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1, PHOTOELASTIC U-D, 3-D, MICROPHOTOELASTIC, DYNAMIC, 
BIREFRINGENT COMPOSITES, BIREFRINGENT 
COATINGS) 

2, MOIRE 

3, STRAIN GAGES 

4, INTERFEROMETRIC AND HOLOGRAPHIC METHODS 

5, NONDESTRUCTIVE EVALUATION (ULTRASONICS, ACOUSTIC 
EMISSION, X-RAY,THERMOGRAPHY) 

6, FRACTOGRAPHY 

Experimental methods 

STRESS-OPTIC LAW 

9 - a2 = 2nf/t 

where 

9 - a2 = difference of "secondary" 
principal stresses 

n = fringe order 

f = material fringe value 
(constant for material) 

t = specimen thickness 

Photoelastic method 
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where 

S = gage f ac to r  ( funct ion of a l l oy  and backing 
g of gage) 

ci = thermal coef f ic ien t  of expansion of gage mater ial  

f3 = thermal coe f f i c i en t  of expansion of base mater ial  

y = coe f f i c i en t  of r e s i s t i v i t y  of gage mater ia l  

E l e c t r i c a l  r e s i s t a n c e  s t r a i n  gages 

Fr inges  due t o  
r o t a t i o n  a lone  

Fr inges  due t o  
d i f f e r e n c e  i n  
p i t c h  a l o n e  

Fr inges  due t o  
combination of 
r o t a t i o n  and 
d i f f e r e n c e  i n  p i t c h  

Mechanism of formation of  Moire f r i n g e s  



Strain-optic law: 

where 

f D = strain fringe value 

N - fringe order 

h = coating thickness 

c.s = refer to coating and specimen, respectively. 

Conditions at boundary: 

At interface between coating and specimen, 

At top surface of coating, 

c Ez2 =-ql 

Principal strain 

Nf 
ES1 = -g - 

= -” c s 
"11 

along boundary, 

1 
1 + YC 

Photoelastic coating method (refs. 1 to 4) 

Hologram recording Reconstruction 

Holographic processes 
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Failure model of unidirectional composite under longitudinal tension (ref. 5) 
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Sequence of photographs showing d i s t r i b u t i o n  of f i b e r  breaks 
i n  u n i d i r e c t i o n a l  composite under l o n g i t u d i n a l  t ens ion  



Sequence o f  photographs  showing d i s t r i b u t i o n  of f i b e r  b r e a k s  
i n  u n i d i r e c t i o n a l  composi te  under l o n g i t u d i n a l  t e n s i o n  



GRIPS, 

LLING WEIGHT 

ELECTRICAL 
CDNTlLCTS 

STATONARY MSK 

ii!!2 20 lb STATIC L&tD 

Fixture for dynamic tensile loading of composite models 

Transient isochromatic fringe patterns in a glass-plastic 
composite model under dynamic tension (Camera speed: 
200,000 frames per second) 
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F a i l u r e  p a t t e r n  i n  model o f  p reced ing  f i g u r e  

E (%)  

S t r e s s - s t r a i n  c u r v e s  of (50 )  ang le -p ly  g l a s s / e p o x y  l a m i n a t e s  



C h a r a c t e r i s t i c  f a i l u r e  p a t t e r n s  of t h r e e  graphi te /S-g lass lh igh-  
modulus epoxy specimens under u n i a x i a l  t e n s i l e  load ing  

Isochromatic  f r i n g e  p a t t e r n s  around h o l e  i n  [0/'45/0/56] boron/ 
epoxy specimen f o r  app l i ed  u n i a x i a l  stresses of 166 M P ~  (24.0 
ks i ) ,  225 MPa (32.6 k s i ) ,  and 293 MPa (42.4 k s i )  



Typical  f a i l u r e  p a t t e r n  around h o l e  i n  [0 / t 45 /0 /%lS  boron/epoxy 
specimen under u n i a x i a l  t e n s i l e  load ing  

198 MPa (28.7 k s i )  206 MPa (29.9 k s i )  

206 MPa (29.9 k s i )  210 MPa (30.4 k s i )  

Sequence o f  Moire f r i n g e  p a t t e r n s  corresponding t o  v e r t i c a l  
displacements  i n  [0/+45/0/86lS g lass /epoxy specimen a t  v a r i o u s  
app l i ed  u n i a x i a l  s t r e s s e s  



01 0.25 0.50 (in) 
I I 
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a 

Strength reduction as a function of hole radius for [02/f4512 
graphite/epoxy plates with circular holes under uniaxial 
tensile loading 

Approximate Stress Distribution 

cly (x.0) = 0” [l + ; p-2 + ;o-, + + (ko- 3) (50-6 - 7p-S)I 

al3 = far field stress 

P - xla 

k 0 - anisotropic .stress concentration factor 

Strength Reduction Ratio 

S 
syy- 

2 
0 (l+C) [7. +5’+ (k,, - 3) Sbl 

5 -* 
0 

% - characteristic length dimension 

syy. so - strengths of notched and unnotched laminates. respectivelv. 

Strength reduction of uniaxially loaded composite plate with hole 
according to average stress criterion 
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ay = 76 MPa (11.0 k s i )  ay = 102 MPa (14.8 k s i )  *Y = 128 MPa (18.5 k s i )  

Moire f r i n g e  p a t t e r n s  around c r ack  i n  glass/epoxy composites m / 9 0 / 0 / m S  
a t  t h r e e  l e v e l s  of app l i ed  stress 

121 PlPa (18 k s i )  162 !-Pa (23 k s i )  202 tPa (29 k s i )  

222 l1Pa (32 k s i )  243 ;Pa  (35 k s i )  273 MPa (40 k s i )  

Isochromatic  f r i n g e  p a t t e r n s  i n  p h o t o e l a s t i c  coa t ing  around 1.27-cm 
(0.50 i n . )  c r ack  of [0/'45/90], graphi te /epoxy specimen a t  v a r i o u s  
l e v e l s  of app l i ed  s t r e s s  



261 MPa (38 k s i )  285 MPa (41 ksi) 2 9 3  ElPa ( 4 2  I x i )  

Isochromatic fringe patterns in photoelastic coating of [0/+45/90Is 
graphite/epoxy specimen with 2.54-cm-diameter (1 in.) hole under 
equal biaxial tensile loading (Far-field biaxial stress marked) 

I - 9 . 0 :  - -  - go' A 

I X ,/ 
- r 

FRINGE ORDER ,n 

STRAIN, loJ€ 

Fringe order and circumferential strain at two locations on the hole 
boundary for EO/+45/90!s graphite/epoxy specimen with 2.54-cm-diameter 
(1 in.) hole under equal biaxial loading 



F a i l u r e  p a t t e r n  i n  [0/+45/901s g r a p h i t e l e p o x y  specimen w i t h  1.91-cm- 
d iamete r  (0.75 i n . )  h o l e  under e q u a l  b i a x i a l  t e n s i l e  l o a d i n g  

$ E X P E R l M E N m L  

AVERAGE BlAXlAL STRESS CRITERION 
(a, = 3mm) 

---z. PROGRESSIVE DEGRADATION MODEL 

1 
c.T 

(in 1 
(mm) 

HOLE RADIUS,  Q 

S t r e n g t h  r e d u c t i o n  a s  a  f u n c t i o n  of h o l e  r a d i u s  f o r  [0 /+45/90Js  g r a p h i t e /  
epoxy p l a t e s  w i t h  c i r c u l a r  h o l e s  under 1:1 b i a x i a l  t e n s i l e  l o a d i n g  



ox, = 152 MPa ox, = 202 MPa oxx - - 253 MPa 
(22 ksij (29 ksi) (37 ksi) 

Moire fringe patterns around crack in uniaxially loaded [O/t45/90js graphite/ 
epoxy specimen for three levels of applied stress 

5 10  
300 

(ICJ-~ i n  
CRACK OPENING 

Crack opening displacement and far-field strain for [0/+45/90]s 
graphite/epoxy specimen with a 1.27-cm (0.50 in.) horizontal crack 



Failure patterns in [O2/+45Is graphite/epoxy specimens with holes of 
various sizes under uniaxial tension (Hole diameters are 2.54 cm 
(1 in.), 1.91 cm (0.75 in.), 1.27 cm (0.50 in.), and 0.64 cm (0.25 in.) 

A - audible failure 
B - audible failure 
C - visihle delamination on vertical axis 

Vertical strains along horizontal axis of [O2/+45Is graphite/epoxy specimen 
with 1.91-cm-diameter (0.75 in.) hole under uniaxial tensile loading 



Specimen no. 43; Bo/E; Specimen no. 45; Bo/E; 
[f 45/02/61 [o2lf45/6ls 

F a i l u r e  p a t t e r n s  of boron-epoxy t e n s i l e  panels  with holes  

Isochromatic f r i n g e  p a t t e r n s  i n  pho toe las t i c  coat ing  around h o l e  i n  boron/ - 

epoxy specimens of two d i f f e r e n t  s t ack ing  sequences (0 = 392 MPa (56.8 
k s i )  ) Y 



r 0/90/0/901 [45/90/0/-451, If45/0/*451, [+45/* 45 I s  

Failure patterns of boron-epoxy panels with holes of various laminate constructions 

[~/90/0/901,; Cfy = 170 MPa (24.6 ksi) 

Isochromatic fringe patterns in photoelastic 
specimens 

[+45/+45] ,; ay = 77 MPa (11.1 ksi) 

coating around hole in boronlepoxy 



F a i l u r e  p a t t e r n s  i n  u n i q x i a l l y  loaded [0/+45/90], graphi te/epoxy p l a t e s  wi th  
c racks  of vqr ious  l e n g t h s  (Crack l eng ths  a r e  0.64 cm (0.35 i n , ) ,  1 .27  cm 
(0.50 i n . ) ,  1 .91  cm; (0.75 i n . ) ,  and 2.54 cm (1.00 i n . )  

$ EXPERIMENTAL I CRACKS I 

AVERAGE STRESS CRITERION 
FOR CRACKS ( aos 5 mm) 

g EXPERIMENrnL , HOES, 

--- AVERAGE !STRESS CRITERION 
FOR HOLES ( Og = 3.8mm) 

(In) 
(mm) 

HALF NOfCH SIZE, a 

Strength  reduct ion  a s  a  func t ion  of notch s i z e  f o r  [ 0 / 2 4 5 / 9 0 l s  graphi te lepoxy 
p l a t e s  w i t h  c i r c u l a r  ho le s  and h o r i z o n t a l  c racks  under un iax ia l  t e n s i l e  loading  
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Critical stress intensity factor as a function of crack length for [O/*45/90], 
graphite/epoxy plates with horizontal cracks under uniaxial tensile loading 
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Stress transformations of the far-field biaxial state of stress around a crack 
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B i a x i a l  l o a d i n g  o f  [0/+45/90]s g r a p h i t e l e p o x y  specimens w i t h  c r a c k s  

a = 392 !Pa (42.4 k s i )  
YY Oyy = 303 IfPa (43.9 k s i )  

a = 260 l4Pa (37.7 k s i )  
Y Y a = 278 PlPa (40.3 k s i )  

YY 

I sochromat ic  f r i n g e  p a t t e r n s  i n  p h o t o e l a s t i c  c o a t i n g  around 1.27-cm (0 .5  i n . )  
c r a c k  i n  (0/+45/90)s g r a p h i t e l e p o x y  specimen under  b i a x i a l  l o a d i n g  - 
ayy = 2.030,~ a t  30 deg w i t h  c r a c k  d i r e c t i o n  



Biax ia l  specimen wi th  1.91-cm-long (0.75 i n . )  c rack  a f t e r  f a i l u r e  

02222" 1.40ail - ' I +  $ EXPERIMENTAL - O 2  2 CJi2 ' 0 . 3 5 q l  

0 EXPERIMENTAL Cr22 ' l.780?1 
0.69~1 

- 
- PROGRESSIVE DEGRADATION 

MODEL (MAX. STRESS ) 

0 ( in  
15 (mm) 

HALF CRACK LENGTH, a 

Comparison of experimental and t h e o r e t i c a l  r e s u l t s  f o r  s t r e n g t h  r a t i o  f o r  
[0/+45/90Is graphite/epoxy p l a t e s  wi th  c racks  under b i a x i a l  loading  



F r o n t  s u r f a c e  Back s u r f a c e - a s  viewed from 
t h e  f r o n t  th rough  t h e  specimen 
( r e f .  6 )  

Thermal ly  induced h o l o g r a p h i c  f r i n g e  p a t t e r n s  i n  fa t igue- loaded  [0/ '45/90ls 
g r a p h i t e / e p o x y  specimen w i t h  c i r c u l a r  h o l e  

TBE enhanced X-ray photographs  showing fa t igue- induced  damage i n  [ (0/+45/90)  1 
g r a p h i t e / e p o x y  specimens 
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Pen-lift scan Analog scan (normal) Analog scan (perspective) 

Ultrasonic C-scans of [0/+45/90) ,I2 graphite/epoxy specimen with a film patch 

INITIAL FLAW 

0 LIFETIMES 

@ l/2 LIFETIME 

@/ I LIFETIME 

@ I !$ LIFETIMES 

2 LIFETIMES 

11 2 & LIFETIMES 

@ 3 LIFETIMES 

@ 3 !$ LIFETIMES 

4 LIFETIMES 

Flaw growth under spectrum fatigue loading in [ (0/+45/90) s] 2 and [ 0 2 / + 4 5 ]  2s 
graphite/epoxy specimens with four types of initial flaws (Ambient environment) 



Acoustic emission and corresponding load spectrum as a function of elapsed time for 
.[02/k45]2s graphite/epoxy specimens with holes (Time increases from right to left) 



REFERENCES 

1. 'Daniel, I. M.; and Rowlands, R. .E.: Experimental Stress Analysis of Composite 
Materials. ASME paper no. 72-DE-6, 1972. 

2. Daniel, I. M.: Optical Methods for Testing Composite Materials - Stress Analysis 
and Fracture Mechanics. Failure Models of Composite Materials With Organic 
Matrices and Their Consequences on Design, AGARD Conference Proceedings no. 
163, 1975. 

3. Whitney, J. M.; Daniel, I. M.; and Pipes, R. B.: Experimental Mechanics of 
Fiber-Reinforces Composite Materials. SESA monograph no. 4, Society for 
Experimental Stress Analysis, 1982, 

ft. Dally, J. W.; and Alffrwicn, I.: Applfcation of Birefringent Coatings to 
Glass-Fiber-Reinforced Plastics. Exper. Mech., vol. 9, 1969, pp. 97-102. 

5. Rosen, B. Walter: Mechanics of Composite Strengthening. Fiber Composite 
Materials, American Society for Metals, 1965, pp. 37-75. 

6. Krautkraemer, J.; and Krautkraemer, H.: Ultrasonic Testing of Materials. 
Springer-Verlag, New York, 1977. 

340 


