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ABSTRACT 

The p r e s e n t  paper i s  concerned w i t h  t h e  a p p l i c a t i o n  o f  an a n a l y t i c a l  c r a c k -  

c l o s u r e  model t o  s tudy  c rack  growth under v a r i o u s  l o a d  h i s t o r i e s .  The model 

was based on  a c r a c k - t i p  p l a s t i c i t y  c o n c e p t  l i k e  t h e  Dugdale model, b u t  

i n  t h e  wake o f  t h e  advancing 

c i t y  was accounted f o r  

t h e  c r a c k  t i p .  

t i p .  The e f f e c t  o f  m a t e r i a  

ng a " c o n s t r a i n t "  f a c t o r  on 

m o d i f i e d  t o  l e a v e  p l a s t i c a l l y  deformed m a t e r i a l  

t h i ckness  on 

t e n s i l e  y i e l d  

p l  a s t  

ng a t  

The model was used t o  c o r r e l a t e  c rack-growth  r a t e s  under constant-amp1 i tude  

load ing ,  and t o  p r e d i c t  c rack  growth  under v a r i a b l e - a m p l i t u d e  l o a d i n g  on  a 

h i g h - s t r e n g t h  aluminum a l l o y  (7475-T7351) sheet m a t e r i a l .  The exper imenta l  

da ta  were ob ta ined  f rom Zhang e t  a l .  P r e d i c t e d  c r a c k - g r o w t h  l i v e s  a g r e e d  

w e l l  w i t h  e x p e r i m e n t a l  d a t a .  F o r  t e n  c r a c k - g r o w t h  t e s t s  s u b j e c t e d  t o  

v a r i o u s  v a r i a b l e - a m p l i t u d e  l o a d  h i s t o r i e s ,  t h e  r a t i o  o f  p r e d i c t e d - t o -  

exper imenta l  l i v e s  ranged f rom 0.54 t o  1.19. The mean v a l u e  o f  t h e  r a t i o  o f  

predicted-to-experimental l i v e s  was 0 . 9 5  and t h e  s t a n d a r d  e r r o r  was 0 . 2  
. 

u s i n g  a c o n s t r a i n t  f a c t o r  o f  1.9 i n  t h e  mode l .  C r a c k - o p e n i n g  s t r e s s e s  
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c a l c u l a t e d  f rom t h e  model were s i g n i f i c a n t l y  d i f f e r e n t  f rom those de termined 

by Zhang e t  a l .  u s i n g  a s t r i a t i o n - b a s e d  exper imenta l  method. 

KEYWORDS 

Cracks ;  c r a c k  p r o p a g a t i o n ;  c r a c k  c l o s u r e ;  f a t i g u e  ( m a t e r i a l s ) ;  f r a c t u r e ;  

p l a s t i c i t y ;  s t r e s s  a n a l y s i s ;  s t r e s s - i n t e n s i t y  f a c t o r .  

INTRODUCTION 

Crack c l o s u r e  d u r i n g  f a t i g u e - c r a c k  p r o p a g a t i o n  may be caused  b y  r e s i d u a l  

p l a s t i c  d e f o r m a t i o n s ,  c r a c k - s u r f a c e  roughness ,  and c o r r o s i o n -  o r  o x i d e -  

p roduc ts  remain ing  i n  t h e  wake o f  an a d v a n c i n g  c r a c k .  However,  i n  many 

s t r u c t u r a l  a p p l i c a t i o n s ,  p l a s t i c i t y - i n d u c e d  c l o s u r e  i s  p robab ly  t h e  dominant 

c l o s u r e  mechanism. The p l a s t i c i t y - i n d u c e d  c l o s u r e  c o n c e p t ,  u s i n g  t h e  

e f f e c t i v e  s t r e s s - i n t e n s i t y  f a c t o r  r a n g e  ( E l b e r ,  1971),  has been used t o  

c o r r e l a t e  c rack -g rowth  r a t e s  under cons tan t -amp l i t ude  l o a d i n g  and t o  p r e d i c t  

l o a d - i n t e r a c t i o n  e f f e c t s  ( r e t a r d a t i o n  and a c c e l e r a t i o n )  under v a r i a b l e -  

amp1 i t u d e  l o a d i n g .  The e f f e c t i v e  s t r e s s - i n t e n s i t y  f a c t o r  r a n g e  i s  d e f i n e d  

as t h a t  p a r t  o f  t h e  a p p l i e d  range f o r  which t h e  c r a c k  i s  f u l l y  open. 

P l a s t i c i t y -  i n d u c e d  c l  o s u r e  model s have  been d e v e l  oped b y  D i  11 and S a f f  

( 1 9 7 6 ) ,  B u d i a n s k y  and H u t c h i n s o n  ( 1 9 7 7 ) ,  F u h r i n g  and Seeger  (1979) and 

Newman (1981).  A l l  o f  these models were  based on a c r a c k - t i p  p l a s t i c i t y  

c o n c e p t  s i m i l a r  t o  t h e  D u g d a l e  ( 1 9 6 0 )  m o d e l  b u t  m o d i f i e d  t o  l e a v e  

p l a s t i c a l l y  d e f o r m e d  m a t e r i a l  i n  t h e  wake o f  t h e  c r a c k .  B u d i a n s k y  and 

H u t c h i n s o n  (1977)  and F u h r i n g  and Seeger  (1979)  s t u d i e d  o n l y  t h e  c r a c k -  



c l o s u r e  behav io r .  D i l l  and S a f f  (1979) and Newman (1981)  used  t h e  c r a c k -  

o p e n i n g  s t r e s s e s  f r o m  t h e i r  models t o  p r e d i c t  c rack  growth  under spectrum 

1 oadi  ng . 

The purpose o f  t h i s  paper i s  t o  app ly  t h e  Newman (1981) c r a c k - c l o s u r e  model, 

which s imu la tes  s t r e s s  s t a t e s  be tween p l a n e  s t r e s s  and p l a n e  s t r a i n ,  t o  

c r a c k  g r o w t h  i n  a h i g h - s t r e n g t h  aluminum a l l o y  (7475-T7351) under v a r i o u s  

v a r i  ab1 e-amp1 i tude 1 oad h i  s t o r i e s .  P1 ane-s t ress  and p l  a n e - s t r a i n  c o n d i t i o n s  

were  s i m u l a t e d  b y  u s i n g  a n c o n s t r a i n t ' t  f a c t o r  on t e n s i l e  y i e l d i n g  a t  t h e  

c r a c k  t i p .  Exper imental  c r a c k - g r o w t h  r a t e  d a t a  f r o m  7475-T7351 a1 uminum 

a1 l o y  s h e e t  m a t e r i  a1 under cons tan t -amp l i t ude  l o a d i n g  were c o r r e l a t e d  w i t h  

t h e  e f f e c t i v e  s t r e s s - i n t e n s i t y  f a c t o r  r a n g e  (AKef f )  f o r  a wide range o f  

s t r e s s  l e v e l s  and s t r e s s  r a t i o s  (Zhang e t  a l . ,  1987). A s imp le  power law 

was used t o  r e l a t e  c r a c k - g r o w t h  r a t e  t o  t h e  e f f e c t i v e  s t r e s s - i n t e n s i t y  

f a c t o r  range ove r  a wide range i n  c rack-growth  r a t e s .  The c l o s u r e  model was 

then used t o  p r e d i c t  c rack  growth  i n  t h e  aluminum a l l o y  under t e n  d i f f e r e n t  

v a r i a b l e - a m p 1  i t u d e  l o a d  sequences .  The v a r i a t i o n  o f  c a l c u l a t e d  c r a c k -  

opening s t resses  w i t h  l o a d  h i s t o r y  a r e  p r e s e n t e d  f o r  some t y p i c a l  c a s e s .  

Compar i sons  between exper imenta l  and p r e d i c t e d  c rack -g rowth  l i v e s  were a l s o  

made. 

MATERIAL, SPECIMEN CONFIGURATION AND LOADING 

The exper imenta l  r e s u l t s  were ob ta ined  f rom Zhang e t  a l .  (1987,  1988)  on 8 

m m - t h i c k  7475-T7351  aluminum a l l o y .  The m a t e r i a l  had a 0 .2 -pe rcen t  o f f s e t  

y i e l d  s t r e s s  o f  460 MPa and an u l t i m a t e  t e n s i l e  s t r e n g t h  o f  5 2 0  MPa. 

C e n t e r - c r a c k  t e n s i o n  spec imens ( w  = 80  mm h a l f - w i d t h )  w i t h  a 3 mm-wide 
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s t a r t e r  n o t c h  were t e s t e d  under bo th  cons tan t -amp l i t ude  and s imp le  v a r i a b l e -  

a m p l i t u d e  l o a d i n g .  C o n s t a n t - a m p l i t u d e  t e s t s  were  conducted over  a wide 

range i n  s t r e s s  r a t i o s  ( R  = 0.8 t o  -3.33) and s t r e s s  l e v e l s .  

E i g h t  v a r i a b l e - a m p l i t u d e  l o a d  sequences were t e s t e d  by Zhang e t  a l .  (1987) 

and two a d d i t i o n a l  ones were t e s t e d  by Zhang e t  a l .  ( 1 9 8 8 ) .  H e r e i n ,  t h e s e  

l o a d  s e q u e n c e s  h a v e  b e e n  i d e n t i f i e d  as Load Types 1 t o  10. A f u l l  

d e s c r i p t i o n  o f  t h e s e  l o a d  t y p e s  a r e  g i v e n  i n  Zhang e t  a l . ,  b u t  a b r i e f  

d e s c r i p t i o n  i s  g i v e n  h e r e i n .  

3: F i v e  

4: F i v e  

5: S ing  

6: S ing  

Load Type 1: S i n g l e  s p i k e  ove r load  repeated  every  50 c y c l e s .  

2: S i n g l e  s p i k e  ove r load  repeated  every  100 c y c l e s .  

s p i k e  o v e r l  oads repeated every  50 c y c l  es. 

s p i  ke over loads  repeated every  100 c y c l e s .  

e o v e r l  oad-under1 oad c y c l e  repeated  every  39 c y c l  es. 

e under l  oad-over1 oad c y c l e  repeated  every  39 c y c l  es. 

F i f t y  h i g h  R - r a t i o  and f i f t y  l ow  R - r a t i o  c y c l e s  repeated .  

Three under l  oad-over1 oad c y c l e s  repeated  every  40 c y c l e s .  

S i n g l e  over load-under load c y c l e  a p p l i e d  a t  i n t e r v a l s  o f  40, 

7: 

8: 

9: 

100, 1000 and 10,000 c y c l e s  repeated. 

10: Combination o f  n i n e  h i g h  and low  R - r a t i o  5 0 - c y c l e  sequences 

and severa l  o t h e r  l o a d  c y c l e s  repeated  every  453 c y c l e s .  

FATIGUE CRACK-GROWTH RATE EQUATION 

Newman (1981)  showed t h a t  t h e  c a l c u l a t e d  c r a c k - o p e n i n g  s t r e s s e s  u n d e r  

cons tan t -amp l i t ude  l o a d i n g  were i n d e p e n d e n t  o f  t h e  c o n s t r a i n t  f a c t o r  f o r  

s t r e s s  r a t i o s  (R) g r e a t e r  t h a n  0.7 and were equal t o  t h e  minimum a p p l i e d  
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s t r e s s .  Thus, AKef f  i s  equal t o  AK f o r  R 2 0.7. T h i s  means t h a t  t h e  AK 

a g a i n s t  c r a c k - g r o w t h  r a t e s  a t  R = 0.8 f r o m  Zhang e t  a l .  (1987) a r e  a l s o  

AKef f  a g a i n s t  r a t e s .  Zhang e t  a l .  found t h a t  a power  l a w  w o u l d  r e p r e s e n t  

t h e  exper imenta l  d a t a  q u i t e  w e l l .  The c rack-growth  r a t e  equa t ion  was 

) 2.972 dc/dN = 4.67 x lo-'' (AKe f f  

where  dc/dN i s  i n  m / c y c l e  and AKef f  i s  i n  MPa-m'/' ( c  i s  d e f i n e d  as h a l f -  

l e n g t h  o f  c r a c k ) .  U s i n g  t h e  R = 0.8 d a t a  as t h e  b a s e l i n e  A K e f f r a t e  

r e l a t i o n ,  Zhang e t  a l .  e s t i m a t e d  Ko/Kmax va lues  needed t o  c o r r e l a t e  t h e i r  

o t h e r  R - r a t i o  d a t a  w i t h  t h e  b a s e l i n e  da ta .  

o f  KO/Kmax a r e  shown as ba rs  i n  F i g .  1 as a f u n c t i o n  o f  s t r e s s  r a t i o .  

The range o f  exper imenta l  va lues  

The 

s o l i d  and dashed  c u r v e s  i n  F i g .  1 a r e  c a l c u l a t e d  r e s u l t s  f r o m  a c r a c k -  

o p e n i n g  s t r e s s  equat ion ,  developed by Newman (1984) u s i n g  t h e  c r a c k - c l o s u r e  

model, f o r  c o n s t r a i n t  f a c t o r s  (a) o f  1.7 and 1.9, r e s p e c t i v e l y .  ( N o t e  t h a t  

p l a n e - s t r e s s  c o n d i t i o n s  a r e  s imu la ted  w i t h  a = 1 and p l a n e - s t r a i n  c o n d i t i o n s  

w i t h  Q = 3 . )  These c u r v e s  were  c a l c u l a t e d  f o r  S m a x / ~ o  = 0.2. The f l o w  

s t r e s s ,  u0, was assumed t o  be equal t o  t h e  average between t h e  y i e l d  s t r e s s  

and u l t i m a t e  t e n s i l e  s t r e n g t h .  Exper imental  r e s u l t s  a g r e e d  w e l l  w i t h  t h e  

s o l i d  c u r v e  (a = 1.7). However, t h e  dashed cu rve  (CY = 1.9) agreed s l i g h t l y  

b e t t e r  w i t h  t h e  exper iments a t  low R - r a t i o s  than  t h e  s o l i d  cu rve .  

Because equa t ion  (1) f i t  t h e  R = 0.8 d a t a  q u i t e  w e l l  and a p p l i e d  ove r  a wide 

range i n  r a t e s ,  i t  was a l s o  used i n  t h e  c r a c k - c l o s u r e  model t o  c a l c u l a t e  

f a t i g u e - c r a c k - g r o w t h  l i v e s  f o r  b o t h  a = 1.7 and 1.9. 
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PREDICTION OF CRACK-OPENING STRESSES AND CRACK-GROWTH LIVES 

The a n a l y t i c a l  c r a c k - c l o s u r e  model (Newman, 1981) and t h e  c r a c k - g r o w t h  

program (FASTRAN) was used t o  c a l c u l a t e  c r a c k - o p e n i n g  s t r e s s e s  ( S o )  as a 

f u n c t i o n  o f  l o a d  h i s t o r y .  The program was m o d i f i e d  t o  g i v e  c rack -open ing  

s t resses  a f t e r  eve ry  f o u r  c y c l e s  t o  g i v e  a b e t t e r  d e s c r i p t i o n  o f  how t h e  

o p e n i n g  s t r e s s e s  c h a n g e  d u r i n g  t h e  v a r i a b l e - a m p 1  i t u d e  l o a d  h i s t o r y .  

Examples o f  c a l c u l a t e d  So as a f u n c t i o n  o f  c y c l e  number a r e  p r e s e n t e d  f o r  

some t y p i c a l  l o a d  t y p e s .  The r e s u l t i n g  va lues  o f  So were then  used w i t h  

equa t ion  (1) t o  c a l c u l a t e  c r a c k - g r o w t h  r a t e s  and t o  p r e d i c t  f a t i g u e  l i f e  

f r o m  an i n i t i a l  c r a c k  s i z e  ( c i )  t o  f a i l u r e .  F a i l u r e  was assumed t o  occur  

when t h e  maximum s t r e s s - i n t e n s i t y  f a c t o r  reached t h e  f r a c t u r e  toughness  (Kc 

= 100 MPa-m ' I 2 ) .  Comparisons were made between exper imenta l  and p r e d i c t e d  

c rack -g rowth  l i v e s  f o r  a l l  l o a d  types  u s i n g  t h e  c r a c k - c l o s u r e  model. Crack- 

g rowth  l i v e s  were a l s o  p r e d i c t e d  u s i n g  t h e  l inear-damage concept.  

Crack-ODeninq St resses  

F i g u r e s  2 and 3 show t h e  c rack-open ing  s t resses  c a l c u l a t e d  f rom t h e  c l o s u r e  

model (a = 1.9) f o r  Load Types 2 and 4 ,  r e s p e c t i v e l y .  These a r e  i d e n t i c a l  

l o a d  t y p e s  e x c e p t  t h a t  Load Type 2 had one s p i k e  ove r load  i n s t e a d  o f  f i v e .  

These f i g u r e s  show s t r e s s  p l o t t e d  aga ins t  c y c l e  number d u r i n g  t h e  p a r t i c u l a r  

l o a d  t y p e .  The s o l i d  and dashed l i n e s  d e n o t e  t h e  maximum and minimum 

a p p l i e d  s t resses ,  r e s p e c t i v e l y ,  and t h e  open symbo ls  show t h e  c a l c u l a t e d  

o p e n i n g  s t r e s s e s .  Bo th  r e s u l t s  show a sudden drop  i n  opening s t r e s s  a f t e r  

t h e  a p p l i c a t i o n  o f  t h e  o v e r l o a d ( s ) .  The o p e n i n g  s t r e s s e s  d u r i n g  t h e  

c o n s t a n t - a m p 1  i t u d e  l o a d i n g  f o r  Load Type 4 ( f i v e  over loads)  were s l i g h t l y  
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h i g h e r  than  those f o r  Load Type 2.  These r e s u l t s  show t h a t  t h e  c l o s u r e  

model p r e d i c t s  more  d e l a y  i n  c r a c k  g r o w t h  d u r i n g  t h e  cons tan t -amp l i t ude  

p o r t i o n  f o r  l a r g e r  number o f  o v e r l o a d s .  T h i s  i s  because f i v e  o v e r l o a d s  

cause  a l a r g e r  zone o f  r e s i d u a l  p l a s t i c  d e f o r m a t i o n  t o  remain a long t h e  

c rack  sur faces  than  a s i n g l e  over load.  However, t h e  f i v e  ove r loads  a r e  more 

damaging t o  c r a c k  g rowth  than t h e  s i n g l e  over load.  Thus, t h e  o v e r a l l  l i f e  

f o r  Load Type 4 was s h o r t e r  than t h a t  f o r  Load Type 2 ( s e e  t e s t  l i v e s  i n  

Tab le  1). 

Resul t s  f o r  Load Type 5 ( s i n g l e  over1 oad-under1 oad repeated  every  39 c y c l e s )  

a r e  shown i n  F i g .  4. The opening s t resses  a f t e r  t h e  ove r load -under load  were 

l ower  f o r  Load Type 5 t h a n  t h o s e  f o r  Load Type 6 ( n o t  shown) where  t h e  

o v e r l o a d  and u n d e r l o a d  were reversed.  Thus, t h e  under load e l i m i n a t e d  some 

o f  t h e  p l a s t i c  de format ions  t h a t  were caused d u r i n g  t h e  o v e r l o a d .  I n  Load 

Type 6,  t h e  d e f o r m a t i o n s  t h a t  developed d u r i n g  t h e  ove r load  were r e t a i n e d  

u n t i l  t h e  under load was appl i e d  a t  t h e  nex t  sequence. 

Zhang e t  a1 . (1987,  1988) used a " s t r i a t i o n "  method t o  e s t i m a t e  t h e  c r a c k -  

opening s t resses  f o r  a l l  l o a d  t ypes .  The s o l i d  symbols i n  F i g .  4 show these  

e x p e r i m e n t a l  r e s u l t s  f o r  Load Type 5 .  D u r i n g  t h e  f i r s t  39  c y c l e s ,  t h e  

exper imenta l  va lues  were s i g n i f i c a n t l y  h i g h e r  t h a n  t h o s e  f r o m  t h e  c l o s u r e  

mode l .  D u r i n g  t h e  a p p l i c a t i o n  o f  t h e  over load,  t h e  exper imenta l  procedure 

produced an even h i g h e r  va lue  compared w i t h  t h e  mode l .  I f  t h e  s t r i a t i o n  

s i z e  i s  a c o r r e c t  i n d i c a t i o n  o f  t h e  growth  r a t e  d u r i n g  t h e  ove r load ,  t h i s  

h i g h  v a l u e  would ques t i on  t h e  b a s i c  AKef f - ra te  r e l a t i o n .  The o p e n i n g  v a l u e  

s h o u l d  have  been t h e  same as i m m e d i a t e l y  b e f o r e  t h e  ove r load .  A f t e r  t h e  

u n d e r l o a d ,  t h e  e x p e r i m e n t a l  v a l u e  a g r e e d  w e l l  w i t h  t h e  m o d e l .  T h e s e  

d i f f e r e n c e s  i n  opening s t resses ,  however, would r e s u l t  i n  ove r  a f a c t o r - o f - 2  

d i f f e r e n c e  i n  c rack -g rowth  l i f e .  The open ing  s t r e s s e s  f r o m  t h e  model and 
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equat ion  (1) produced a c rack-growth  l i f e  w i t h i n  about 5 percent  o f  t h e  t e s t  

l i f e  (see Table 1). 

I n  F i g .  4, t h e  s l i g h t  d r o p  i n  o p e n i n g  s t r e s s e s  arsund c y c l e  number 20 i s  

b e l i e v e d  t o  have been caused by t h e  " lumping" procedure (Newman, 1981) which 

was used t o  m i n i m i z e  t h e  number o f  e l e m e n t s  i n  t h e  model. Th i s  d rop  was 

more pronounced, about 7 percent ,  i n  Load Type 8 ( n o t  shown). Th is  behav io r  

w o u l d  s u g g e s t  t h a t  a s l i g h t  m o d i f i c a t i o n  t o  t h e  lumping procedure i n  t h e  

model i s  necessary.  

The r e s u l t s  f o r  Load Type 9 a r e  shown i n  F i g .  5. These r e s u l t s  show t h a t  

t h e  over load-under load c y c l e  i n f l u e n c e d  t h e  o p e n i n g  s t r e s s  f o r  a b o u t  1000 

c y c l e s  when t h e  c r a c k  l e n g t h  ( c )  was a b o u t  30 mm. No c l o s u r e  occur red  

d u r i n g  90 pe rcen t  o f  t h e  10,000-block cons tan t -amp l i t ude  l o a d i n g  ( R  = 0 .6 ) .  

U s i n g  t h e  c a l c u l a t e d  opening va lues and equat ion  (l), t h e  p r e d i c t e d  c rack -  

growth l i f e  was o n l y  about 54 percent  o f  t h e  t e s t  l i f e .  Because t h e  t e s t  

1 i f e  s h o u l d  be c o n t r o l l e d  p r i m a r i l y  by t h e  cons tan t -amp l i t ude  p o r t i o n ,  and 

t h e  c a l c u l a t e d  opening s t resses  a re  expected t o  be c o r r e c t  ( f u l l y  open c rack  

f o r  most o f  t h e  c y c l e s ) ,  t h e  t e s t  r e s u l t s  a r e  suspect .  

Crack-Growth L i v e s  

The t e s t  l i v e s  and t h e  r a t i o s  o f  p r e d i c t e d  l i f e  t o  t e s t  l i f e  f o r  a l l  t e n  

l o a d  types  a r e  t a b u l a t e d  i n  Table 1. The r a t i o s  o f  p r e d i c t e d  t o  t e s t  l i f e  

f o r  a l l  t e n  l o a d  types  a r e  a l s o  shown i n  F i g .  6. The s o l i d  l i n e  rep resen ts  

p e r f e c t  agreement between t e s t  and p r e d i c t i o n ,  and t h e  dashed l i n e s  show t20 

p e r c e n t  e r r o r  bands.  Open symbols  show r e s u l t s  f r o m  t h e  l inear -damage 

c a l c u l a t i o n s .  The 1 inear-damage r e s u l t s  w e r e  o b t a i n e d  f r o m  Zhang e t  a1 . 
(1987) e x c e p t  f o r  Load Types 9 and 10 (computed h e r e i n ) .  Resu l t s  f rom t h e  
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4 

c l o s u r e  model f o r  = 1.7 and 1.9 a re  a l s o  s h o w n .  T h e r e  w e r e  l a r g e  

d i f f e r e n c e s  be tween l inear-damage r e s u l t s  and those f rom t h e  c l o s u r e  model 

f o r  Load Types 1 t o  4. T h e r e  was v e r y  l i t t l e  d i f f e r e n c e  among a l l  

p r e d i c t i o n s  f o r  Load Types 5 t o  10.  E i g h t  o f  t e n  p r e d i c t i o n s  f rom t h e  

c l o s u r e  model (a = 1.9)  were w i t h i n  20 p e r c e n t  o f  t h e  t e s t  l i v e s ,  whereas 

o n l y  f o u r  o f  t e n  p r e d i c t i o n s  f rom t h e  l inear-damage concept were w i t h i n  20 

percent .  The c l o s u r e  model r e s u l t s  f o r  a = 1.7 produced l o n g e r  c rack-growth  

l i v e s  t h a n  t h o s e  f o r  = 1.9 because opening s t resses  computed f o r  = 1.7 

were  c o n s i s t e n t l y  h i g h e r  than those f o r  a = 1.9. 

CONCLUSIONS 

1. The a n a l y t i c a l  c r a c k - c l o s u r e  model w i t h  a c o n s t r a i n t  f a c t o r  o f  1 .9  

' p r e d i c t e d  c r a c k - g r o w t h  1 i v e s  i n  7475-T7351 aluminum a l l o y  under v a r i a b l e -  

ampl i tude l o a d i n g  w i t h i n  20 percent  o f  t e s t  l i v e s  f o r  most cases. 

2 .  S i g n i f i c a n t  d i f f e r e n c e s  were o b s e r v e d  be tween t h e  c r a c k - o p e n i n g  

s t resses  determined f r o m  t h e  " s t r i a t i o n "  method and t h e  c l o s u r e  model. 
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Table 1. Comparison of crack-growth lives among tests, 

1 inear-damage and closure model predictions. 

Linear-damage Closure model 

Initial Test a = 1.7 a = 1.9 

Ncm 
(b) 

N1 d 

Ntest Ntest Ntest 

Load Type(a) ha1 f-crack 1 ife, 

length, ci, mm cycles 

4 

4 

4 

4 

4 

4 

4 

4 

2 

28 

474,240 

637,730 

251,210 

409,620 

179,320 

251,050 

253,840 

149,890 

480,570 

57,680 

0.59 

0.46 

0.85 

0.61 

0.88 

0.63 

0.95 

0.75 

0.70 

1 .oo 

1.40 

1.19 

1.36 

1.28 

1.03 

0.78 

1.11 

0.92 

0.62 

1.18 

1.10 

0.97 

1.19 

1.09 

0.95 

0.68 

1.03 

0.83 

0.54 

1.13 

Mean: 0.74 1.09 0.95 

Standard Error: 0.17 0.24 0.20 

(a) Numbers are load types in Zhang et al. (1987), except Load Types 9 and 

10. Letters are load types in Zhang et al. (1988). 

(b) Linear-damage results (Nld) from Zhang et al. (1987), except Load 

Types 9 and 10 (computed in this paper). 

( c )  Nc, are closure model results for indicated constraint factor. 
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