll^p~^	 iwlp^ldl^u{II0M^'MIIIN^14Mq ^ .u.^

•wlluw

IIIW^ ^ 1 ~

II	 1	 Jt O
i

V
O W

-'•mil ^i a ^

a

ORIGINAL PAGE IS
OF POOR QUALITY

Cl

0

0
1
OI

^I

nl

j
(C
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SPECIMEN wUC./MIN. Ci OPENING DISPLACEMENT GAGE TRACE AMPLITUDE
NUMDER LUAO

1-Av- ,.yry

SLAL£ NUw_EP OF LOAC CYCLES(LBS)
INRN) 10 10C 11000 I	 1 04 v l00 10i

L1 -31-ZS l0,sO0;S25 .002 3.07 3.10 3.18 - -- -

-26 10.500/625 -D02 2.90 2.96 3.D0 2.95 2.97 3.00 --

-27 10.5001525 D02 - 2.93 2.90 3.00 3.00 2.96 3.20

-28 10.500/625 I	 .002 3.15 3.ZZ 3.40 - -- - --

-29 10.5001525 .002 3.25 3.6: 3.67 4.40 4.60 4.80 »

-30 10,500/525 .002 - 3.46 .- -- - -- »

-31 9,000/-9.000 .002 4.82 4.90 -- » » »

-32 9,000- 9,000 .002 5.55 5.42 --

-33 8.500/-8.500 .002 - 4.97 -
.D04 •- - 2.17

•34 6,000- 6,000 .002 -- - - - -- •- -

.3s 1D.S00/SZS .002 3.19 3.30 3.30 1.20 3.30 3.Z1 -

-36 10.500/525 .002 2.86 2.96 3.01 1.02 3.11 2.911 --

-37 10.500/szs 002 2.10 - 2.35 -- - -

-ale 10.500/SZS 002 3.16 3.16 3.20 3.27 3.07 7.30 »

.39 10.5001525 .002 2.80 2.90 3.00 3.00 3.13 -

-40 9 1 000/-9.000 .002 5.23 5.92 6.30 8.18 - -

-41 1 8.300-9.5001 .002 -- 4.54 5.12 5.34 6.70 - -
1 1	 -42 19.000-9.000 - - - - «

-43 -1	 9. 0009,0001 .0021 -- 1 4.80 5.40 -
600-8,500 .002 - S.20 S.S2 - - - --

1

I	 -45
1 
6.500-6.5001 -

-46 10.6001525
I

.002 2.70 2.72 Z.7S 2.95 2.93 » -

-47 10;300/525 I .D02 Z. 98 3.05 3.00 3.Oe 3.06 3.25 --

-48 10,5m!S-w nn^ ^n . 7 .?3 .	 3	 ^^ - -.. - -
10.500/525

9.000/-9.000,

.00213. %

1 5.45f

4.DO 4.34 S.SO 5.30 7.70

i

-49

-60 .002 --
( •-
( 5: °,000-9.0001 .OQ? I	 S.

1	
ua - Z-43 3 

^5.000.5.000( - I	 -- - 
1

-

-53 3.000-3,0001 .002 1 '..70 1.3S 1.32 1.50 1.S0 1.51 -

-54 1C.SO^/526 .CC2 !	 - 3.00 2.95 2.95 2.98 1.99 3.00

-55 10,500/525 .002 3.17 3.04 3.06

-56 - « - _ » I	 -	 I _ i	 » __

-37 8.50S0-9. OO D02 -- 5.50 S.S2 6.78

-58 9,000-9.0001
-59 9,000- 9,000 » -- » __ _

-60 8.500-8.500 -- - - » » __ _-

-61 10,500/525 OC2 ?.69 2.62 Z.68 2.70 2.73 2.75 --

-64 10,SOO/SIS 0021 3.62 3.851 -- - - -- _.

-65 10,S001525 .002, 3.66 3.66 3.66 3.72 3,72 3.80 -

-66 10,5001526 3.65 3.70 3.72 - -- -- -.

-67 10,500/525

.0021

OOZ 3.75 3.80 3.80 3.95 3.87 3.36 --

-69	 , 10.500/625 1_9 -- --

--

I DWI
.= 4.1

0
	5 40.4

I

ILI -31 .69 10.s00/52S 504 2.15 -- -.1
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APPENDIX E

WEIGHT GAIN DATA

The tabulated weight gain data for each test specimen is included in this

appendix as recorded during the course of making the measurements.
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STATIC TEST SPECIMENS
UNTABBED LAMINATE

Specimen
number

Week
0 1 2 3 4 6 7 8

L1-21-A 18.775 18.910

1-1-21-B

L 1 2 7 {'

1-2-21-U

18.534

- 8.593

18.784

18.673

18.733

18.923

18.726

18.784

18.975

18.813

19.003

18.827

19.019

--

19.022

1-

19.029 19.037 19.049

1.2-21-A 19.812 19.956 -

1.:1 2 "i-B 16.555 19.700 19.758

1-1-21-C 19.864 20.011 20.069 20.102 20.120

1-2 .21-1) 19.379 19.526 19.585 19.615 19.632 19.643 19.646 19.653 19.665

L-2-22-A 19.603 19.746

L2-22-8

•.2.22-C

19.514

16.901

19.658 19.714

20.046 20.105 20.136 20.154

1- 7• -22-D 19.445 19.587 19.643 19.674 19.690 19.702 19.706 19.712 19.726

1-2 .2:.A 20.339 20.494

1-2-23-8 20.345 20.497 20.550

L2-23-C 20.407 20.561 20.621 20.657 20.677

L2-23-D 19.951 20.106 20.166 20.199 "J.2' 8 20.228 20.234 20.241 • 20.254

1-2-24-A 19.891 20.102

1-2 . 24-B 19.536 19 753

20.266

19.790

L2 . 24-C 20.080 20.315 20.348	 20.331

1-2 . 24-1) 19092" 20.1.5 20.164 20.188 20.205 20.212 20.223 20.231 20.246

1-3-21-0 19.667 19.790

1-3. 21 B 19.479 19.598 19.664

L3-21 -C 19.778 19.902 19.971 20.014 20.038

1-3. 21•D 19.531 19.659 1	 19.727 19.760 19.792 19.8C4 19.810 19.818 19.831

1-3-22-A 20.454 20.600

L3. 22 . 8 ii.240 20.385 20.454

L3-22-C 19.598 1	 19.738 19.803 19.841 19.861
1-3-22-D 19.772	 1 'P.917 19.984 20.024 20.044 20.055 20.061 20.06720.078

Note: Weight in grams

?RECEDING PAGE FLANK NOT FILMED

IN
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STATIC TEST SPECIMENS

SpK;rrwn
number

Week

0 1 2 3 4 5 6 7 8

L1-21 . 1 173.847 175.574 176.210 1711670 176.880 176.960

L 1 . 21 . 2 174.051 175.780 176.430 176.940 177.180 177.310

L 1-21-3 174.961 176.661 177.320 177.860 178.050 178.190

L 1 . 21 .4 171.736 172.474 173.090 173.580 173.730 173.920

L 1 . 21-5 173.914 175.643 176.200 176.770 176.940 177.020

L 1 . 21-6 173.871 174.573 1701140 176.750 176.990 17'.110

L 1 . 21 . 7 173.074 174.782 175.370 175.960 1711210 176.340

L 1-21-8 170.272 171.996 172.520 173.130 173.300 173.370

L 1 . 21-9 174.040 175.750 1711280 176.940 177.060 177.160

L 1-21 . 10 173.811 175.538 176.060 176.700 176.900 177.030

L 1 . 21 . 11 174.543 176.260 176.790 177.470 177.690 177.860

L 1 . 21-12 170.144 171.875 172.390 173.030 173.160 173.250

1-1-21-13 173.340 175.040 175.570 176.250 176.360 176.430

L 1 . 21 . 14 173.103 174.814 175.350 176.010 176.220 176.330

L 1-21-15 173.546 175.264 175.790 176.460 176.640 176.190

L 1 . 21-16 169.010 170.729 171.240 171.900 172.050 172.150

L 1 . 21-17 173.112 174140 175.370 176.030 176.150 176.290

L 1 . 21 . 18 173.276 174.016 175.550 176.170 176.330 176.430

L1-21-19 174.185 175.910 176.440 177.090 177.310 177.500

L 1-21 . 21 173.722 175.395 176.040 176.630 176.820 176.960

L 1 21 . 22 171.840 173.490 174.150 174.720 174.920 175.090

L1-21-23 172.035 173.747 114.410 175.000 175.090 175.370

L 1 . 21-24 167.702 169.341 170.020 170.570 170.630 170.870

L 1-21 . 25 171.175 172.801 173.480 174.100 174.090 174.320

L 1 . 21 . 26 170.290 171.931 172.600 173.170 173.220 173.510

L 1-21-27 171.101 172.750 173.410 173.960 174.070 174.360

L 1 . 21 . 28 166.723 138.359 169.020 169.530 169.720 169.840

L1 21-29 170.807 172.427 173.080 173.610 173.720 173.940

Now Weight in grams

.`
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STATIC TEST SPECIMENS

Speti n>.n
number

Week

0 1 2 3 4 5 6 7 8

L l -21 .59 173.679 175.375 176.030 175.580 176.710 176.800

L 1 . 21-61 175.441 177.028 177.690 1 '8.280 178.590 178.790

L 1 . 21 .62 174.730 176.322 177.000 177.680 177.850 178.060

L 1-21 .63 176.150 177.768 178.430 179.650 179.310 179.520

L 1-21 .64 171.810 173.423 174.060 174.670 174.940 175.140

L 1-21-65 175.865 177.479 178.120 178.740 179.010 179.240

1. 1 . 21-66 175.344 176.938 177.600 178.190 178.4/0 178.690

L 1 . 21-67 175.778 177.383 178.040 178.600 178.940 179.110

L2-21 . 1 171.558 173.353 1 
173.854 174.429 174.662 174.898

L2-21-2 174.237 175.931 176.480 177.105 177.391 177.625

L2-21-3 174.077 175.777 176.326 176.945 177.246 177.503

L2-214 175.950 177 730 178.241 178.802 179.050 179.246

L2-21 . 5 171.236 172.940 173.522 174.079 174.352 174.556

L2-21-6 173.606 175.304 175.854 176.466 176.763 176.940

L2-21 . 7 173.932 175.640 176.196 176.809 177.109 177.330

L2. 21-8 175.592 177.316 177.883 178.460 178.733 178.926

L2-21-9 171.140 172.860 173.419 173.983 174.250 174.436

L2 . 21-10 173.596 1; 5.286 175.842 176.447 176.735 176.934

L2-21 . 11 173.945 175.636 176.191 176.799 177.102 177.309

L2-21-12 174.803 176.500 177.060 177.620 177.884 178.058

L2-21-21 169.808 171.523 172.094 172.650 172.898 173.041

L2-21-22 172.092 173.772 174.320 174.910 174.208 174.392

L2-21 . 23 172.161 173.846 174.398 174.990 175.266 175.437

L2. 21-24 173.607 175.290 175.861 176.446 176.707 175.890

L2 . 21 . 25 170.197 171.900 172.465 173.0.30 173.275 173.442

L2-21 . 28 172.364 174.019 174.611 175.198 175.475 175.662

L2-21 . 27 173.353 175 028 175.619 176 209 176.495 176.668

Note: Weight in gremi

I 
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STATIC TEST SPECIMENS

Spwj mon
number

We@

0 1 2 3 4 5 8 7 8

1-2-21-28 174.323 176.033 176.596 177.166 177.429 177.600

L2.21-29 169.900 171.645 172.202 172.719 172.966 173.119

L2.21-30 172.937 174.606 175.209 175.792 176.061 176.224

1-2. 21-31 173.058 174.720 175.321 1'4.920 176.191 176.378

1-2-21-32 173.370 175.153 175.630 176.170 175.301 176.545

1-2-21-41 173.860 175.623 176.167 176.662 176.818 176.945

1-2 . 21-42 171.730 173.439 174.041 174.580 174.790 174.967

1-2-21-43 171.856 173.544 174.135 174.675 174.884 1 %5.010

1-2 . 21-44 169.760 171.470 172.045 172.541 172.693 172.794

1-2 . 21-45 173.506 175.281 175.825 176.273 176.413 176.489

L2 . 21 .46 171.467 173.162 173.749 174.292 174.513 174.670

L2-21-47 172.090 173.785 174.365 174.904 175.110 175.273

1-2-21-48 169.990 171.776 172.298 172.740 172.910 172.978

1-2. 21 -49 173.435 175.190 175.727 176.251 176.412 176.538

1-2 . 21 . 50 170.704 172.411 172.994 173.530 173.762 173.454

1-2-21 . 51 170.434 172.144 172.725 173.262 173.467 173.64,

1-2 21-52 169.510 171.251 171.788 172.262 172.382 i72.508

1-2-21-61 175.871 177.671 178.223 178.730 178.8774 179.030

1-2-21-62 .73.536 175.263 175.877 176.443 17e.658 176.845

1-2 . 21-63 173.695 175.430 176.025 176.587 176.791 176.969

1-2-21-64 173.150 174.963 175.504 176.007 176.144 176.269

1-2 . 22-1 172.917 174.538 175 096 175.725 ' 176.014 176.238

1-2 . 22-2 173.830 175.227 175.806 176.452 176.748 177.010

1-2-22-3 174.840 176.426 177.008	 1 177.659 177.966 178.238

1-2-224 169.060 170 691 171.244 171.864 172.148 172.396

1-2 . 23-1 174.300 175.989 116.552 177.205 177.508 777.)51

Note: Weight in gr2mi

xr
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STATIC TEST SPECIMENS

Speci nwn
number

WNk

0 1 2 3 4

L2 . 2,12 175.480 177.117 177.114 178.375

L2 . 23-3 174.850 176.2125 176.924 177.5M

L2.23-4 169.060 176.034 176.610 177.260

1-2 24 1 173.125 175.334 175.794 176.291

1-2 . 24 . 2 173.589 175.540 17& 164 176.640

L2. 24-3 175.576 178.665

1-2-24-4 170.206 172.320 172.812 173.3M

1-3-21 . 1 176.234 177.804 178.454

--

179.142

1-3. 21 . 2 175.989 177.513 178.177 178.890

1- 3. 2 1 . 3 17b.653 177.192 177.858 178.563

1-321-A 170.752 172.335 173.002 173.661

1-3. 21 . 5 17C 117 177.700 178.332 17^.032

L3 21-6 176.528 178.056 178.720 179.422

1.321-7 174.898 176.424 177.091 177.778

1-3. 21 .8 170.4G0 172. 0 -0 93 172.715 173.360

1-3. 21-9 176.428 178.003 178.647 179.340

1-3-2 1 - 10 176.818 178.348 179.006 179.709

L121-11 174.563 176.090 176.737 177.42'

1-321-12 173.247 173.790 174.426 175.068

1-321-21 169.552 171.144 171.780 172.410

1-3-21 . 22 175.720 177.227 177.877 178.570

L3. 21-23 177.082 178.605 179.227 179.983

1-321-24 175.468 177.012 177 643 178.335

L3-21-25 170.044 171.636 172.260 172.896

1-3-21 26 176.266 177 77G 178.41
-8

179.115

L321-27 1 -/5 755 177.258 177895
}
I 178.596

Note: Weight in ,acme



STATIC TEST SPECIMENS

Sped men
number

Week

0 1 2 3 4 5 6 7 8

1-3-21-28 174.915 17 6.4 70 177.085 177.774 178.130 178-355

L321 -29 169.396 170.996 171.634 172.243 172.570 172.812

1-321-30 177.720 179.216 179.878 180.597 180 961 181.243	 i

1-3-21-31 175.926 177.416 178.063 178.767 179.103 179.360

1-3-21-32 175.524 177.066 177.699 ( 178.569 178.685 178.894

1-3. 21-41 175.598 177.148 177.792 178.474 178.801 179.042

L3-21-42 175.687 177.203 177.853 178.560 178.895 179.160

1-321-03 175.1 C,43 176.695 177.342 178.047 178.378 178.642

1-3. 21-44 170.514 171.121 '72.752	 ' 173.412 173.707 171,151

1-3-21-45 175.096 176.650 177.267 177.976 178.303 178.525

1-3-21 .46 175.939 177.452 178.103 178.815 179.159 179.416

1-3-21-47 173.562 175.074 17.718 176.410 176.730 176.984

1-321 148 169.655 1, 1.232 171.966 172.534 172.841 173.070

L321-49 174.324 175.880 176.522 177.215 77.539 177.779

1-3-21-50 175.518 177.032 177.693 178.395 178.729 178.978

1-321-51 173.218 174.729 175.380 176.056 176.329 176.618

11-321-52 171.631 173.168 173.800 1 '4.433 174.760 176.989

1-321-61 169.868 171.475 172.121 172.734 173.034 173.250

1-321 . 62 175.812 177.333 177.988 178.685 179.019 179.276

1-321 .63 175.635 177.148 177.810 178.506 178.846 179.097

1-3-21-64 17 5.6 60 177.208 17T857 17 8.515 178.819 179.043

L3-22-1 176.420 17 p .010 178.656 179.400 179.575 179379

1-3-22-2 173 730 175.325 175.982 176.700 176.919 177.128

1-3 22 3 17v AM i 77.99b 178.663 179.390 179.609 179.912

1-3. 22-4 172.144 173.769 174.420 175.140 175.319 175.537

1-3. 22-5 176.093 c 77 . 724 178.367 17 9. 080 179.315 179.512

1-3-22-6 1-	 32 176.303 176.948 177.680 177.890 178.092

Note: Weight in grams
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STATIC TEST SPECIMENS

Specs men

number

Week

0 1 2 3 4 5 6 7 8

L3. 22-7 175.535 177.133 177.785 178.510 178.740 178.942

L3-22-8 1 73.576 175.197 175.832 176.566 176.753 176.955

1-3-22-9 172.258 173.812 174,452 175.160 175.367 1 175.558

1-3-22-21 174.449 176.032 176.655 1 ; 7.250 177.599 177.815

1-3-22-22 174.458 175.' 03 175.820 176.051 176.265

1-3-22-23 176. b05 178.063 178.725 179.470 179.698 179.918

1-3-22 . 24 171.812 173.449 174.084 174.770 175.006 176.215

I

Note: Weight in grams
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CYCLIC TEST SPECIMENS
UNTABBED LAMINATE

SR:IR:6 I IM ^.6:	 1 WEE,
IU'%E >; 	 I WE:.aT	 rElGT

(9)	 I	 (1)

2 WEEt	 3 WEET	 WEE,	 6 YET ► 	 9 WEE ► 	POST-TE:T
WE1W l	WE:,1T	 WEIQ+i'	 WEIQ 	 E,. p T 	 W1:GMT

l9)	 (9)	 l6)	 (0)	 fl)	 f^	
(Iaj

i
L1-1	 16.3018

-2	 16.4 907
16.4100

16.6m
-
_ I	 _ _

__

_
_

_
.0009

.0010
I	 _3	 17.0016 17.1131 17.1725 ,Dm0

I	 -4	 17.5768 17.9990 16.0527 I8.0811 18.1C31 18.1171 - -- 0015

L1-5	 17.4147 17.5539 17.6078 I	 17.6379 17.6597 11.&M 17.7026 -- OCIO

0-1	 16.3476 16.4490 __ - _. _ -_ .0006

_2	 0.4un 17.S201 -_ _ -- -- o00Z

-1	 16.60" 16.7170 16.7752 ._ - - _ - _0010

-4	 17.7412 17.8561 17.9179 17.9532 17.5774 11.0018 - .0012

.3-5	 17.3719 17.4840 17.5456 17.5769 17.5954 17.6246 17.f166 __ 0010
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ORIGINAL PAGE IS
OF POOR QUALITY

CYCLIC TEST SPECIMENS

S RE:
uaBE;

IFIE% IN:TIAL	 I

HE;Z4T

(g)	 I

1 YEEc
YEGIT

( g )

2 VEEC
HE GHT

(g)

3 MEET
HE:GHT	 I

(9)	 I

4 WEEK
: Ili7

1. g )

6 WEE ►
HEIGHT

(9)

8 HEE ►
HEIG%"

(9)

:7POST-TESTOS

 ©'

lg (IN)

L1-31 -25	 1 173.9663 175.3480 176.D412 176.4707 176. ►_7• 177.2609 177.5203	 I D02

-26	 l 177.1086 178.5035 17'.2368 179.6499 180.0'0? ISO. 4889 180.7839 OC2

-27 174.2561 175.6922 176.3800 176.8109 177.1`56 177.6339 177.902 -- CO2

-Z8 1 174.5697 176.0275 176.7257 177.1446 177.45'10 177 959" 178.2452 179.1433 .002

-29 172.8259 174.2592 174.9309 175.1636 175.71.V i7;	 I0.;0 176.4573 177.2737 .002

.30 171.' H 173.3513 174.0765 1.74.51 D4 174.8759 :%5.3402 175.5927 .003

-31 176.3698 177.7885	 1 178.4801 I78.9156 179.11746 173.7471 180.0364 .002

. 32 175.6497 177.0730	 ' 177.8005 178. Z, 52 17[.5825 179.0383 179.2949 D02

-33 176. C3 S4 177.4776 178.16% 178.5953 17:.9558 179.38:8 179.6853 OC2

-34 177.6780 178.9027 179.5849 180.0745 180.3807 180.8543 181.1329 .003

-15 171.4104 172.8120 173.5165 173.)429 174.2862 174.7493 175.0150 .003

-46 176.19]3 177.r,57o 178.3735 178.7823 179 121!6 179.5684 119.7603 AM

-47 176.6724 178.1500 '478.8089 179.2406 179.5858 179.9806 11a.ZZ25 -- .D02

_48 I78.5384 180.4486 181.1813 181.6624 181.9782 182.37" 182.6039 183.3423 .002

-49 173.5899 175,1135 iit.8IZ3 176.2223 176.3362 176.9220 177.1609 177:7933 .002

-5o 174.2360 175.2497 176.9363 177.3162 177.6453 178.0577 178.2569 -- .001

-51 176.6392 178.1,130 178:7763 179.1854 179.5185 179.9173 180.1901 - .D02

-52 174.8657 176.3635 177.0401 177.4659 177.8006 178.Z310 178.4657 .002

-53 173.9114 175.4082 176.0905 176.4982 176.8372 177.2294 177.48S7 176.+448 .003

-60 174.3782 175.7920 176.4836 176.9:57 177.ZS37 177.7159 178.0305 -- .001

-64 178.0692 179.4672 180.17Z2 180.6148 180.9824 18, 4509 181.7278 -_ 002

-65 176.4795 177.9055 178.6109 179.0344 170.4371 179.8518 1BC.1290 - 001

-66 1 174.3568 175.8600 176.5307 176.9Z72 177.2639 177.6802 177.9017 -- 001

173.6507 175.1908 175.8258 176.1252 176.5541 177.0059 177.2076 - .002

-^ 177.2446 178.8111 179.4462 179.8820 180.21 S4 180.6047 180.8522 181.2025 .002

-69 176.CS71 177.5316 178.1688 178.6104 178.9662 179.3550 119.5969 -- D01

_70 176.8531 178.3705 179.0117 179.4432 179.8221 180.2674 180.5149 -- D02

-71 175.9640 177.4100 178.0537 178 4904 178.8093 179.2240 179.4726 -- .002

-72 173.4033 174.9080 175.5725 17'.9807 176.3217 111,710 116.9677 177.3314 002

-73 1174.0054 175.4320 176.1134 176.54ZB 1176.8875 177.3012 177.Sa45 176.6219 D02

-90 1179.585.3 180.9537 181.6707 182.1103 182.5005 183.0223 183.3135 - D02

. 71 1 180.5374 181.8734 182.5759 183.0453 1017.4375 183.8925 /84.1639 I BA. 7209 .002

-92 173.9857 175.3399 176.C307 176.4368 176.8325 177.1080 177.5642 177.3832 .002

-93 180.5600 181.9410 162.6336 183.1226 183.5159 183.9983 184.2851 -- 002

_94 179.0813 180.4661 181.2043 181.6316 182.0098 182.47ZI 182.7830 - n0Z

-95 176.5762 177.9863 178.6787 179.11 Z8 179.4798 179.9512 180.2322 -- .002

. % 17S.4752 176.8998 177.6163 178 0513 '178.4159 178.9008 179.1929 - .002

-97 171.3532 172.7230 173.3901 173.8081 174.1609 174.6187 174.8810 17S.3081 'G!

-98 176.3297 177.6925 178.1 0196 178.8158 179.2018 179.6626 179.9459 001001

.99 178. 1 413 179.5495 180.2229 180.6939 181.0650 181.551I 181.8435 179.3209  .002

L1- 31-1OC 174.5703 175.9191 1176.58% 177 020.1 177,3 815 177.8 526 178.1331 178.0334 .002

D	 U pon completion of cyclIt loading, 	 spec wens .ere .rap p ed In net cloth and TABLE	 III

stored	 in plastic bags.	 Spec!:vens .e r e .eigned ap Too.	 20-30 days	 past-test. r:1STUAE CCND:TICNING DATA

ID	 Difference in thickness neasur
grients rade before and afttr eight- n eek	 soak.

p	 Past-test neight r-arsured irredlately ypon re-oval 	 frog test rrthine.
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APPENDIX F

PHOTOGRAPHS OF FAILED TEST SPECIMENS

This appendix contains photographs of typical test specimens after completion of

the testing. The specimens are identified by specimen number, deFect code and

testing history.
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