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Page 11, Appendix : Add the following symbol definitions. 
E,, Inelastic axial strain amplitude rin Inelastic shear strain amplitude 

Page 12, Smith-Watson-Topper model: Left hand side of the equation, 
"almax E i / 2 "  should read as " C ~ , ~ ~ ~ ( A E , / ~ )  " 

Page 12, Socie's shear and normal 
strain model : In left hand side ofhthe equation, "z" should read as " E , "  

Fig. 9 : "KNOPP'S" should read as "KNOOP'S" 

Fig. 10(a) 

Fig. 10(b) 

Fig. lO(c) 

: In the Y-axis label, 
"almax E:/Z" should read as nalmax(Ae1/2) 'I 

h 
: In the Y-axis label, "€"should read 

as"€, " n  

: "Equivalent strain" should read as 
as "Equivalent inelastic strain" in two 
locations 

and, 

In the Y-axis label, nMF(A~in/2) " should 
re a d a s MF ( A E in / 2 1 equ 'I 
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SUMMARY 

A s e r i e s  o f  a x i a l - t o r s i o n a l ,  i nphase ,  s t r a i n - c o n t r o l l e d ,  l o w - c y c l e  f a t i g u e  
t e s t s  were per fo rmed a t  room tempera tu re  on  t u b u l a r  specimens o f  304 s t a i n l e s s  
s t e e l .  The p rog ram was conducted  i n  c o o p e r a t i o n  w i t h  t h e  t a s k  g roup  on  m u l t i -  
a x i a l  f a t i g u e  r e s e a r c h  o f  ASTM commi t tee  E-09. The o b j e c t i v e  was t o  q u a n t i f y  
t h e  v a r i a b i l i t y  i n  m u l t i a x i a l  t e s t  r e s u l t s  among s e v e r a l  l a b o r a t o r i e s .  T h i s  
r e p o r t  i n c l u d e s  o n l y  d a t a  g e n e r a t e d  a t  t h e  NASA Lewis  Research C e n t e r ' s  H i g h  
Temperature F a t  gue and S t r u c t u r e s  L a b o r a t o r y .  The e x p e r i m e n t a l  equ i  pment and 
p rocedures  used a r e  d e s c r i b e d .  The t u b u l a r  specimens were p o l i s h e d  on  t h e  o u t e r  
su r face  to  a i d  n t h e  use o f  a c e l l u l o s e  f i l m  s u r f a c e  r e p l i c a t i o n  t e c h n i q u e  for 
c r a c k  d e t e c t i o n .  However, c r a c k i n g  i n i t i a t e d  p r e d o m i n a n t l y  on  t h e  i n t e r n a l  
su r face  for a l l  spec imens.  Hon ing  o f  t h e  b o r e  o f  t h e  t u b u l a r  specimens l e s -  
sened b u t  d i d  n o t  e n t i r e l y  e l i m i n a t e  t h i s  p rob lem.  The obse rved  f a t i g u e  l i v e s  
a r e  compared w i t h  l i v e s  c a l c u l a t e d  f r o m  t h r e e  m u l t i a x i a l  l i f e  mode ls .  Con- 
s t a n t s  for t h e  l i f e  p r e d i c t i o n  models were o b t a i n e d  from u n i a x i a l  and t o r s i o n a l  
t e s t s  per formed on t h e  same h e a t  o f  m a t e r i a l .  The obse rved  f a t i g u e  l i v e s  
agreed w i t h  c a l c u l a t e d  l i v e s  t o  w i t h i n  a f a c t o r  o f  two f o r  a l l  b u t  one of t h e  
l i f e  p r e d i c t i o n  mode ls .  

INTRODUCTION 

E n g i n e e r i n g  components a r e  o f t e n  s u b j e c t e d  t o  m u l t i a x i a l  s t a t e s  of s t r e s s  
due t o  complex geomet r i es  and l o a d i n g  c o n d i t i o n s .  F a t i g u e  l i f e  p r e d i c t i o n  
models t h a t  a r e  based s o l e l y  on  u n i a x i a l  f a t i g u e  d a t a  can produce e r roneous  
r e s u l t s  i f used f o r  t h e  d e s i g n  o f  components s u b j e c t e d  t o  m u l t i a x i a l  l o a d i n g .  
I n  o r d e r  t o  more a c c u r a t e l y  p r e d i c t  t h e  f a t i g u e  l i f e  o f  eng ine  components, 
r e s e a r c h e r s  w i l l  have t o  d e v e l o p  models  by  u s i n g  m u l t i a x i a l  f a t i g u e  l i f e  d a t a  
( r e f .  1 ) .  

F a t i g u e  c r a c k  i n i t i a t i o n  and p r o p a g a t i o n  l i f e t i m e s  a r e  dependent  on  t h e  
s t a t e s  o f  s t r e s s  and s t r a i n  i nduced  i n  t h e  m a t e r i a l .  I n  u n i a x i a l  f a t i g u e  
t e s t s ,  c r a c k s  u s u a l l y  n u c l e a t e  a t  t h e  s u r f a c e  (when no  l a r g e  f l a w s  a r e  p r e s e n t  
i n  t h e  i n t e r i o r  o f  t h e  specimen) and p r o p a g a t e  i n t o  t h e  specimen i n  mode I 
f a s h i o n  ( r e f .  2 ) .  The m a j o r i t y  of  f a t i g u e  t e s t i n g  o f  e n g i n e e r i n g  a l l o y s  i s  
per formed on  u n i a x i a l  t e s t  r i g s ,  and t h e  models  deve loped  t o  p r e d i c t  f a t i g u e  
l i v e s  t h u s  a r e  based on u n i a x i a l  f a t i g u e  d a t a .  These l i f e  p r e d i c t i o n  models  
a r e  t h e r e f o r e  b i a s e d  t o  mode I t y p e  o f  f a i l u r e .  However, i t  has been n o t e d  by  



o t h e r  i n v e s t i g a t o r s  ( r e f s .  3 and 4 )  t h a t  when p r i n c i p a l  s t r e s s e s  a r e  p r e s e n t  
i n  m u l t i p l e  d i r e c t i o n s ,  as i n  a t o r s i o n a l  t e s t ,  t h e  mode o f  c r a c k  i n i t i a t i o n  
and p r o p a g a t i o n  can change s i g n i f i c a n t l y .  

For example, i n  some m a t e r i a l s ,  many sma l l  c r a c k s  form on t h e  p l a n e s  of 
maximum shear  s t r e s s  and p ropaga te ,  v i a  mode 11, a sma l l  d i s t a n c e  ( l e s s  t h a n  
0.1 mm) on  t h e  s u r f a c e  b e f o r e  t h e y  a r e  a r r e s t e d .  F i n a l  f a i l u r e  i n  t h e s e  mate- 
r i a l s  o c c u r s  because o f  a c r a c k - l i n k i n g  p rocess  among t h e  many sma l l  c r a c k s .  
The p l a n e s  i n  wh ich  c r a c k  i n i t i a t i o n  ( g r o w t h  o f  c r a c k s  t o  a p p r o x i m a t e l y  
0.1 mm) o c c u r s  have been f o u n d  t o  be dependent  on  t h e  d u c t i l i t y  o f  t h e  mate- 
r i a l .  D u c t i l e  m a t e r i a l s  t e n d  t o  i n i t i a t e  c r a c k s  on  maximum shear  s t r e s s  p l a n e s  
(mode II), b u t  b r i t t l e  m a t e r i a l s  t e n d  t o  c r a c k  on p l a n e s  p e r p e n d i c u l a r  t o  t h e  
maximum normal s t r e s s  (mode I). Some m a t e r i a l s ,  a t  c e r t a i n  tempera tu res  and 
s t r e s s  s t a t e s ,  e x h i b i t  a t r a n s i t i o n  between t h e  above two types  o f  c r a c k i n g  
b e h a v i o r  ( r e f .  4 ) .  

A x i a l  and t o r s i o n a l  s t r a i n s  can be a p p l i e d  e i t h e r  inphase ( p r o p o r t i o n a l  
l o a d i n g )  or ou t -o f -phase ( n o n p r o p o r t i o n a l  l o a d i n g )  as shown s c h e m a t i c a l l y  i n  
f i g u r e  1 .  I n  inphase t e s t s ,  t h e  c o n t r o l  pa ramete rs  ( a x i a l  and t o r s i o n a l  
s t r a i n s )  peak s i m u l t a n e o u s l y ,  and t h e  a x i a l  c o n t r o l  parameter  a t  any g i v e n  
i n s t a n t  i s  a lways a p r o d u c t  o f  t h e  t o r s i o n a l  c o n t r o l  parameter  and a c o n s t a n t .  
I n  ou t -o f -phase t e s t s ,  one c o n t r o l  parameter  l a g s  t h e  o t h e r  by an a r b i t r a r y  
phase s h i f t  (90" i s  u s u a l l y  r e c o g n i z e d  as b e i n g  t h e  worst case i n  a x i a l -  
t o r s i o n a l  t e s t i n g ) .  I nphase  l o a d i n g  produces  p r i n c i p a l  s t r e s s e s  and s t r a i n s  
t h a t  have a f i x e d  o r i e n t a t i o n  w i t h  r e s p e c t  t o  t h e  geometry  o f  t h e  specimen; 
whereas out -of -phase l o a d i n g  causes t h e  d i r e c t i o n s  o f  t h e  p r i n c i p a l  s t r e s s e s  
and s t r a i n s  t o  r o t a t e  w i t h  t i m e .  A g e n e r a l  m u l t i a x i a l  l i f e  p r e d i c t i o n  t h e o r y  
must  t a k e  i n t o  c o n s i d e r a t i o n  t h i s  n o n - p l a n e - s p e c i f i c  d e f o r m a t i o n .  

These phenomena make i t  impruden t  t o  p r e d i c t  t h e  l i v e s  of components, 
wh ich  se ldom see p u r e l y  u n i a x i a l  s t a t e s  o f  s t r e s s  and s t r a i n  i n  t h e i r  opera-  
t i n g  env i ronmen t ,  based s o l e l y  on u n i a x i a l  f a t i g u e  d a t a .  

I n  t h e  p a s t  decade, s e v e r a l  i n v e s t i g a t o r s  have deve loped m u l t i a x i a l  
f a t i g u e  t e s t i n g  c a p a b i l i t i e s  w i t h  t h e  i n t e n t i o n  o f  g a i n i n g  i n s i g h t  i n t o  t h e  
damage mechanisms a s s o c i a t e d  w i t h  m u l t i a x i a l  f a t i g u e .  To d a t e ,  m u l t i a x i a l  
f a t i g u e  t e s t i n g  p rocedures  have n o t  been s t a n d a r d i z e d .  I n  o r d e r  t o  assess  t h e  
s t a t u s  o f  m u l t i a x i a l  f a t i g u e  t e s t i n g  c a p a b i l i t i e s  o f  d i f f e r e n t  l a b o r a t o r i e s ,  a 
r o u n d - r o b i n  p rogram ( a  p rog ram where i d e n t i c a l  t e s t s  a r e  per formed a t  s e v e r a l  
l a b o r a t o r i e s )  was o r g a n i z e d  by  t h e  t a s k  g roup  on  m u l t i a x i a l  f a t i g u e  r e s e a r c h  
o f  ASTM commi t tee  E-09. The goa l  o f  t h i s  p rogram was t o  e s t a b l i s h  t h e  ground 
work for  an ASTM s t a n d a r d  on  m u l t i a x i a l  f a t i g u e  t e s t i n g .  Each l a b o r a t o r y  i n  
t h e  program was r e q u e s t e d  t o  p e r f o r m  room t e m p e r a t u r e ,  i nphase ,  a x i a l - t o r s i o n a l  
f a t i g u e  t e s t s  on  304 s t a i n l e s s  s t e e l  a t  two d i f f e r e n t  s t r a i n  a m p l i t u d e s .  To 
m o n i t o r  c r a c k  f o r m a t i o n  and g rowth ,  l a b o r a t o r i e s  w e r e  r e q u i r e d  t o  pe r fo rm c e l -  
l u l o s e  f i l m  s u r f a c e  r e p l i c a t i o n s  a t  s p e c i f i e d  l i f e  i n t e r v a l s .  

The r e s u l t s  o f  t h i s  r o u n d - r o b i n  p rogram wou ld  a l s o  show t h e  e x t e n t  of v a r -  
i a b i l i t y  i n  t h e  d a t a  p roduced,  and t h e  s t r e n g t h s  and shor tcomings  of t h e  v a r i -  
ous specimen des igns  and t e s t i n g  equ ipment .  

The r e s u l t s  o f  t h e  i nphase  a x i a l - t o r s i o n a l  f a t i g u e  t e s t s  conducted  i n  t h e  
H igh  Temperature F a t i g u e  and S t r u c t u r e s  L a b o r a t o r y  o f  NASA Lewis  Research Cen- 
t e r  a r e  p r e s e n t e d  i n  t h i s  r e p o r t .  I n  t h e  d i s c u s s i o n  s e c t i o n ,  t h r e e  d i f f e r e n t  
m u l t i a x i a l  l i f e  p r e d i c t i o n  models  were u t i l i z e d  t o  p r e d i c t  t h e  f a t i g u e  l i v e s  of 
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t h e  specimens under  t h e  p r e s c r i b e d  l o a d i n g  c o n d i t i o n s .  T h i s  a n a l y s i s  was p e r -  
fo rmed t o  compare t h e  p r e d i c t i v e  c a p a b i l i t i e s  o f  t h e  models as w e l l  as t o  bound 
t h e  e x p e r i m e n t a l  d a t a .  The e x p e r i e n c e  o b t a i n e d  from t h i s  sma l l  p rogram w i l l  be 
u t i l i z e d  t o  o p t i m i z e  t h e  specimen d e s i g n  and improve t h e  e x p e r i m e n t a l  p r o c e d u r e  
f o r  f u t u r e  m u l t i a x i a l  f a t i g u e  t e s t i n g  a t  t h e  NASA Lewis Research C e n t e r .  

EXPERIMENTAL EQUIPMENT 

The d e t a i l s  o f  t h e  equipment  used f o r  t h e  i nphase  a x i a l - t o r s i o n a l  f a t i g u e  
t e s t s  a r e  p r e s e n t e d  i n  t h e  f o l l o w i n g  four s u b s e c t i o n s :  Specimen Geometry and 
Sur face  P r e p a r a t i o n ,  A x i a l - T o r s i o n a l  Load Frame, Ex tensomet ry ,  and Real-Time 
T e s t  C o n t r o l  and Da ta  A c q u i s i t i o n  System. D e t a i l s  o f  t h e  b i a x i a l  t e s t i n g  
f a c i l i t i e s  a v a i l a b l e  i n  t h e  H i g h  Temperature F a t i g u e  and S t r u c t u r e s  L a b o r a t o r y  
of t h e  NASA Lewis  Research Cen te r  were r e p o r t e d  by  McGaw and B a r t o l o t t a  
( r e f .  5). 

Specimen Geometry and S u r f a c e  P r e p a r a t i o n  

The geomet ry  o f  t h e  specimen used i n  t h i s  p rogram i s  shown i n  f i g u r e  2 .  
The t h i n - w a l l e d  t u b e  d e s i g n  has become one o f  t h e  accep ted  g e o m e t r i e s  for 
m u l t i a x i a l  t e s t i n g .  T h i s  d e s i g n  was chosen o v e r  t h e  c r u c i f o r m  and b i d i r e c -  
t i o n a l  bend ing  specimens because o f  i t s  decoup led  response,  r e l a t i v e  l a c k  of 
s t r a i n  g r a d i e n t s ,  and ease o f  f a b r i c a t i o n .  A compromise amongst b u c k l i n g  s t a -  
b i l i t y ,  m i n i m i z a t i o n  o f  t h e  r a d i a l  s t r a i n  v a r i a t i o n ,  and f a b r i c a b i l i t y  has 
de te rm ined  t h e  d imens ions  o f  t h e  c u r r e n t  specimen. The mean d i a m e t e r  o f  t h e  
a x i a l - t o r s i o n a l  t u b u l a r  specimen i s  abou t  8 t o  10 t i m e s  l a r g e r  t h a n  t h e  diame- 
t e r s  o f  t h e  specimens used i n  most u n i a x i a l  f a t i g u e  t e s t s .  The l e n g t h  and 
c r o s s - s e c t i o n a l  a r e a  o f  t h e  a x i a l - t o r s i o n a l  t u b u l a r  specimen a r e  a p p r o x i m a t e l y  
two and f i v e  t i m e s  t h a t  o f  t h e  u n i a x i a l  f a t i g u e  specimens, r e s p e c t i v e l y .  

T u b u l a r  f a t i g u e  specimens pose prob lems t h a t  a r e  n o t  n o r m a l l y  encoun te red  
i n  t h e  t e s t i n g  o f  s o l i d  specimens.  T u b u l a r  specimens have two s u r f a c e s  from 
wh ich  c r a c k s  can i n i t i a t e  and p r o p a g a t e .  Because f a t i g u e  i s  p r e d o m i n a n t l y  a 
su r face  i n i t i a t e d  p rocess  ( r e f .  6 > ,  t h e  h i g h e r  su r face - to -vo lume r a t i o  of a 
t u b e  can have a d e t r i m e n t a l  i n f l u e n c e  on  l i f e .  I ndeed ,  E l l i s  ( r e f .  7 > ,  w h i l e  
document ing  t h e  r e s u l t s  o f  an i n t e r l a b o r a t o r y  u n i a x i a l  f a t i g u e  t e s t  p rogram on  
a l l o y  800 H, obse rved  t h a t  t h e  f a t i g u e  l i v e s  o b t a i n e d  w i t h  t h e  t u b u l a r  s p e c i -  
mens were l o w e r  t h a n  those  o b t a i n e d  w i t h  s o l i d  specimens.  I n  a d d i t i o n ,  d u r i n g  
t h e  f a b r i c a t i o n  p r o c e s s  o f  a t u b u l a r  spec imen,  i t  i s  d i f f i c u l t  t o  p roduce  a 
f i n i s h  on  t h e  b o r e  s u r f a c e  wh ich  i s  as good as t h e  f i n i s h  on  t h e  e x t e r i o r  
s u r f a c e .  

To address  t h i s  p rob lem,  t h e  o r i g i n a l  specimen m a c h i n i n g  i n s t r u c t i o n s  s p e c i -  
f i e d  t h a t  t h e  i n n e r  s u r f a c e  have a number 8 m i c r o f i n i s h .  A f t e r  f a b r i c a t i o n ,  
t h e  su r face  f i n i s h  of t h e  b o r e  was i n s p e c t e d  t o  ensure  t h a t  t h e  m a c h i n i n g  spec- 
i f i c a t i o n s  were met.  However, because o f  t h e  l i m i t a t i o n s  o f  t h e  i n s p e c t i o n  
equ ipment ,  i t  was n o t  p o s s i b l e  t o  measure t h e  i n t e r n a l  s u r f a c e  f i n i s h  a t  t h e  
m i d s e c t i o n  o f  t h e  specimen. I n  f a c t ,  even though t h e  i n t e r n a l  d i a m e t e r  of t h e  
t u b u l a r  specimen used i n  t h i s  s t u d y  i s  f a i r l y  l a r g e ,  i t  i s  d i f f i c u l t  t o  g e t  a 
good i n t e r n a l  s u r f a c e  f i n i s h  w i t h  c o n v e n t i o n a l  mechan ica l  p o l i s h i n g  t e c h n i q u e s .  
I n  t h e  p resence  o f  t o r s i o n a l  l o a d s ,  t h e  h i g h e s t  s t r a i n s  o c c u r  a t  t h e  o u t e r  s u r -  
face .  Thus, because o f  t h e  n a t u r e  o f  t h e  a x i a l - t o r s i o n a l  i nphase  l o a d i n g ,  
c r a c k s  a r e  more l i k e l y  t o  o r i g i n a t e  a t  t h e  o u t e r  s u r f a c e  o f  t h e  t u b u l a r  s p e c i -  
men. T h i s  i s  t h e  case p r o v i d e d  t h a t  t h e  i n t e r n a l  and e x t e r n a l  s u r f a c e  f i n i s h e s  
a r e  of equa l  q u a l i t y .  
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I n  o r d e r  t o  d e t e c t  sma l l  c r a c k s  and m o n i t o r  t h e i r  p r o p a g a t i o n  w i t h  s u r f a c e  
r e p l i c a t i o n ,  t h e  e x t e r n a l  s u r f a c e s  o f  a l l  specimens i n  t h e  r o u n d - r o b i n  p rogram 
were p o l i s h e d  t o  a u n i f o r m  f i n i s h  a t  t h e  U n i v e r s i t y  o f  I l l i n o i s  a t  Urbana-  I 
Champaign. I n t e r n a l  s u r f a c e s  were p r e p a r e d  by t h e  i n d i v i d u a l  p a r t i c i p a n t s  i n  1 
t h e  p rogram,  and hence were n o t  u n i f o r m  from p a r t i c i p a n t  t o  p a r t i c i p a n t .  I 

A x i a l - T o r s i o n a l  Load Frame I 

The MTS 880 l o a d  f rame used i n  t h i s  program i s  c o n f i g u r e d  t o  a p p l y  I 
223 kN i n  t e n s i o n  and compress ion and 2 . 2 6  kN-m i n  t o r s i o n .  The h y d r a u l i c  
c o l l e t  g r i p s  were des igned  by MTS f o r  a 49.2-mm o u t e r - d i a m e t e r  smooth shank I 

spec imen.  The g r i p p i n g  p r e s s u r e  i s  a d j u s t a b l e  t o  m a t e r i a l  t y p e  and l o a d i n g  I 
c o n d i t i o n s .  The l o a d  f rame i s  a s t a n d a r d  u n i a x i a l  f rame t h a t  i s  r a t e d  for I 
much h i g h e r  a x i a l  l oads  b u t  i s  used i n  t h i s  a p p l i c a t i o n  fo r  t h e  a d d i t i o n a l  to r -  1 
s i o n a l  s t i f f n e s s .  The r e p r o d u c i b i l i t y  o f  t h e  l o a d  t r a i n  a l i g n m e n t  was t e s t e d  
w i t h  a s t r a i n - g a g e d  specimen. The bend ing  s t r a i n s  were w i t h i n  ASTM recommended 
s t a n d a r d s  for a x i a l  l o a d  f rames.  

Ex tensomet ry  I 

The M T S  a x i a l - t o r s i o n a l  h i g h - t e m p e r a t u r e  ex tensometer  (model 632.68C-05) I 

was used t o  measure t h e  a x i a l  and t o r s i o n a l  s t r a i n s .  The ex tensomete r  ( f i g .  3 )  1 
has two q u a r t z  p robes .  The t o p  probe i s  f i x e d  i n  t h e  t a n g e n t i a l  d i r e c t i o n  w i t h  I 
r e s p e c t  t o  t h e  b o t t o m  p robe  and senses o n l y  a x i a l  d i s p l a c e m e n t s ,  w h i l e  t h e  b o t -  1 
tom probe  i s  f i x e d  i n  t h e  a x i a l  d i r e c t i o n  w i t h  r e s p e c t  t o  t h e  t o p  p robe  and 
senses o n l y  t a n g e n t i a l  ( a n g u l a r )  d i s p l a c e m e n t s .  T h i s  a r rangement  a l l o w s  t h e  I 

e x tensomete r  t o  move w i t h  t h e  r i g i d  body t r a n s l a t i o n s  o f  t h e  specimen.  

Two i n d e n t a t i o n s  were p ressed  i n t o  t h e  spec imen 's  o u t e r  s u r f a c e  t o  p r e v e n t  
t h e  ex tensomete r  from s l i p p i n g .  
w i t h i n  t h e  s t r a i g h t  s e c t i o n  o f  t h e  specimen. The d e p t h  o f  t h e  i n d e n t a t i o n s  was 
d e t e r m i n e d  t o  be i m p o r t a n t .  I n d e n t a t i o n s  t h a t  were too s h a l l o w  wou ld  a l l o w  t h e  
ex tensomete r  t o  s l i p  o u t  a t  h i g h  t o r s i o n a l  s t r a i n s .  I n d e n t a t i o n s  p r e s s e d  too 
d e e p l y  i n t o  t h e  specimen caused t h e  i n t e r i o r  s u r f a c e  o f  t h e  specimen t o  b u l g e ,  
p r o d u c i n g  an u n d e s i r a b l e ,  and p o t e n t i a l l y  d e s t a b i l i z i n g ,  d i s c o n t i n u i t y  i n  t h e  
specimen geomet ry .  The method c u r r e n t l y  b e i n g  used t o  make t h e  i n d e n t a t i o n s  i s  
to  p r e s s  them w i t h  an MTS s u p p l i e d  f i x t u r e  and a mechan ica l  p r e s s .  A more 
a c c u r a t e  i n d e n t i n g  t e c h n i q u e  i n c o r p o r a t i n g  a d i s p l a c e m e n t  c o n t r o l l e d  f i x t u r e  i s  
under  deve lopment .  Two s p r i n g - l o a d e d  c a n t i l e v e r  arms a c t i n g  on  t h e  ends of t h e  
q u a r t z  p robes  keep t h e  ex tensometer  i n  c o n t a c t  w i t h  t h e  specimen and a l s o  sup- 
p o r t  t h e  w e i g h t  o f  t h e  ex tensometer  body ( f i g .  3 ) .  

The i n d e n t a t i o n s  were p l a c e d  25 mm a p a r t  

The ex tensometer  was c a l i b r a t e d  by  MTS and was shown t o  d i s p l a y  l e s s  t h a n  
1 p e r c e n t  c r o s s t a l k  between t h e  a x i a l  and t o r s i o n a l  s t r a i n  measurements. C a l i -  
b r a t i o n  was v e r i f i e d  b e f o r e  and a f t e r  t h e  r o u n d - r o b i n  p rogram was conducted  and 
was f o u n d  t o  be w i t h i n  a c c e p t a b l e  l i m i t s .  The ex tensometer  i s  capab le  of meas- 
u r i n g  e 1 0 . 0  p e r c e n t  a x i a l  s t r a i n  and 24 .2  p e r c e n t  shear  s t r a i n  ( e q u i v a l e n t  t o  
a t w i s t  a m p l i t u d e  of 5"  w i t h i n  a 25-mm gage s e c t i o n ) .  
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Real-Time T e s t  C o n t r o l  and Da ta  A c q u i s i t i o n  System 

A Da ta  Genera l  SI20 computer  system i n t e r f a c e d  t o  d i g i t a l - t o - a n a l o g  ( D / A )  
and a n a l o g - t o - d i g i t a l  ( A / D >  c o n v e r t e r s  was used t o  g e n e r a t e  t h e  s e r v o c o n t r o l l e r  
command waveform and a c q u i r e  d a t a  from t h e  a x i a l  and t o r s i o n a l  l o a d ,  s t r a i n ,  
and s t r o k e  t r a n s d u c e r s .  Da ta  on  a l l  s i x  channe ls  were a c q u i r e d  a t  500 p o i n t s  
p e r  c y c l e .  Da ta  were c o l l e c t e d  c o n t i n u o u s l y  d u r i n g  t h e  f i r s t  10 c y c l e s  and a t  
l o g a r i t h m i c  i n t e r v a l s  t h e r e a f t e r .  S p e c i f i c a t i o n s  o f  t h e  computer  s y s t e m s  and 
p e r i p h e r a l  hardware a r e  shown i n  t a b l e  I. The t e s t  c o n t r o l  s o f t w a r e  was w r i t -  
t e n  i n  Pasca l  w i t h  d e v i c e  d r i v e r  p rocedures  w r i t t e n  i n  assemb le r .  The s o f t w a r e  
t a k e s  advantage o f  t h e  m u l t i t a s k i n g  a b i l i t i e s  o f  t h e  S/20 computer  t o  o u t p u t  
d a t a  t o  h a r d  d i s k  s t o r a g e  and p e r f o r m  t e s t  c o n t r o l  f u n c t i o n s  s i m u l t a n e o u s l y .  

EXPERIMENTAL PROCEDURE 

The e x p e r i m e n t a l  t e s t  m a t r i x  was p r e p a r e d  by  t h e  o r g a n i z e r s  o f  t h e  round-  
r o b i n  program. Two inphase a x i a l - t o r s i o n a l  f a t i g u e  t e s t s  o f  d i f f e r e n t  s t r a i n  
a m p l i t u d e s  were s p e c i f i e d .  Two a d d i t i o n a l  t e s t s ,  d u p l i c a t i n g  t h e  s t r a i n  c o n d i -  
t i o n s  of t h e  p r e s c r i b e d  t e s t s ,  were a l s o  pe r fo rmed  w i t h o u t  any pauses for s u r -  
face r e p l i c a t i o n .  A l l  t h e  exper imen ts  were conducted  a t  room t e m p e r a t u r e  i n  
a i r  under  s t r a i n  c o n t r o l .  The m a t e r i a l  s e l e c t e d  f o r  t h e  program by  t h e  ASTM 
t a s k  g roup  was A I S 1  304 s t a i n l e s s  s t e e l .  I t  was chosen because o f  t h e  r e l a -  
t i v e l y  l a r g e  q u a n t i t y  o f  m u l t i a x i a l  f a t i g u e  d a t a  t h a t  e x i s t e d  f o r  an a v a i l a b l e  
h e a t  of t h i s  m a t e r i a l .  The m a t e r i a l  f o r  t h e  r o u n d - r o b i n  p rogram was s u p p l i e d  
by  t h e  U n i v e r s i t y  o f  I l l i n o i s  a t  Urbana-Champaign. The chemica l  c o m p o s i t i o n  
o f  t h e  304 s t a i n l e s s  s t e e l  i s  shown i n  t a b l e  11. 

A t  t h e  b e g i n n i n g  o f  each t e s t ,  a p rocedure  was used t o  g r a d u a l l y  i n c r e a s e  
t h e  c o m p l e t e l y  r e v e r s e d  ( R  = - 1 )  a m p l i t u d e  o f  t h e  s i n e  wave o v e r  f i v e  c y c l e s  t o  
t h e  r e q u i r e d  m a t r i x  s t r a i n  a m p l i t u d e .  These f i v e  c y c l e s  were n o t  c o u n t e d  i n  
t h e  l i f e  o f  t h e  specimen, and no  d a t a  were c o l l e c t e d  d u r i n g  t h e s e  c y c l e s .  

T e s t  M a t r i x  

The t e s t  m a t r i x  
allowed by the round 
mined,  p a r t i c u l a r l y  

used 
robin 
n t h e  

n 
P 
h 

t h i s  s t u d y  i s  shown i n  t a b  
ogram ranged from 0.1 to 1 .  
g h - s t r a i n  reg ime ,  t h a t  t h e  

e 111. The f r e q u e n c i e s  
0 Hz. It was deter- 
h e a t  g e n e r a t i o n  due t o  

p l a s t i c  work wou ld-cause e x p e r i m e n t a l  d i f f i c u l t i e s .  
c y c l e d  a t  t h e  h i g h e r  s t r a i n  a m p l i t u d e  a t  a f r e q u e n c y  o f  0.5 Hz, t h e  s teady -  
s t a t e  t e m p e r a t u r e  o f  t h e  specimen r o s e  o v e r  100 "C.  W i t h  t h e  f r e q u e n c y  reduced  
t o  t h e  l o w e s t  a l l o w a b l e  v a l u e  o f  0.1 Hz, t h e  t e m p e r a t u r e  s t i l l  r o s e  o v e r  40 " C .  
These t e m p e r a t u r e  i n c r e a s e s  do  n o t  s i g n i f i c a n t l y  e f f e c t  t h e  b u l k  p r o p e r t i e s  of 
t h e  m a t e r i a l ,  b u t  t h e y  d i d  cause a t h e r m a l  e x p a n s i o n / c o n t r a c t i o n  p r o b l e m  d u r i n g  
t h e  z e r o  s t r e s s / z e r o  s t r a i n  s u r f a c e  r e p l i c a t i o n  pauses .  D u r i n g  t h e  pause t h e  
specimen would cool and t h e  s e r v o c o n t r o l l e r  (under  s t r a i n  c o n t r o l )  wou ld  com- 
pensa te  for t h e  the rma l  s t r a i n  by  i n c r e a s i n g  t h e  t e n s i l e  l o a d .  A f t e r  c y c l i n g  
t h e  specimen fo r  500 c y c l e s  a t  t h e  h i g h e r  s t r a i n  a m p l i t u d e s  o f  t h e  t e s t  m a t r i x  
w i t h  a f requency  o f  0.5 Hz, t h e  t e n s i l e  s t r e s s  d u r i n g  t h e  su r face  r e p l i c a t i o n  
pause approached 297 MPa, an u n a c c e p t a b l y  h i g h  v a l u e .  To a v o i d  t h i s  p r o b l e m  
t h e  t e s t s  were a l l  r u n  a t  t h e  lowest a l l o w a b l e  f r e q u e n c y  (0.1 H z ) ,  and a p roce -  
d u r e  was added t o  t h e  t e s t  c o n t r o l  s o f t w a r e  wh ich  h e l d  t h e  a x i a l  s t r a i n  a t  z e r o  
u n t i l  t h e  specimen c o o l e d  and t h e n  deformed t h e  specimen p l a s t i c a l l y  t o  r e a c h  
a z e r o  l o a d ,  z e r o  s t r a i n  c o n d i t i o n .  

When t h e  specimen was 

5 



S u r f a c e  Rep1 i c a t i o n  

A s  s p e c i f i e d  by t h e  r o u n d - r o b i n  o r g a n i z e r s  ( t a b l e  1111, s u r f a c e  r e p l i c a s  
w e r e  taken  e v e r y  5000 c y c l e s  f o r  t h e  l o w e r  s t r a i n  a m p l i t u d e  t e s t  and e v e r y  500 
c y c l e s  i n  t h e  h i g h e r  s t r a i n  a m p l i t u d e  t e s t .  No s u r f a c e  r e p l i c a t i o n  was p e r -  
fo rmed i n  t h e  d u p l i c a t e  t e s t s ,  so no pauses w e r e  r e q u i r e d .  Because t h e  e x t e n -  
s o m e t e r  and i t s  f i x t u r i n g  would n o t  a l l o w  t h e  comple te  gage s e c t i o n  t o  be 
r e p l i c a t e d ,  t h e y  w e r e  removed a t  each r e p l i c a t i o n  pause. A c e t y l  c e l l u l o s e  f i l m  
(0.034 mm t h i c k )  a p p l i e d  w i t h  ace tone  was used t o  r e c o r d  t h e  topography  of t h e  
spec imen 's  o u t e r  s u r f a c e .  
Each r e p l i c a  was a p p r o x i m a t e l y  1 . 5  by  2 i n .  so t h a t  t h e r e  was some o v e r l a p  i n  
r e p l i c a t i o n .  Reference marks,  e t c h e d  on  t h e  s h o u l d e r  o f  t h e  specimen p r i o r  t o  
i t s  i n s t a l l a t i o n  i n  t h e  g r i p s ,  were used t o  r e c o r d  t h e  o r i e n t a t i o n  and p o s i t i o n  
o f  each r e p l i c a .  

Four  r e p l i c a s  w e r e  t a k e n  around t h e  gage s e c t i o n .  

EXPERIMENTAL RESULTS 

F a t i g u e  L i v e s  and t h e  N a t u r e  o f  H y s t e r e s i s  Loops 

The lower s t r a i n  a m p l i t u d e  ( 0 . 2 5  p e r c e n t  a x i a l  and 0.433 p e r c e n t  t o r s i o n a l )  
t e s t  was i n t e r r u p t e d  a t  5000 c y c l e  i n t e r v a l s  and r e p l i c a s  o f  t h e  e x t e r n a l  s u r -  
f a c e  were t a k e n .  Examina t ion  o f  t h e  r e p l i c a s  and o f  t h e  specimen s u r f a c e  a t  
each i n t e r v a l  showed no  a p p a r e n t  c r a c k i n g .  The specimen f a i l e d  because of an 
i n t e r n a l  c r a c k  a t  2 3  278  c y c l e s  ( f o u r  s u r f a c e  r e p l i c a t i o n s ) .  The h i g h e r  s t r a i n  
a m p l i t u d e  t e s t  (0.6 p e r c e n t  a x i a l  and 1 . 0  p e r c e n t  t o r s i o n a l )  was i n t e r r u p t e d  
a f t e r  e v e r y  500 c y c l e s  t o  r e p l i c a t e  t h e  s u r f a c e .  T h i s  specimen f a i l e d  a f t e r  
1971 c y c l e s  ( t h r e e  s u r f a c e  r e p l i c a t i o n s ) .  Aga in ,  a t  each i n t e r v a l  no  e x t e r n a l  
c r a c k i n g  was obse rved  i n  e i t h e r  t h e  r e p l i c a s  or t h e  specimen. D u p l i c a t e s  of 
each t e s t ,  wh ich  were n o t  paused fo r  s u r f a c e  r e p l i c a t i o n ,  f a i l e d  a t  36  086 and 
2081 c y c l e s  r e s p e c t i v e l y .  The f i n a l  f a i l u r e  c r a c k  i n  a l l  cases was l a r g e  
enough t o  cause t h e  ex tensometer  t o  s l i p  o u t  o f  t h e  i n d e n t a t i o n s .  When t h i s  
o c c u r r e d  a p r e s e t  e l e c t r o n i c  l i m i t  was t r i p p e d  and t h e  h y d r a u l i c s  were s h u t  
down. E f fo r t s  a r e  b e i n g  made t o  i n t r o d u c e  a d d i t i o n a l  programmed l i m i t s  i n  t h e  
so f tware .  These s o f t w a r e  l i m i t s  w i l l  be s e n s i t i v e  t o  r a t e s  o f  peak l o a d  d rop -  
off  and w i l l  a l l o w  t e s t s  t o  be s h u t  down soon a f t e r  t h e  deve lopment  o f  a s i z a -  
b l e  c r a c k  i n  t h e  specimen. The s o f t w a r e  l i m i t s  w i l l  a l s o  p r e v e n t  t h e  s l i p p a g e  
of t h e  ex tensometer  from t h e  i n d e n t a t i o n  as t h e  specimen beg ins  t o  f a i l ,  t h u s  
p r e v e n t i n g  p o s s i b l e  damage t o  t h e  ex tensomete r .  
f a t i g u e  d a t a  genera ted  i n  t h i s  p rogram a r e  shown i n  t a b l e  I V .  

I nphase  a x i a l - t o r s i o n a l  

The h i g h -  and l o w - s t r a i n - a m p l i t u d e  h y s t e r e s i s  l o o p s  fo r  t h e  i n t e r r u p t e d  
t e s t s  a r e  p r e s e n t e d  i n  f i g u r e s  4 and 5 .  A x i a l  and t o r s i o n a l  d a t a  a r e  p r e s e n t e d  
f o r  t h e  f o l l o w i n g  t h r e e  cases :  ( 1 )  b e g i n n i n g  o f  t e s t ,  ( 2 )  near  h a l f - l i f e ,  and 
( 3 )  near  end o f  t e s t .  

These h y s t e r e s i s  l o o p s  show some unusua l  m a t e r i a l  b e h a v i o r .  Shear s t r e s s  
i n  t h e  t o r s i o n a l  h y s t e r e s i s  l o o p s  o f  t h e  h i g h e r  s t r a i n  a m p l i t u d e  t e s t  e x h i b i t e d  
a sma l l  r e d u c t i o n  near  t h e  peak t o r s i o n a l  s t r a i n s .  To v e r i f y  whether  t h i s  phe- 
nomenon was due t o  a m a t e r i a l - i n d u c e d  c o u p l i n g  between t h e  a x i a l  and t o r s i o n a l  
de fo rma t ions ,  t h e  h i g h e r  s t r a i n  t e s t  was conducted  on  a n o t h e r  specimen w i t h  
o n l y  t h e  t o r s i o n a l  d e f o r m a t i o n  imposed. T h i s  t e s t  showed no f l a t t e n i n g  o r  
dropof f  of t h e  t o r s i o n a l  s t r e s s  as t h e  s t r a i n  approached i t s  peak v a l u e s .  Four  
a d d i t i o n a l  v e r i f i c a t i o n  t e s t s  were r u n ,  each w i t h  an i n c r e a s e d  amount o f  p r o -  
p o r t i o n a l  a x i a l  s t r a i n  super imposed on  t h e  f u l l  a m p l i t u d e  t o r s i o n a l  s t r a i n .  
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Each t i m e  t h e  a x i a l  s t r a i n  was inc remen ted ,  t h e  specimen was a l l o w e d  t o  s t a b i l -  
i z e  o v e r  20 t o  30 c y c l e s .  
i s o t r o p i c  h a r d e n i n g .  The f l a t t e n i n g  o f  t h e  t o r s i o n a l  l o o p  i n  t h e s e  t e s t s  was 
p r o p o r t i o n a l  t o  t h e  amount o f  a x i a l  s t r a i n  imposed. T h i s  seems t o  i n d i c a t e  
t h a t  t h e  imposed a x i a l  s t r e s s  a l l o w s  t h e  m a t e r i a l  t o  f low more r e a d i l y  i n  t h e  
t o r s i o n a l  d i  r e c  t i o n .  

T h i s  was done t o  remove t h e  e f f e c t  of t r a n s i e n t  

I n  von Mises  e q u i v a l e n t  s t r e s s / s t r a i n  space one would e x p e c t  t h e  y i e l d  and 
p l a s t i c  flow b e h a v i o r  t o  be s i m i l a r  t o  t h e  p u r e  shear  c o n d i t i o n  f o r  an i n i t i a l -  
l y  i s o t r o p i c  m a t e r i a l  ( r e f .  8 ) .  T h i s  q u a l i t a t i v e l y  e x p l a i n s  why t h e  t o r s i o n a l  
l o o p  f l a t t e n s  w i t h  t h e  a d d i t i o n  o f  an inphase a x i a l  d e f o r m a t i o n ,  b u t  i t  does 
n o t  e x p l a i n  t h e  sma l l  d r o p  i n  t o r s i o n a l  s t r e s s  near  t h e  peak .  F u r t h e r  e x p e r i -  
m e n t a t i o n  and a n a l y s i s  a r e  r e q u i r e d  t o  d e t e r m i n e  how much o f  t h e  f l a t t e n i n g  of 
t h e  t o r s i o n a l  l o o p  i s  due t o  k i n e m a t i c  t r a n s l a t i o n  a n d / o r  r o t a t i o n  of t h e  y i e l d  
s u r f a c e  and how much o f  t h i s  f l a t t e n i n g ,  i f  any,  i s  due t o  e x t r u s i o n - i n d u c e d  
a n i s o t r o p y  i m p a r t e d  i n  t h e  f a b r i c a t i o n  o f  t h e  b a r  stock. 

M e t a l l o g r a p h i c  s t u d i e s  were per fo rmed on  an undeformed specimen t o  d e t e r -  
mine t h e  e x t e n t  o f  work h a r d e n i n g  and t o  document t h e  m i c r o s t r u c t u r e  of t h e  
gage s e c t i o n .  A m i c r o g r a p h  o f  t h e  l o n g i t u d i n a l  s e c t i o n  o f  an undeformed s p e c i -  
men ( f i g .  6 )  c l e a r l y  shows s t r i n g e r s  a l o n g  t h e  d i r e c t i o n  o f  e x t r u s i o n .  S i m i l a r  
s t r i n g e r s  from t h e  same h e a t  o f  m a t e r i a l  were i d e n t i f i e d  w i t h  Auger a n a l y s i s  as 
manganese s u l f i d e  by  Bannan t ine  ( r e f .  9 ) .  However, x - ray  energy  d i s p e r s i o n  
s p e c t r a  s t u d i e s  on  t h e  s t r i n g e r s  f a i l e d  t o  r e v e a l  e i t h e r  Mn or S i n  t h i s  phase.  
I n  o r d e r  t o  d e t e r m i n e  t h e  phase o f  t h e  s t r i n g e r s ,  an a d d i t i o n a l  m e t a l l o g r a p h i c  
e x a m i n a t i o n  o f  t h e  same l o n g i t u d i n a l  s e c t i o n  was conducted  w i t h  a m o d i f i e d  
Murakami ' s  e t c h a n t  p roposed by Burgess and Forgeng ( r e f .  10). T h i s  e t c h a n t  
r e v e a l s  sigma phase as l i g h t  b l u e  and f e r r i t e  as y e l l o w .  C a r b i d e s  a r e  n o t  
a t t a c k e d  by  t h i s  e t c h a n t .  A s  can be seen i n  t h e  e n l a r g e d  v i e w  o f  t h e  l o n g i t u -  
d i n a l  s e c t i o n  ( f i g .  7 ) ,  t h e  s t r i n g e r s  a r e  e t c h e d  yel low i n d i c a t i n g  t h a t  t h e y  
a r e  e l o n g a t e d  f e r r i t e  g r a i n s .  These e l o n g a t e d  f e r r i t e  g r a i n s  s u p p o r t  t h e  
t h e o r y  t h a t  t h e r e  may be some e x t r u s i o n - i n d u c e d  a n i s o t r o p y .  

I n  a l l  t h e  t e s t s ,  as t h e  specimen approached f a i l u r e ,  b o t h  t h e  a x i a l  and 
t o r s i o n a l  h y s t e r e s i s  l oops  e x h i b i t e d  t h e  d o g l e g  b e h a v i o r  c h a r a c t e r i s t i c  of t h e  
p resence  of a dominant  c r a c k .  

S t r e s s  ve rsus  L i f e  Curves 

The p l o t s  o f  a x i a l  s t r e s s  and t o r s i o n a l  s t r e s s  ve rsus  c y c l e s  a r e  d e p i c t e d  
i n  f i g u r e  8 f o r  t h e  two s t r a i n  a m p l i t u d e s .  
t e s t s  a r e  p l o t t e d  a l o n g  w i t h  t h e  i n t e r r u p t e d  e x p e r i m e n t s .  The s t r e s s  amp1 i tude  
v e r s u s  a p p l i e d  c y c l e s  cu rves  f o r  a l l  t e s t s  show some i n i t i a l  h a r d e n i n g  f o l l o w e d  
by  c y c l i c  s o f t e n i n g  wh ich  c o n t i n u e d  u n t i l  f a i l u r e .  More s o f t e n i n g  was obse rved  
i n  t h e  a x i a l  d a t a  t h a n  i n  t h e  t o r s i o n a l  d a t a  f o r  b o t h  s t r a i n  a m p l i t u d e s .  

The c o n t i n u o u s  ( u n i n t e r r u p t e d )  

F a i l u r e  Modes 

F a i l u r e  o c c u r r e d  because o f  a s i n g l e  dominant  c r a c k  i n  a l l  spec imens.  
The f i n a l  f a i l u r e  c r a c k  a lways  i n i t i a t e d  on  t h e  i n t e r n a l  s u r f a c e .  E x t e r n a l  
su r face  r e p l i c a t i o n  p roved  t o  be f r u i t l e s s  because no  e x t e r n a l  c r a c k s  were 
d e t e c t a b l e  u n t i l  f i n a l  f a i l u r e .  I n  t h e  i n t e r r u p t e d  t e s t s  ( n o  h o n i n g ) ,  t h e  
I n t e r n a l  c r a c k s  ( w h i c h  were numerous, p a r t i c u l a r l y  i n  t h e  l o w - s t r a i n  reg ime)  
i n i t i a t e d  a t  c i r c u m f e r e n t i a l  m a c h i n i n g  marks l e f t  by  t h e  b o r i n g  o p e r a t i o n .  
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The dominant  c r a c k  p ropaga ted  by l i n k i n g  up w i t h  t h e  m u l t i t u d e  o f  s m a l l e r  
c r a c k s .  To a l l e v i a t e  t h i s  p rob lem,  t h e  i n t e r n a l  s u r f a c e  o f  t h e  specimens used 
f o r  t h e  u n i n t e r r u p t e d  t e s t s  was honed t o  a number 8 m i c r o f i n i s h .  C racks  s t i l l  
fo rmed p r e f e r e n t i a l l y  on t h e  i n t e r n a l  s u r f a c e  a t  t h e  smal l  m a c h i n i n g  marks 
l e f t  b y  t h e  h o n i n g  process  (45" t o  t h e  specimen a x i s ) .  I n  a l l  cases ,  r e g a r d -  
l e s s  o f  t h e  o r i e n t a t i o n  o f  t h e  i n i t i a l  c r a c k ,  t h e  dominant  c r a c k  p r o p a g a t e d  
p e r p e n d i c u l a r  t o  t h e  maximum normal  s t r e s s  d i r e c t i o n  ( a p p r o x i m a t e l y  60" from 
t h e  specimen a x i s ) .  

D I S C U S S I O N  

Exper imen ta l  R e s u l t s  

The u n i n t e r r u p t e d  t e s t s  show a somewhat s m a l l e r  amount o f  a x i a l  h a r d e n i n g  
t h a n  t h e  t e s t s  i n t e r r u p t e d  f o r  s u r f a c e  r e p l i c a t i o n  ( f i g .  8 ) .  The d i f f e r e n c e  i n  
h a r d e n i n g  b e h a v i o r  o f  honed ve rsus  unhoned specimens m i g h t  be due t o  t h e  degree 
of work h a r d e n i n g  o f  t h e  s u r f a c e s .  M ic rohardness  t e s t s  w e r e  pe r fo rmed  on  a 
b o r e d  specimen t o  d e t e r m i n e  v a r i a t i o n  i n  hardness i n  t h e  gage s e c t i o n  o f  an 
undeformed specimen. A s e c t i o n  from t h e  g r i p  o f  t h e  same specimen was a l s o  
t e s t e d  t o  o b t a i n  a r e f e r e n c e  ha rdness .  The gage s e c t i o n  e x h i b i t e d  h i g h e r  ha rd -  
ness v a l u e s  near  t h e  i n n e r  and o u t e r  s u r f a c e s  t h a n  a t  t h e  c e n t e r .  H i g h e r  a v e r -  
age hardness  was a l s o  obse rved  i n  t h e  gage s e c t i o n  compared t o  t h e  g r i p  s e c t i o n  
( f i g .  9 ) .  Honing  may have reduced  t h e  average i n i t i a l  hardness by remov ing  
some of t h e  p r e v i o u s l y  work hardened m a t e r i a l .  

I n  t h e  d u p l i c a t e  ( u n i n t e r r u p t e d )  t e s t s ,  two v a r i a b l e s  w e r e  changed w i t h  
r e s p e c t  t o  t h e  i n t e r r u p t e d  e x p e r i m e n t s .  F i r s t ,  t h e  bo res  o f  t h e  t u b u l a r  s p e c i -  
mens were honed t o  improve t h e  i n t e r n a l  s u r f a c e  f i n i s h .  I n  a d d i t i o n ,  t h e  
e x p e r i m e n t s  w e r e  n o t  i n t e r r u p t e d  f o r  t h e  purpose o f  e x t e r n a l  s u r f a c e  r e p l i c a -  
t i o n .  A s  a r e s u l t ,  i t  was n o t  necessa ry  t o  d ismount  and r e s e a t  t h e  extensom- 
e t e r .  These changes c o u l d  a f f e c t  ( e i t h e r  i n c r e a s e  or dec rease )  t h e  f a t i g u e  
l i f e  of t h e  specimen. A s  obse rved  i n  t a b l e  I V ,  t h e  u n i n t e r r u p t e d  i nphase  
a x i a l - t o r s i o n a l  f a t i g u e  l i f e  improved s i g n i f i c a n t l y  i n  t h e  h i g h - c y c l e  reg ime  
w h i l e  improvement  o f  f a t i g u e  l i f e  i n  t h e  l o w - c y c l e  reg ime  was m a r g i n a l .  Errors 
i n  r e s e a t i n g  t h e  ex tensometer  p robes  i n  t h e  i n d e n t a t i o n s  a f t e r  each su r face  
r e p l i c a t i o n  c o u l d  a l s o  have a f f e c t e d  t h e  f a t i g u e  l i f e  o f  t h e  i n t e r r u p t e d  
a x i a l - t o r s i o n a l  e x p e r i m e n t s  by  i n d u c i n g  a sma l l  amount o f  i n a d v e r t e n t  mean 
s t r a i n .  However, t h e  e f f e c t  o f  extensometer-removal-induced mean s t r a i n s  on  
f a t i g u e  l i f e  i s  n o t  l i k e l y  t o  be o f  t h e  same o r d e r  as t h e  e f f e c t  o f  h o n i n g .  

Compar ison o f  Observed F a t i g u e  L i v e s  t o  Those P r e d i c t e d  
by  M u l t i a x i a l  F a t i g u e  L i f e  Models 

The room- tempera ture  a x i a l ,  t o r s i o n a l ,  and a x i a l - t o r s i o n a l  f a t i g u e  p r o p e r -  
t i e s  of t h e  h e a t  o f  304 s t a i n l e s s  s t e e l  used i n  t h e  c u r r e n t  p rogram were w e l l  
c h a r a c t e r i z e d  a t  t h e  U n i v e r s i t y  o f  I l l i n o i s  ( r e f s .  4 and 9 ) .  E x p e r i m e n t a l l y  
obse rved  inphase  a x i a l - t o r s i o n a l  f a t i g u e  l i v e s  i n  t h e  c u r r e n t  p rogram were com- 
p a r e d  w i t h  t h e  p r e d i c t i o n s  o f  t h r e e  m u l t i a x i a l  f a t i g u e  l i f e  e s t i m a t i o n  models  
by  u s i n g  t h e  304 s t a i n l e s s  s t e e l  m a t e r i a l  c o n s t a n t s  r e p o r t e d  by Bannan t ine  
( r e f .  9 ) .  

Two o f  t h e  models used f o r  compar ison were ( 1 )  a m o d i f i e d  Smith-Watson- 
Topper (SWT) model ( r e f s .  4 and 1 1 )  and ( 2 )  S o c i e ' s  model ( r e f .  4 ) .  The l a t t e r  
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model t a k e s  i n t o  c o n s i d e r a t i o n  t h e  maximum shear  s t r a i n ,  t h e  s t r e s s  normal  t o  
t h e  p l a n e  o f  maximum shear ,  and t h e  mean s t r e s s  i n  e s t i m a t i n g  t h e  f a t i g u e  l i f e  
under  m u l t i a x i a l  c o n d i t i o n s .  I n  t h e  development  o f  these  two models (and t h e i r  
a s s o c i a t e d  c o n s t a n t s ) ,  f a i l u r e  was d e f i n e d  as t h e  i n i t i a t i o n  and g rowth  of an 
e x t e r n a l  s u r f a c e  c r a c k  t o  a l e n g t h  o f  1 mm. Because t h e  d e f i n i t i o n  of f a i l u r e  
f o r  t h e  e x p e r i m e n t s  r e p o r t e d  h e r e  i s  based on a l o n g e r  c r a c k  l e n g t h  ( 1 0  t o  
15 mm),  t h e  p r e d i c t e d  l i v e s  a r e  l i k e l y  t o  be on t h e  c o n s e r v a t i v e  (lower l i f e )  
s i d e .  A t h i r d  model p roposed by  Manson and H a l f o r d  ( r e f .  12) i n  t h e i r  d i s c u s -  
s i o n  o f  a paper  by  Zamr ik  e t  a l .  ( r e f .  13)  was a l s o  used t o  e s t i m a t e  t h e  
i nphase  a x i a l - t o r s i o n a l  f a t i g u e  l i v e s .  T h i s  model m o d i f i e s  t h e  e q u i v a l e n t  
i n e l a s t i c  s t r a i n  b y  a m u l t i a x i a l i t y  f a c t o r .  The e q u a t i o n s  f o r  a l l  t h r e e  
models a r e  p r e s e n t e d  i n  t h e  append ix .  

Graphs o f  t h e  m u l t i a x i a l  l i f e  p r e d i c t i o n  models and t h e  f a t i g u e  d a t a  gen- 
e r a t e d  i n  t h i s  p rogram a r e  shown i n  f i g .  10. The obse rved  and p r e d i c t e d  
f a t i g u e  l i v e s  a l s o  appear  i n  t a b l e  V .  I n  most cases t h e  f a t i g u e  l i v e s  obse rved  
i n  t h i s  p rogram were lower t h a n  t h e  p r e d i c t i o n s  o f  t h e  mode ls .  T h i s  i s  c o n t r a r y  
t o  t h e  e x p e c t a t i o n  s t a t e d  f o r  t h e  m o d i f i e d  SWT and Socie mode ls .  However, i t  
i s  n o t  a l t o g e t h e r  s u r p r i s i n g  s i n c e ,  i n  t h e  c u r r e n t  p rogram,  most o f  t h e  c r a c k -  
i n g  i n i t i a t e d  on  t h e  i n t e r n a l  s u r f a c e s  o f  t h e  t u b u l a r  specimens. 

A t  t h i s  s t a g e ,  i t  i s  d i f f i c u l t  t o  q u a n t i f y  t h e  e x t e n t  o f  r e d u c t i o n  of 
f a t i g u e  l i f e  due t o  i n t e r n a l  c r a c k i n g .  However, some i n d i c a t i o n  can be 
o b t a i n e d  from t h e  l i t e r a t u r e .  Bannan t ine  ( r e f .  9 > ,  w h i l e  t e s t i - n g  304 s t a i n l e s s  
s t e e l  i n  a x i a l - t o r s i o n a l  f a t i g u e ,  obse rved  m u l t i p l e  c r a c k s  on t h e  e x t e r n a l  s u r -  
face l o n g  b e f o r e  t h e  t u b u l a r  specimen f a i l e d .  I n  o u r  exper imen ts  no  c r a c k s  
were obse rved  on  t h e  o u t e r  s u r f a c e  p r i o r  t o  f a i l u r e .  Thus, p rematu re  c r a c k i n g  
due t o  f l a w s  i n  t h e  i n t e r n a l  s u r f a c e  f i n i s h  c o u l d  have reduced  t h e  obse rved  
f a t i g u e  l i v e s  i n  t h e  c u r r e n t  p rogram.  O v e r p r e d i c t i o n s  o f  t h e  f a t i g u e  l i v e s  by 
S o c i e ' s  shear  s t r a i n  parameter  were l a r g e r  t h a n  f o r  t h e  o t h e r  mode ls .  T h i s  i s  
due t o  t h e  f a c t  t h a t  S o c i e ' s  model was deve loped f o r  m a t e r i a l s  t h a t  e x h i b i t  
shear  c r a c k  f a i l u r e  whereas 304 s t a i n l e s s  s t e e l  f a i l s  p r e d o m i n a n t l y  on p l a n e s  
p e r p e n d i c u l a r  to  t h e  maximum t e n s i l e  s t r e s s  d i r e c t i o n  ( r e f .  9 ) .  

The f a t i g u e  l i v e s  obse rved  a r e  o p p o s i t e  t o  t h e  t r e n d  t h a t  i s  expec ted  from 
t h e  d i f f e r e n c e  i n  t h e  d e f i n i t i o n s  o f  f a i l u r e  o f  t h e  specimen. The d i f f e r e n c e  
i n  f a i l u r e  d e f i n i t i o n  between t h e  two programs s h o u l d  n o t  have a l a r g e  e f f e c t  
on  t h e  r e p o r t e d  f a t i g u e  l i v e s .  Because t h e  a x i a l  and t o r s i o n a l  l o a d s  d i d  n o t  
d r o p  o f f  u n t i l  t h e  l a s t  s e v e r a l  c y c l e s  o f  each t e s t  i t  can be i n f e r r e d  t h a t  t h e  
f i n a l  f a i l u r e  c r a c k  p ropaga ted  t h e  m a j o r i t y  o f  i t s  l e n g t h  o n l y  i n  t h e  l a s t  
f r a c t i o n  o f  a p e r c e n t  o f  t h e  l i f e .  

CONCLUSIONS 

The f o l l o w i n g  c o n c l u s i o n s  were drawn from t h e  r e s u l t s  of t h e  i nphase  
a x i a l - t o r s i o n a l  f a t i g u e  exper imen ts  on 304 s t a i n l e s s  s t e e l .  

1 .  The inphase  a x i a l - t o r s i o n a l  f a t i g u e  l i v e s  p r e d i c t e d  by t h e  m u l t i a x i a l  
f a t i g u e  l i f e  p r e d i c t i o n  models were h i g h e r  by  a f a c t o r  o f  two t h a n  t h o s e  
obse rved  i n  t h i s  p a r t  o f  t h e  r o u n d - r o b i n  p rogram e x c e p t  f o r  S o c i e ' s  mode l ,  t h e  
p r e d i c t i o n s  o f  wh ich  were h i g h e r  by  a f a c t o r  o f  t h r e e .  
h i g h e r  l i v e s  t h a n  t h o s e  obse rved  p r o b a b l y  because o f  p rematu re  c r a c k i n g  a t  t h e  
i n n e r  s u r f a c e  o f  t h e  t u b u l a r  specimen. 

The models p r e d i c t e d  
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2 .  E x t e r n a l  s u r f a c e  r e p l i c a t i o n s  t a k e n  i n  t h i s  s t u d y  p r o v i d e d  no u s e f u l  
i n f o r m a t i o n  because a l l  o f  t h e  t u b u l a r  specimens f a i l e d  due to  i n t e r n a l  
c r a c k i n g  . 

3.  Among t h e  t h r e e  d i f f e r e n t  m u l t i a x i a l  f a t i g u e  l i f e  p r e d i c t i o n  models 
used f o r  compar ing t h e  e x p e r i m e n t a l  and p r e d i c t e d  f a t i g u e  l i v e s ,  t h e  p r e d i c -  
t i o n s  by  t h e  Manson-Hal ford model and t h e  Smith-Watson-Topper model were c l o s e r  
t o  t h e  e x p e r i m e n t a l  r e s u l t s  t h a n  those  o b t a i n e d  by  t h e  Soc ie  shear  s t r a i n  
model .  T h i s  i s  a t t r i b u t a b l e  t o  t h e  t e n s i l e  mode o f  f a i l u r e  e x h i b i t e d  by  
304 s t a i n l e s s  s t e e l  a t  room t e m p e r a t u r e  and t h e  t e n s i l e  mode o f  f a i l u r e  empha- 
s i z e d  by  t h e  Manson-Hal ford and Smith-Watson-Topper models .  

4 .  The premature  f a i l u r e  o f  t u b u l a r  specimens due to  c r a c k  i n i t i a t i o n  a t  
t h e  i n n e r  s u r f a c e  can be m i n i m i z e d  by h o n i n g  t h e  bo re  o f  t h e  t u b u l a r  s p e c i -  
men. 
f a t i g u e  r e g i o n  t h a n  i n  t h e  l o w - c y c l e  f a t i g u e  r e g i o n .  

Hon ing  improved t h e  f a t i g u e  l i f e  t o  a g r e a t e r  e x t e n t  i n  t h e  h i g h - c y c l e  

5. M e t a l l o g r a p h i c  s t u d i e s  o f  t h e  specimen r e v e a l e d  t h e  p resence  o f  f e r -  
r i t e  s t r i n g e r s  a l o n g  t h e  a x i s  o f  t h e  t u b u l a r  spec imens.  
t h e s e  s t r i n g e r s  i n d i c a t e s  t h a t  t h e r e  m i g h t  be some e x t r u s i o n - i n d u c e d  a n i s o t r o p y  
i n  t h e  m a t e r i a l .  Such m i c r o s t r u c t u r e - r e l a t e d  a n i s o t r o p y  c o u l d  be r e s p o n s i b l e  
f o r  t h e  obse rved  f l a t t e n i n g  o f  t h e  t o r s i o n a l  h y s t e r e s i s  loops near  t h e  peak 
l o a d s .  The e x t e n t  t o  wh ich  t h i s  m i c r o s t r u c t u r a l  a n i s o t r o p y  a f f e c t s  t h e  d e f o r -  
m a t i o n  b e h a v i o r  o f  t h i s  m a t e r i a l  i s  as y e t  u n c h a r a c t e r i z e d .  

The o r i e n t a t i o n  o f  
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APPENDIX - MULTIAXIAL FATIGUE LIFE PREDICTION MODELS 

T h i s  append ix  c o n t a i n s  t h e  f u n c t i o n a l  forms o f  t h e  t h r e e  models  p r e s e n t e d  
i n  t h e  d i s c u s s i o n  s e c t i o n  o f  t h i s  paper .  

Symbol s 

ba 

bt 

Ct 

Ca 

E 

G 

MF 

T F  

h 

Y 

y 1  f 

rf] 
equ 

1 

& ' f  
n 

n E 

o 1  f 

no  
ma x 

fi 

c7 

al 

=If 

2 N f  

a x i a l  f a t i g u e  s t r e n g t h  exponent ,  -0 .114 

t o r s i o n a l  f a t i g u e  s t r e n g t h  exponent ,  -0.121 

a x i a l  f a t i g u e  d u c t i l i t y  exponent ,  -0 .402 

t o r s i o n a l  f a t i g u e  d u c t i l i t y  exponent ,  -0 .353 

e l a s t i c  modulus,  185 GPa 

shear  modulus,  82 .8  GPa 

mu1 t i s . x i a 1  i t y  f a c t o r  

t r i a x i a l i t y  f a c t o r  

maximum shear  s t r a i n  a m p l i t u d e  

shear  f a t i g u e  d u c t i l i t y  c o e f f i c i e n t ,  0.315 

e q u i v a l e n t  i n e l a s t i c  s t r a i n  a m p l i t u d e  

f i r s t  p r i n c i p a l  s t r a i n r a n g e  

t e n s i l e  f a t i g u e  d u c t i l i t y  c o e f f i c i e n t ,  0 .171 

t e n s i l e  s t r a i n  p e r p e n d i c u l a r  t o  maximum shear  s t r a i n  a m p l i t u d e  

t e n s i l e  f a t i g u e  s t r e n g t h  c o e f f i c  

mean s t r e s s  p e r p e n d i c u l a r  t o  max 

maximum p r i n c i p a l  s t r e s s  

e n t ,  1000 MPa 

mum shear  s t r a i n  a m p l i t u d e  

shear  f a t i g u e  s t r e n g t h  c o e f f i c i e n t ,  709 MPa 

r e v e r s a l s  t o  f o r m a t i o n  of a 1.0-mm c r a c k  

The parameter  v a l u e s  g i v e n  h e r e  a r e  d e r i v e d  from t h e  room- tempera ture  
f a t i g u e  t e s t s  pe r fo rmed  a t  t h e  U n i v e r s i t y  o f  I l l i n o i s  on  304 s t a i n l e s s  s t e e l  
( r e f .  9 ) .  

1 1  



Smith-Watson-Topper Model ( r e f s .  4 and 1 1 )  

2ba 
' 2  

E 
( ba+ca) O f  + - ( 2 N f )  &j: - = u ' & ' ( 2 N f )  

O1 2 f f  

S o c i e ' s  Shear and Normal S t r a i n  Model ( r e f .  4 )  

h 

n o  Ct  =; bt U 
m m  

y + E + - = y l  E f (2Nf) + G (2Nf) 

Manson and H a l f o r d ' s  M o d i f i e d  , E q u i v a l e n t  S t r a i n  Model ( r e f .  12) 

where 

f o r  T F  < 1 I MF = ~ 2 - TF - 

MF = T F  fo r  TF 2 1 

and 

O1 + O2 + O 3  TF = 4 1 #Dl - U 2 l 2  + (a 2 2 - u3) + (u3  - ul) 

where ul, u2, and u3 a r e  p r i n c i p a l  s t r e s s e s  and u1 > u2 > o3 . 
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TABLE I. - S P E C I F I C A T I O N S  FOR THE COMPUTER 

SYSTEMS AND PERIPHERAL HARDWARE 

( a )  1 6 - b i t  min icomputer  (Da ta  General 
S/20 computer)  

Cyc le t ime,  ns . . . . . . . . . . . . .  500 
RAM, kby tes  . . . . . . . . . . . . . .  512 

Type . . . . . . . . . . . . .  Winchester  
Capac i t y ,  Mbytes . . . . . . . . . . . .  5 
Type F1 O P P Y  
Capac i t y ,  Mbytes . . . . . . . . . . .  1.2 

Disk  

D r i v e  
. . . . . . . . . . . . . . .  

E l  emen t 

Chromium 
N i c k e l  
Manganese 
S i l i c o n  
Carbon 
S u l f u r  
Phosphorus 
I r o n  

( b )  D i  g i  t a l - t o -ana l  og c o n v e r t e r  

Composi t i  on, 
w t  % 

19.2 
10.8 
1.6 

.4 

.057 

.023 
<.01 

Balance 
R e s o l u t i o n ,  b i t s  . . . . . . . . . . . .  12 
Convers ion t i m e ,  psec . . . . . . . . . .  7 
Number o f  channels . . . . . . . . . . . .  2 

( c )  Anal og-to-di g i  t a l  c o n v e r t e r  and mu1 t i  p l  e x e r  

Ax i  a1 To rs iona l  Number o f  c y c l e s  
s t r a i n  s t r a i n  f o r  s u r f a c e  

ampl i tude  amp l i t ude  r e p l i c a t i o n  

R e s o l u t i o n ,  b i t s  . . . . . . . . . . . .  12 
Number o f  channels . . . . . . . . . . .  16 
M u l t i p l e x e r  s w i t c h i n g  t i m e ,  psec . . . .  10 
Convers ion t ime ,  psec . . . . . . . . . .  7 
Aper tu re ,  psec . . . . . . . . . . . . . .  5 

Number o f  
t e s t s  

requ i  red  

Specimen 
number 

__.__ 

ss-3 
ss-5 
ss-4 I SS-6 

A x i a l  T o r s i o n a l  A x i a l  
s t r a i n  s t r a i n  s t r e s s  

amp l i t ude ,  amp l i t ude ,  a m p l i t u d e ,  

F i n i s h  
o f  i n s i d e  

su r face  

A x i a l  T o r s i o n a l  T o r s i o n a l  Cyc les t o  
mean s t r e s s  mean f a i l u r e ,  

s t r e s s ,  amp l i t ude ,  s t r e s s ,  N f 

Boreda 
Boreda 
Honedb 
Honedb 

0.00247 
.00597 
.00248 
.00598 

23 278 
.0099 1 30 1 2.3 152 -1.3 1 971 
.00428 184 -2.0 108 3.0 36 086 
.00992 297 -5.0 151 1.3 2 081 

0.00428 194 -5.0 108 11.8 

TABLE 111. - TEST M A T R I X  

I 0.00250 I 0:iW:i I 500 1 
.00600 5000 1 1 

TABLE I V .  - INPHASE AXIAL-TORSIONAL FATIGUE D A T A  

[ M a t e r i a l ,  304 s t a i n l e s s  s t e e l ;  f requency,  0.1 Hz.]  

~~~ 

f o r  s u r f a c e  reo1 i c a t i  on ~ aPaused 

1 bCont inuous t e s t  w i  tho;t s u r f a c e  r e p l i c a t i o n .  



, 
I 
I 
I 

I 

i 

I 

I 

I 

~ 

I 
t 
I 

I 

I 

Specimen 
number 

. oot 

. OO? 

L 
I 

d o  + v) 

- .003 

- .006 

F i n i s h  
o f  i n s i d e  

TABLE V .  - OBSERVED AND PREDICTED REVERSALS TO FAILURE 

ss-3 
ss-5 
ss-4 
SS-6 

Bored 
Bored 
Honed 
Honed 

s u r f a c e  

46 556 
3 942 

72 172 
4 162 

122 808 196 700 59 886 
5 307 10 760 4 460 

138 379 194 490 57 633 
5 430 10 857 5 433 

Observed P r e d i c t e d  number o f  r e v e r s a l s  t o  f a i l u r e ,  
number o f  

r e v e r s a l s  t o  
f a i  1 u r e  , Smi  th-Wat son 

Topper model Hal  f o r d  ' s 
model model 

5 10 15 20 

- - AXIAL STRAIN, E --- TORSIONAL STRAIN, Y 

\ \. 
I 

5 10 15 20 
TIME, SEC 

( a )  AXIAL-TORSIONAL INPHASE LOADING. ( b )  AXIAL-TORSIONAL OUT-OF-PHASE LOADING. 

FIGURE 1, - INPHASE AND OUT-OF-PHASE AXIAL-TORSIONAL WAVEFORMS. 

+ 0.00 

- 0 .05  

'- 22.00 + 0.03 

FIGURE 2. - TUBULAR AXIAL-TORSIONAL FATIGUE SPECIMEN. ALL DIMENSIONS ARE GIVEN I N  MILLIMETERS. 
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FIGURE 3. - AXIAL-TORSIONAL EXTENSOMETER. 
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FIGURE 5. - HIGH-STRAIN AMPLITUDE HYSTERESIS LOOPS OF INTERRUPTED INPHASE AXIAL-TORSIONAL FATIGUE TESTS. 
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( b )  SOCIE’S SHEAR STRAIN PARAMETER VERSUS NUMBER OF RE- 
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