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ABSTRACT 

The fatigue crack propagation behavior of the damage tolerant 2091 T8 
was compared with that of 2024 T3. Constant amplitude tests were 
performed in vacuum, air, and NaCl solution at R = 0.175 and in air at 
R = 0.7. The variable amplitude tests included periodic underloads 
superimposed on constant amplitude tests at R = 0.7, and periodic 
overloads in combination with low R-ratio tests. In general it was 
found that the crack propagation resistance of 2091 was slightly 
inferior in the lower AK-region as compared to 2024, but somewhat 
better at higher AK-values. For both alloys predicted propagation 
rates based on constant amplitude tests were lower than the experimen- 
tally measured values with periodic underloads. Periodic overloads 
resulted in crack growth retardation. 

INTRODUCTION 

The new low density, high stiffness Li-containing Al-alloys are con- 
sidered as attractive materials to replace some of the conventional 
Al-alloys in future aircraft generations. In comparison to the compet- 
ing advanced composite materials the A1-Li base alloys offer advan- 
tages for the aircraft industry and the airline companies, for example 
similar manufacturing methods as for conventional Al-alloys and only 
minor adjustments for both inspection and repair procedures. Besides 
the still not completely solved problems of lower ductility and frac- 
ture toughness values of Li-containing alloys in comparison to con- 
ventiona1 Al-alloys, more experimental results seem to be necessary 
with regard to the resistance against fatigue crack propagation, 
especially under variable amplitude loading conditions. 

The objective of the present work was to compare the fatigue crack 
propagation behavior of one of the new damage tolerant Li-containing 
Al-alloys 2091 T8 with that of the conventional 2024 T3 alloy under 
constant and variable amplitude loading. 

EXPERIMENTAL PROCEDURE 

The alloy 2091 was supplied by Pechiney in the form of 1 .6  mm thick 
sheet material (unclad) in the T8 condition (15 min 530°C/WQ, 1-3% 
stretching, 12h 135OC). The 2024 T 3  alloy was tested as 2 mm alclad 
sheet material for comparison. The composition of 2091 and typical 
values for 2024 are shown in Table 1. 

Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1987394

http://www.edpsciences.org
http://dx.doi.org/10.1051/jphyscol:1987394


C3-802 JOURNAL DE PHYSIQUE 

A l l  m e c h a n i c a l  t e s t s  r e p o r t e d  h e r e  w e r e  p e r f o r m e d  w i t h  t h e  l o a d i n g  
a x i s  p a r a l l e l  t o  t h e  r o l l i n g  d i r e c t i o n  of t h e  s h e e t  m a t e r i a l .  T e n s i l e  
t e s t s  w e r e  d o n e  on  f l a t  s p e c i m e n s  w i t h  g a g e  d i m e n s i o n s  of 1 2 . 2 m  
w i d t h  and  52 mm l e n g t h  (ASTM E 8 - 8 3 ) .  C rack  p r o p a g a t i o n  t e s t s  w e r e  
c o n d u c t e d  on CCT-specimens w i t h  d i m e n s i o n  of  30 mm x  90  m m  o r  160  m m  x 
400 mm u s i n g  l o a d - c o n t r o l l e d  s e r v o - h y d r a u l i c  t e s t i n g  m a c h i n e s  a t  a  
f r e q u e n c y  of 30 Hz. C r a c k  p r o p a g a t i o n  r a t e s ,  s t a r t i n g  f rom n o t c h e s  
p r e p a r e d  by s p a r k  e r o s i o n  c u t t i n g ,  w e r e  m o n i t o r e d  w i t h  a  t r a v e l l i n g  
m i c r o s c o p e .  

T a b l e  1 :  Chemica l  c o m p o s i t i o n s  of  2091 and  2024 ( w t . % )  

) Cu L i  Mg Z r Mn Fe  S i T i  N a  

C o n s t a n t  a m p l i t u d e  t e s t s  w e r e  p e r f o r m e d  on b o t h  a l l o y s  a t  R = 0 . 1 7 5  i n  
vacuum, l a b o r a t o r y  a i r ,  and  3 .5  % NaCl s o l u t i o n  t o  s t u d y  t h e  e f f e c t  
of e n v i r o n m e n t ,  a n d  i n  a d d i t i o n  a t  R = 0 . 7  i n  air. Three t y p e s  o f  
v a r i a b l e  a m p l i t u d e  t e s t s  we re  c a r r i e d  o u t  on b o t h  a l l o y s :  Type B ,  a  
p e r i o d i c  s e q u e n c e  c o n s i s t i n g  o f  1 0  c y c l e s  w i t h  R = 0 .7  f o l l o w e d  by 1  
" u n d e r l o a d "  c y c l e  w i t h  R = 0.175  ( k e e p i n g  Kmax  c o n s t a n t ) ,  Type C,  
composed of  a  p e r i o d i c  s e q u e n c e  o f  1  c y c l e  w i t h  R = 0.175  f o l l o w e d  by 
1  c y c l e  w i t h ' R  = 0.366  ( k e e p i n g  Kmin c o n s t a n t ) ,  and  Type D ,  a  p e r i o d i c  
s e q u e n c e  h a v i n g  999 b l o c k s  o f  Type C a n d  1  o v e r l o a d  b l o c k  o f  Type  C 
b u t  w i t h  a  20 % h i g h e r  Kmax  v a l u e .  

A l l  da/dN-AK c u r v e s  p r e s e n t e d  i n  t h i s  p a p e r  w e r e  o b t a i n e d  by f i t t i n g  
t h e  e x p e r i m e n t a l l y  d e t e r m i n e d  d a t a  p o i n t s  u s i n g  t h e  i n c r e m e n t a l  p o l y -  
nomia l  method (ASTM E 6 4 7 - 8 3 ) .  

EXPERIMENTAL RESULTS 

The t e n s i l e  p r o p e r t i e s  ( 00 .2 ,  UTS, €F)  o f  2091 T8 a r e  l i s t e d  i n  T a b l e  
2  i n c l u d i n g  w i t h  r e s u l t s  o f  2024 T3 f o r  compa r i son .  A l l  t h r e e  v a l u e s  
we re  l o w e r  f o r  2091 a s  compared  t o  2024 ,  f o r  examp le  00.2 was 330 MPa 
f o r  2091 and  380  MPa f o r  2024 .  

T a b l e  2:  T e n s i l e  p r o p e r t i e s  of  2091 T8 and  2024 T3 

UTS (MPa) 'F = !Zn A o / A F  

The f a t i g u e  c r a c k  p r o p a g a t i o n  r e s u l t s  (da /dN v s .  A K )  of  2091 T 8  a n d  
2024 T3 u n d e r  c o n s t a n t  a m p l i t u d e  l o a d i n g  a t  R = 0 .175  a r e  shown i n  
F i g u r e  1  f o r  t h r e e  d i f f e r e n t  e n v i r o n m e n t a l  c o n d i t i o n s  (vacuum,  a i r ,  
NaCl s o l u t i o n ) .  T h e s e  c u r v e s  show t h e  w e l l  known e f f e c t  o f  a  d e c r e a s -  
i n g  c r a c k  p r o p a g a t i o n  r e s i s t a n c e  w i t h  i n c r e a s i n g  e n v i r o n m e n t a l  a g g r e s -  
s i v e n e s s .  F o r  2024 a l l  t h r e e  c u r v e s  a r e  f a i r l y  s t r a i g h t  a n d  a l s o  f o r  
2091 i n  vacuum a n d  NaCl s o l u t i o n .  However f o r  2091 t e s t e d  i n  a i r  a  
p ronounced  change  i n  t h e  s h a p e  o f  t h e  da/dN-AK c u r v e  was o b s e r v e d  
( F i g u r e  1 )  a p p r o a c h i n g  i n  t h e  l o w e r  AK-regime t h e  c u r v e  o b t a i n e d  i n  
NaCl and  c o n v e r g i n g  i n  t h e  h i g h  AK-region w i t h  t h e  vacuum c u r v e .  I t  
s h o u l d  b e  m e n t i o n e d  t h a t  f o r  2091 t e s t e d  i n  a i r  a n  u n u s u a l  amount  o f  
s c a t t e r  i n  da/dN was o b s e r v e d  i n  t h e  i n t e r m e d i a t e  AK-regime ( a r o u n d  
9 MpaJK). 



-2024T3,-2091T8, LT, R=0,175, w=30mm 
Vacuum 1 =Air 

Figure 1 : 
Influence of environment 
on fatigue growth rates of 
2024 T3 and 2091 T8 

a )  Vacuum,  AK = 7 ~ p a . m l / ~  b) Air, AK = 14 M ~ a . m l / ~  

c) Air, AK = 9 Mpa.rnl/2 d )  N a C 1 ,  AK = 14 M ~ a . m l / ~  

Figure 2: Fractographs of 2091 T8, R = 0.175 
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The r e s u l t s  of  f r a c t u r e  s u r f a c e  s t u d i e s  a r e  summarized i n  F i g u r e  2  f o r  
2091.  I n  vacuum f a t i g u e  c r a c k  p r o p a g a t i o n  o c c u r r e d  w i t h i n  t h e  who le  
AK-region i n  a  h i g h l y  c r y s t a l l o g r a p h i c  manner m o s t l y  a l o n g  s i n g l e  s l i p  
p l a n e s  w i t h i n  one  g r a i n  a t  low AK ( F i g .  2 a )  and  t o  a  l e s s e r  e x t e n t  
a l o n g  g r a i n  b o u n d a r i e s .  I n  NaCl s o l u t i , o n  c r a c k s  a l s o  p r o p a g a t e d  m o s t l y  
i n  a  t r a n s g r a n u l a r  mode b u t  t h e  p r o p a g a t i o n  d i r e c t i o n  changed f r e -  
q u e n t l y  f rom one  p l a n e  t o  t h e  o t h e r  w i t h i n  o n e  g r a i n  ( F i g .  2 d ) .  I n  a i r  
t h e  c r a c k  p r o p a g a t i o n  mechanism i n  t h e  low AK-regime was s i m i l a r  ( F i g .  
2 c )  a s  o b s e r v e d  i n  NaCl s o l u t i o n  (compare  F i g .  2 d ) ,  w h i l e  i n  t h e  
h i g h e r  AK-region ( a b o v e  a b o u t  9 MPa Jiii) a  t r a n s i t i o n  was o b s e r v e d  
e x h i b i t i n g  p o r t i o n s  of  t r a n s -  o r  i n t e r g r a n u l a r  f r a c t u r e  modes ( F i g .  
2 b )  s i m i l a r  a s  d e s c r i b e d  f o r  t h e  vacuum t e s t s .  

F o r  2024 t h e  f r a c t u r e  s u r f a c e  a p p e a r a n c e  i n  vacuum a l s o  e x h i b i t e d  s l i p  
band f r a c t u r e ,  however  a l o n g  s e v e r a l  s l i p  s y s t e m s  p e r  g r a i n  a l r e a d y  i n  
t h e  l o w e r  AK-regime, and  i n  c o n t r a s t  t o  2091 showed i n c r e a s i n g  po r -  
t i o n s  of  d i m p l e  r u p t u r e  w i t h  i n c r e a s i n g  A K .  I n  NaCl s o l u t i o n  and  i n  
a i r  2024 e x h i b i t e d  a  t r a n s g r a n u l a r  f r a c t u r e  mode s i m i l a r  a s  o b s e r v e d  
f o r  2091 i n  NaCl s o l u t i o n  (compare  F i g u r e  2 d ) .  

The i n f l u e n c e  of  mean s t r e s s  on da/dN-AK f o r  2091 and  2024 i n  a i r  i s  
shown i n  F i g u r e  3 by compar ing  c u r v e s  o b t a i n e d  f o r  R = 0.175 a n d  
R = 0 . 7 .  I n c r e a s i n g  t h e  mean s t r e s s  r e s u l t e d  i n  a  n e a r l y  p a r a l l e l  
s h i f t  of  t h e  c u r v e s  t o  h i g h e r  p r o p a g a t i o n  r a t e s  ( a b o u t  a  f a c t o r  of 2 )  
f o r  b o t h  a l l o y s  w i t h o u t  c h a n g i n g  t h e  s h a p e  o f  t h e  c u r v e s .  Whi le  t h e  
a l l o y  2091 e x h i b i t e d  f o r  b o t h  R - r a t i o s  t h e  a l r e a d y  d e s c r i b e d  p ro -  
nounced  s i g m o i d a l  s h a p e ,  t h e  c u r v e s  f o r  2024 were  f a i r l y  smooth  w i t h i n  
t h e  measured  AK-regime ( F i g .  3 ) .  The c r a c k  p r o p a g a t i o n  r e s i s t a n c e  o f  
2091 L n  compar i son  t o  2024 i s  l o w e r  i n  t h e  AK-regime be low a b o u t  10  
MPa J m  and  h i g h e r  i n  t h e  u p p e r  AK-region ( F i g .  3 ) .  

F i g u r e  3 :  
I n f l u e n c e  of  mean s t r e s s  on 
f a t i g u e  c r a c k  g rowth  r a t e s  
of 2024 T3 and  2091 T 8  



The e f f e c t  of  v a r i a b l e  a m p l i t u d e  l o a d i n g  a c c o r d i n g  t o  Type  B ( 1 0  
c y c l e s  w i t h  R = 0 . 7 ,  1  c y c l e  w i t h  R = 0 . 1 7 5 )  on da/dN-AK (AK c a l c u -  
l a t e d  f o r  R = 0 . 7 )  i s  shown i n  F i g u r e  4  f o r  2091 a n d  2024 .  I t  c a n  b e  
s e e n  t h a t  i n  t h e  AK-regime be low a b o u t  4  MPa J m  t h e  r e s i s t a n c e  a g a i n s t  
c r a c k  p r o p a g a t i o n  was  l o w e r  f o r  2091 a s  compared  t o  2 0 2 4 ,  w h i l e  t h i s  
r a n k i n g  was r e v e r s e d  a t  h i g h e r  AK-values.  I t  s h o u l d  b e  n o t e d  t h a t  t h e  
f a t i g u e  c r a c k  p r o p a g a t i o n  c u r v e  o f  a l l o y  2091 f o r  t h i s  t y p e  o f  v a r i a -  
b l e  a m p l i t u d e  l o a d i n g  d i d  n o t  show t h e  same p r o n o u n c e d  s i g m o i d a l  s h a p e  
a s  o b s e r v e d  f o r  c o n s t a n t  a m p l i t u d e  l o a d i n g  ( c o m p a r e  F i g u r e s  4 a n d  3 ) .  
A l s o  shown i n  F i g u r e  4 are p r e d i c t e d  da/dN-AK c u r v e s  c a l c u l a t e d  o n  a  
l i n e a r  b a s i s  f r o m  t h e  r e s u l t s  o f  c o n s t a n t  a m p l i t u d e  t e s t s  i n  F i g u r e  3. 
F o r  b o t h  a l l o y s  t h e  p r e d i c t e d  da/dN v a l u e s  a r e  a l w a y s  l o w e r  t h a n  t h e  
e x p e r i m e n t a l l y  m e a s u r e d  p r o p a g a t i o n  r a t e s  ( F i g .  4 ) .  

The  r e s u l t s  of  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 d i t i o n s  a c c o r d i n g  t o  Type 
C a r e  shown i n  F i g u r e  5 f o r  2091 a n d  2 0 2 4 ,  t o g e t h e r  w i t h  c u r v e s  ob- 
t a i n e d  f o r  t h e  same l o a d i n g  h i s t o r y  b u t  w i t h  p e r i o d i c  o v e r l o a d s  (Type  
D :  999  b l o c k s  Type  C + 1  b l o c k  w i t h  20% o v e r l o a d  o f  Type  C ) .  I t  c a n  b e  
s e e n  t h a t  t h e  a d d i t i o n  o f  o n e  20% h i g h e r  o v e r l o a d  b l o c k  p e r  1000 
b l o c k s  r e s u l t e d  f o r  b o t h  a l l o y s  i n  a  c o n s i d e r a b l e  amount  o f  c r a c k  
p r o p a g a t i o n  r e t a r d a t i o n .  T h i s  e f f e c t  was more  p r o n o u n c e d  i n  t h e  h i g h e r  
AKmag-regime. I t  a l s o  s h o u l d  b e  m e n t i o n e d  t h a t  t h i s  t y p e  o f  v a r i a b l e  
a m p l i t u d e  l o a d i n g  a g a i n  r e s u l t e d  i n  p r o n o u n c e d  s i g m o i d a l  s h a p e s  o f  t h e  
da/dN-AKmax c u r v e s  f o r  t h e  a l l o y  2091 ( F i g .  5 ) .  

DISCUSSION 

I t  is w e l l  known t h a t  L i - c o n t a i n i n g  A l - a l l o y s  i n  u n d e r a g e d  c o n d i t i o n s  
( s u c h  a s  2091 T 8 )  e x h i b i t  p r o n o u n c e d  s l i p  b a n d  f o r m a t i o n  d u r i n g  p l a s -  
t i c  d e f o r m a t i o n  [ l ] .  The l o w e r  d u c t i l i t y  o f  2091 e v e n  a t  a  l o w e r  y i e l d  
s t r e s s  i n  c o m p a r i s o n  t o  2024  ( T a b l e  2 )  is a  r e s u l t  o f  s u c h  p l a n a r  s l i p  
b e h a v i o r .  

A f u r t h e r  c o n s e q u e n c e  o f  t h e  s e v e r e  s l i p  b a n d  f o r m a t i o n  i n  2091 was 
t h e  o b s e r v a t i o n  t h a t  f a t i g u e  c r a c k  p r o p a g a t i o n  i n  vacuum o c c u r r e d  
m a i n l y  a l o n g  t h e s e  s l i p  b a n d s  ( F i g u r e  2 a )  e v e n  a t  h i g h  AX-va lues ,  
w h i l e  f o r  2024  i n c r e a s i n g  d i m p l e  p o r t i o n s  w e r e  o b s e r v e d  w i t h  i n c r e a s -  
i n g  AK d u e  t o  t h e  more  homogeneous d e f o r m a t i o n  mode. I n  t h e  a g g r e s s i v e  
NaCl s o l u t i o n  t h e  r e s i s t a n c e  a g a i n s t  f a t i g u e  c r a c k  p r o p a g a t i o n  o f  b o t h  
a l l o y s  d r o p p e d  s i g n i f i c a n t l y  ( F i g .  1 ) .  C r a c k  p r o p a g a t i o n  o c c u r r e d  i n  
t h e  w h o l e  AK-regime a l o n g  s e v e r a l  s l i p  s y s t e m s  w i t h i n  o n e  g r a i n  i n  
b o t h  a l l o y s  ( F i g .  2 d ) .  I t  i s  t h o u g h t  t h a t  h y d r o g e n  a t o m s ,  s w e p t  i n t o  
t h e  s l i p  b a n d s  by moving  d i s l o c a t i o n s ,  a r e  r e s p o n s i b l e  f o r  t h i s  t r a n s -  
g r a n u l a r  f r a c t u r e  mode a n d  t h e  low c r a c k  p r o p a g a t i o n  r e s i s t a n c e .  

I n  a i r  t h e  f r a c t u r e  mode i n  t h e  l o w e r  AK-regime o f  2091 a n d  2024 was 
s i m i l a r  t o  t h a t  o b s e r v e d  i n  NaCl s o l u t i o n  ( c o m p a r e  F i g u r e s  2 c  a n d  2 d ) ,  
r e s u l t i n g  a g a i n  i n  r e l a t i v e l y  l o w  c r a c k  p r o p a g a t i o n  r e s i s t a n c e  v a l u e s  
( F i g u r e  1  ) . W h i l e  t h i s  e n v i r o n m e n t a l l y  i n d u c e d  p r o p a g a t i o n  mode 
( w a t e r  v a p o r )  p e r s i s t e d  i n  t h e  w h o l e  AK-regime f o r  2 0 2 4 ,  a  g r a d u a l  
t r a n s i t i o n  i n  f r a c t u r e  mode was  o b s e r v e d  f o r  2091 w i t h  i n c r e a s i n g  AK 
t o w a r d s  t h a t  o n e  o b s e r v e d  f o r  t e s t s  i n  vacuum ( c o m p a r e  F i g u r e s  2 b  a n d  
2 a ) .  One o f  t h e  r e a s o n s  r e s p o n s i b l e  f o r  t h i s  c h a n g e  i n  f r a c t u r e  mode 
m i g h t  b e  d u e  t o  t h e  l o n g e r  s l i p  d i s t a n c e s  i n  2091 c a u s i n g  m i c r o c r a c k  
n u c l e a t i o n  w i t h i n  s l i p  b a n d s  o r  a t  g r a i n  b o u n d a r i e s  a h e a d  o f  t h e  c r a c k  
t i p .  The p r o n o u n c e d  s i g m o i d a l  s h a p e  of  t h e  da/dN-AK c u r v e  o f  2091 i n  
a i r  ( F i g u r e  I ) ,  w h i c h  s e e m s  t o  b e  c h a r a c t e r i s t i c  f o r  L i - c o n t a i n i n g  
A l - a l l o y s  [ 2 - 5 1 ,  o b v i o u s l y  r e s u l t s  f r o m  t h e  o b s e r v e d  c h a n g e  i n  f r a c -  
t u r e  mode w i t h  i n c r e a s i n g  A K .  T h i s  d i f f e r e n c e  i n  t h e  s h a p e  of  t h e  
da/dN-AK c u r v e s  b e t w e e n  2091 a n d  2024 was n o t  o n l y  o b s e r v e d  a t  
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c r a c k  growth  r a t e s  w i t h o u t  
and  w i t h  p e r i o d i c  o v e r -  
l o a d s  

AK,,, in M P ~ &  



R = 0.175 but also at R = 0.7 (Figure 3), resulting in a somewhat 
superior fatigue crack propagation resistance of 2091 at higher 
AK-values in comparison to 2024. 

Variable amplitude loading conditions of type B (10 cycles with 
R = 0.7 followed by 1 cycle with R = 0.175) resulted in considerable 
crack propagation acceleration for both alloys (compare Figure 4 with. 
Figure 3 at R = 0.7) [6]. It is thought that in addition to crack 
closure effects crack tip sharpening during each cycle with the low 
Kmin-value contributes to the observed acceleration. Predicted growth 
rates on the basis of constant amplitude tests (Figure 3) resulted in 
lower da/dN-values for both alloys (Figure 4 ,  because this 
calculation cannot account for any sequential effects. It should be 
mentioned that for this type of loading no change in fracture mode was 
observed for 2091, because the AK-values were not high enough (compare 
Figures 4 and 3). 

Periodic overloads (999 blocks of type C followed by 1 overload block) 
caused crack growth retardation for both alloys (Figure 5) [5]. Since 
for 2091 again pronounced sigmoidal shapes of the da/dN-AK curves were 
observed, the resistance against crack growth of the Li-containing 
Al-alloy under both of these types of variable amplitude loading 
conditions was superior in the higher AK-regime as compared to 2024. 
The observed change in fracture mode for 2091, which is responsible 
for the sigmoidal shape of the da/dN-AK curves, is in agreement with 
the higher AK-values (Figure 5), necessary for the transition from the 
environmental induced to the vacuum fracture mode. 

Finally it should be emphasized that for prediction of crack growth 
under variable amplitude loading conditions the crack growth acceler- 
ating effects of underloads as well as the crack growth retardation 
effects of overloads have to be taken into consideration. 
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