
Material and Processing 
Effects on Fatigue 

Performance of Leaf Springs 

R. W. Landgraf and R. C. Francis 
Ford Motor Co. 

Congress and Exposition 
Cobo Hall, Detroit 

February 26-March 2, 1979 



The appearance of the code at the bottom of the first page of this paper indicates 
SAE's consent that copies of the paper may be made for personal or internal use, or 
for the personal or internal use of specific clients. This consent is given on the con- 
dition, however, that the copier pay the stated per article copy fee through the 
Copyright Clearance Center, Inc., Operations Center, P.O. Box 765, Schenectady, 
N.Y. 12301, for copying beyond that permitted by Sections 107 or 108 of the U.S. 
Copyright Law. This consent does not extend to other kinds of copying such as 
copying for general distribution, for advertising or promotional purposes, for 
creating new collective works, or for resale. 

Papers published prior to 1978 may also be copied at a per paper fee of $2.50 
under the above stated conditions. 

SAE routinely stocks printed papers for a period of three years following date of 
publication. Direct your orders to SAE Order Department. 

To obtain quantity reprint rates, permission to reprint a technical paper or per- 
mission to use copyrighted SAE publications in other works, contact the SAE 
Publications Divislon. 

ISSN 0148-7191 
Cqsyright Q 1979 Society of Automotive Engineers, Inc. 



TIE MECHANICAL PERFORMANCE of v e h i c l e  l e a f  
, p r i n g s  is  i n f l u e n c e d ,  i n  a  complex way, by 
L number o f  m a t e r i a l  and p r o c e s s i n g  d e t a i l s .  
'or example, i n  t h e  c o u r s e  of manufacture ,  
, p r i n g  s t e e l  is t y p i c a l l y  s u b j e c t e d  t o  h o t  
-arming and h e a t  t r e a t i n g  o p e r a t i o n s  fol lowed 
ly mechanical  p r o c e s s i n g  such a s  s h o t  peening 
n d  p r e s e t t i n g .  Each of t h e s e  s t e p s  can 
i g n i f i c a n t l y  a f f e c t  t h e  s t r u c t u r e  and pro- 
e r t i e s  o f  t h e  m a t e r i a l  a s  w e l l  a s  t h e  r e s i d u -  
1 s t f e s s  p a t t e r n s  b u i l t  up i n  s u r f a c e  l a y e r s  
2 )  . From a  d e s i g n  s t a n d p o i n t ,  i t  is  
mpor tan t  t o  have methods a v a i l a b l e  t o  pre-  
i c t  how v a r i o u s  p r o c e s s i n g  sequences  w i l l  
n f l u e n c e  f a t i g u e  behav ior  s o  t h a t  d e s i g n s  
a n  b e  op t imized .  Spr ing  performance w i l l  
epend on m a t e r i a l  p r o p e r t i e s ,  a s  i n f l u e n c e d  
y  p r o c e s s i n g ,  t h e  magnitude and s t a b i l i t y  o f  
e s i d u a l  s t r e s s e s ,  and s e r v i c e  l o a d i n g  en- 
i ronment .  F a t i g u e  a n a l y s i s  p rocedures  a r e  
ow a v a i l a b l e  f o r  combin ing  such i n f o r n a t i o n  
o r  t h e  purpose of making l i f e  p r e d i c t i o n s  
3 ) .  

I n  F i g .  1 a r e  l i s t e d  t h e  v a r i o u s  s p r i n g  
e s i g n  c o n s i d e r a t i o n s  . Forming and h e a t  
r e a t m e n t  o p e r a t i o n s  w i l l  a f f e c t  m a t e r i a l  
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ha rdness ,  bo th  through h e a t  t r e a t  r esponse  
and s u r f a c e  d e c a r b u r i z a t i o n .  Mechanical 
p r o c e s s i n g  w i l l  a f f e c t  r e s i d u a l  stress pa t -  
t e r n s  and s p r i n g  geometry. F i n a l l y  s e r v i c e  
l o a d i n g  may a l t e r  o r i g i n a l  r e s i d u a l  s t r e s s  
l e v e l s  a s  a  r e s u l t  o f  c y c l i c  stress r e l a x a -  
t i o n .  I n  t h i s  paper ,  t h e  m a t e r i a l  behav ior  
c h a r a c t e r i s t i c s  r e l a t e d  t o  s p r i n g  p e r f o r -  
mance a r e  f i r s t  determined.  The e f f e c t  of 
component p r o c e s s i n g  on t h e s e  c h a r a c t e r i s t i c s  
is  t h e n  documented fol lowed by a  demonstra- 
t i o n  o f  t h e  a p p l i c a t i o n  o f  t h e s e  concep ts  t o  
component f a t i g u e  l i f e  p r e d i c t i o n .  

EXPERIMENTAL PROGRAM 

Axia l  and bending specimens of SAE 5160 
s p r i n g  s t e e l ,  of t h e  d e s i g n s  shown i n  
F i g .  2 ,  were p repared  and h e a t  t r e a t e d  t o  
t h r e e  d i f f e r e n t  h a r d n e s s  l e v e l s :  407, 440 and 
460 HB. Axia l  tests, performed i n  a  c losed-  
l o o p ,  se rvo-hydrau l ic  test system,  were used 

* 
Numbers i n  p a r e n t h e s e s  d e s i g n a t e  References  

a t  end of  paper .  

Procedures  a r e  developed f o r  a s s e s s i n g  
Te i n f l u e n c e  o f  v a r i o u s  m a t e r i a l  and process-  
~g  f a c t o r s  on t h e  f a t i g u e  performance of l e a f  
? r i n g s .  Cyc l ic  m a t e r i a l  p r o p e r t i e s ,  d e t e r -  
Fned from smooth a x i a l  specimens of s p r i n g  
: e e l ,  a r e  used t o  determine t h e  l e v e l  and 
g c l i c  s t a b i l i t y  o f  r e s i d u a l  s t r e s s e s  r e s u l t -  
~g  from mechanical  p r o c e s s i n g  a s  w e l l  a s  t h e  

amount o f  permanent de format ion  a s s o c i a t e d  
w i t h  p r e s e t t i n g  o p e r a t i o n s .  A damage para-  
meter, i n c o r p o r a t i n g  m t e r i a l  p r o p e r t i e s ,  
r e s i d u a l  s t r e s s  e f f e c t s  and a p p l i e d  s t r e s s i n g  
c o n d i t i o n s ,  i s  used t o  p r e d i c t  f a i l u r e  loca-  
t i o n ,  i .e .  s u r f a c e  o r  s u b s u r f a c e ,  and l i f e t i m e  
a s  a  f u n c t i o n  of p r o c e s s i n g  sequence. Pre- 
d i c t i o n s  a r e  found t o  be i n  good agreement 
w i t h  exper imenta l  bending r e s u l t s .  
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SPRING DESIGN CONSIDERAT lONS 

Effects 
Processing: 
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Fig .  1 - The e f f e c t s  of p r o c e s s i n g  v a r i a b l e s  
and s e r v i c e  l o a d i n g  on l e a f  s p r i n g s  

Bendina 

Fig .  2 - Axia l  and bending specimen conf igura -  
t i o n s  used i n  exper imenta l  program 

Fig.  3 - Four-point bending a p p a r a t u s  i n s t a l l e d  
on se rvo-hydrau l ic  a c t u a t o r  

t o  develop p r o p e r t i e s  c h a r a c t e r i z i n g  t h e  c y c l i c  
de format ion  and f r a c t u r e  behav ior  o f  t h e  s t e e l  
(4 )  and t o  s i m u l a t e  p a t t e r n s  of behav ior ,  
e .  g. s t r e s s  r e l a x a t i o n ,  known t o  occur  i n  
s p r i n g s .  Bending specimens were s u b j e c t e d  t o  
v a r i o u s  s p r i n g  p r e c e s s i n g  sequences ,  such a s  
s h o t  peening,  s t r a i n  peen ing  and p r e s e t t i n g ,  
fol lowed by f a t i g u e  t e s t i n g  i n  t h e  f i x t u r e  
shown i n  F ig .  3. T h i s  was an  a t t e m p t  t o  
s i m u l a t e  l e a f  s p r i n g  performance i n  a  con- 
t r o l l e d  and economical way. Res idua l  stress 

p r o f i l e s  were determined from X-ray d i f f r a c -  
t i o n  measurements. 

MATERIAL BEHAVIOR CONSIDERATIONS 

O f  p a r t i c u l a r  concern i n  f a t i g u e  problems 
is  t h e  tendency f o r  m a t e r i a l  p r o p e r t i e s  t o  
change a s  a  r e s u l t  o f  c y c l i c  de format ion .  Th is  
c i rcumstance  r e q u i r e s  t h e  d e t e r m i n a t i o n  o f  a  
c y c l i c  s t r e s s - s t r a i n  r e l a t i o n  (5) f o r  f a t i g u e  
a n a l y s i s .  The monotonic and c y c l i c  s t r e s s -  



t h e  f l o w  p r o p e r t i e s  a r e  seen  t o  be reduced 
t o  about  two-thirds  o f  t h e i r  o r i g i n a l  v a l u e s .  
Such s t r e s s - s t r a i n  c u r v e s  a r e  convenien t ly  
c h a r a c t e r i z e d  by a  power-law r e l a t i o n  between 
stress and p l a s t i c  s t r a i n :  

Such a  fo rmula t ion  w i l l  l a t e r  be  used t o  ana- 
l y z e  mechanical  p r e s t r e s s i n g  e f f e c t s .  (See 
nomenclature  l i s t  f o r  d e f i n i t i o n  o f  symbols.) 

The c o n s t a n t  ampl i tude  f a t i g u e  resis- 
t a n c e  o f  5160 s t e e l  i s  shown i n  Fig.  5 i n  
t h e  form of  a  s t r a i n  a m p l i t u d e - r e v e r s a l s  t o  
f a i l u r e  p l o t .  The s c a t t e r - b a n d  i n  t h e  
f i g u r e  i n d i c a t e s  t h e  95% conf idence  i n t e r v a l  
f o r  t h e  test d a t a .  S t r a i n  c y c l i n g  r e s i s t a n c e  
is  viewed a s  t h e  summation of  e l a s t i c  and 
p l a s t i c  s t r a i n  r e s i s t a n c e  y i e l d i n g  a  r e l a t i o n  
of t h e  f o l l o w i n g  form ( 6 ) :  

Mean stress e f f e c t s  can be i n c l u d e d  i n  Equa- 
t i o n  2 a s  f o l l o w s :  

where a = mean s t r e s s .  
A t  l o n g o l i v e s ,  g r e a t e r  than  lo5 ,  where beha- 
v i o r  i s  nomina l ly  e l a s t i c ,  t h i s  can be sim- 
p l i f i e d  t o  t h e  f o l l o w i n g  s t r e s s - b a s e d  form: 

where 0 = a p p l i e d  s t r e s s  ampl i tude .  
a  In F i g .  6 i s  shown a  m a t e r i a l  c h a r a c t e r i z a -  

t i o n  s h e e t  t a b u l a t i n g  p r o c e s s i n g  and pro- 
p e r t i e s  f o r  t h e  440 HB c o n d i t i o n .  

When c o n s i d e r i n g  t h e  e f f e c t  o f  r e s i d u a l  
s t r e s s e s  on f a t i g u e ,  i t  i s  i m p o r t a n t  t o  
c o n s i d e r  c o n d i t i o n s  under which t h e y  w i l l  be  
s t a b l e ,  i . e .  c y c l i c  s t r e s s  r e l a x a t i o n  may 
n e g a t e  t h e i r  e f f e c t  ( 7 ) .  Such behav ior  is  
shown i n  F i g .  7  f o r  a  h e a t  t r e a t e d  s t e e l  
s u b j e c t e d  t o  a l t e r n a t e  zero-max. , zero-min. 
c y c l i n g .  Under such s t r a i n i n g ,  t h e  load  
( s t r e s s )  r e s p o n s e  i s  observed t o  r e l a x  to -  
wards a comple te ly  r e v e r s e d  c o n f i g u r a t i o n ,  a n  
i n d i c a t i o n  o f  mean ( r e s i d u a l )  s t r e s s  re laxa-  
t i o n .  By per forming  such  t e s t s  a t  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 ,  i t  i s  p o s s i b l e  t o  g e n e r a t e  
r e l a x a t i o n  c u r v e s  a s  shown i n  F ig .  8.  Th is  
behav ior  can be d e s c r i b e d  by t h e  f o l l o w i n g  
r e l a t i o n  : 

where OoN = mean ( r e s i d u a l )  s t r e s s ,  Nth c y c l e  
0 = mean ( r e s i d u a l )  stress, 1st c y c l e  01 r = r e l a x a t i o n  exponent ,  dependent  upon 

hardness  and s t r a i n  ampl i tude .  
By e x t r a p o l a t i n g  such i n f o r m a t i o n  t o  a  z e r o  
r e l a x a t i o n  r a t e ,  a  t h r e s h o l d  s t r a i n  ampl i tude ,  
below which r e l a x a t i o n  w i l l  n o t  o c c u r ,  can be 
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F i g .  4 - Monotonic and c y c l i c  s t r e s s - s t r a i n  
curves  f o r  SAE 5160 s p r i n g  steel 
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F i g .  5 - S t r a i n - l i f e  curve  f o r  SAE 5160 s p r i n g  
steel. Dashed band i n d i c a t e s  95% conf idence  
i n t e r v a l  
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Fig .  7 - Example o f  
r e l a x a t i o n  
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Fig .  8 - R e p r e s e n t a t i o n  o f  mean stress r e l a x a -  
t i o n  r a t e s  f o r  v a r i o u s  s t r a i n  a m p l i t u d e s  

d e f i n e d .  For 5160 s t e e l  a t  440HB, t h i s  
t h r e s h o l d  i s  0.0024, o r  a  s t r e s s  ampl i tude  o f  
70 k s i  (483 MPa). 

The c y c l i c  p r o p e r t i e s  and paramete rs  
developed i n  t h i s  s e c t i o n  w i l l  n e x t  b e  a p p l i e d  
t o  t h e  a n a l y s i s  and i n t e r p r e t a t i o n  of p rocess -  
i n g  e f f e c t s .  

PROCESSING EFFECTS 

HEAT TREATMENT - Heat  t r e a t i n g  e f f e c t s ,  
i n c l u d i n g  d e c a r b u r i z a t i o n ,  a r e  c o n v e n i e n t l y  
i n t e r p r e t e d  i n  terms of  m a t e r i a l  ha rdness .  
The f a t i g u e  p r o p e r t y  most a f f e c t e d  by hard-  
n e s s  v a r i a t i o n  is t h e  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 ,  0; .  I f  t h i s  p r o p e r t y  i s  known a t  a  
p a r t i c u l a r  ha rdness ,  HBo, t h e  v a l u e  a t  any  
o t h e r  ha rdness ,  HB, c a n  be determined from: 

U ;  = 0' + 0.57 (HB - HBo) (6) 
0 

cycle-dependent mean stress 

Fig.  9 - I n e l a s t i c  bending a n a l y s i s  

T h i s  w i l l  l a t e r  be used t o  p r e d i c t  d e c a r b u r i z a -  
t i o n  e f f e c t s .  

PRESETTING - P r e s e t t i n g  (bu l ldoz ing)  
o p e r a t i o n s  a r e  u t i l i z e d  t o  ach ieve  dimensional  
u n i f o r m i t y  and set up f a v o r a b l e  r e s i d u a l  spress 
p a t t e r n s  i n  s p r i n g s .  S ince  such p r o c e s s e s  
i n v o l v e  r e l a t i v e l y  l a r g e  deformat ions ,  i t  
i s  n e c e s s a r y  t o  employ bending a n a l y s e s  which 
account  f o r  i n e l a s t i c  m a t e r i a l  behav ior .  The 
development o f  a n  i n e l a s t i c  bending moment 
r e l a t i o n s h i p  is  shown i n  F ig .  9 (8).  The 



obta ined  from t h e  s t r e s s - s t r a i n  curve  t o  
de te rmine ,  by a p p r o p r i a t e  i n t e g r a t i o n ,  t h e  
r e s u l t i n g  bending moment. Note t h a t  when 
$=O, i . e .  behav ior  i s  e l a s t i c ,  t h e  r e l a t i o n  
reduces  t o  t h e  f a m i l i a r  M = o I / c .  

This bending a n a l y s i s  can  b e  used t o  
p r e d i c t  t h e  r e s i d u a l  s t r e s s e s  induced a s  a  
r e s u l t  o f  p r e s e t t i n g .  The p r e c e d u r e  is  de- 
monstra ted i n  Fig.  1 0 .  The moment-dimension 
parameter  i s  p l o t t e d  a s  a  f u n c t i o n  o f  s u r f a c t  
s t r a i n  u s i n g  t h e  a p p r o p r i a t e  s t r e s s - s t r a i n  
curves  f o r  l o a d i n g  and un load ing .  The res idu-  
a l  s t r a i n  is  determined from t h e  p o i n t  o f  
i n t e r s e c t i o n  o f  t h e  un load ing  c u r v e  w i t h  t h e  
s t r a i n  a x i s .  Note t h a t  r e v e r s e d  p l a s t i c  
de format ion  occurs  upon un load ing .  T h i s  r e s i -  
d u a l  s t r a i n  in format ion  i s  t h e n  used ,  i n  
con junc t ion  wi th  t h e  m a t e r i a l  s t r e s s - s t r a i n  
c u r v e s ,  t o  determine t h e  r e s i d u a l  s t r e s s e s  re- 
s u l t i n g  from p r e s e t t i n g  a s  shown i n  F i g .  11. 
Agreement between t h e  p r e d i c t i o n s  and X-ray 
r e s i d u a l  s t r e s s  measurements i s  s e e n  t o  be 
q u i t e  good. Note t h a t  a  s i m p l i f i e d  e l a s t i c  
un load ing  a n a l y s i s ,  dashed l i n e s ,  would r e s u l t  
i n  s u b s t a n t i a l  e r r o r s .  

Another p r a c t i c a l  a p p l i c a t i o n  o f  such an 
a n a l y s i s  i s  i n  t h e  p r e d i c t i o n  o f  t h e  amount 
of permanen t s e t  t o  be expec ted  f rom a p a r t i -  
c u l a r  p r e s e t t i n g  o p e r a t i o n .  I n  F i g .  1 2 ,  

F ig .  1 0  - Procedure f o r  d e t e r m i n i n g  r e s i d u a l  
s u r f a c e  s t r a i n s  r e s u l t i n g  from bending  pre-  
s t r a i n s  

f o r  t h e  i n d i c a t e d  hardness  range  of 5160 s t e e l ,  
i s  compared wi th  exper imenta l  r e s u l t s .  Again, 
agreement i s  v e r y  good. Also n o t e  t h a t  changes 
i n  t h e  p r e e x i s t i n g  r e s i d u a l  s t r e s s  l e v e l  
r e s u l t i n g  from p r e s e t t i n g  can b e  p r e d i c t e d  
from t h i s  a n a l y s i s .  Th is  in format ion ,  used 
i n  c o n j u n c t i o n  w i t h  s p e c i f i c  s p r i n g  geomet r ies ,  

,OOr 

SAE 5160 

0 X-ray 

Fig .  11 - Procedure f o r  de te rmin ing  r e s i d u a l  
stresses r e s u l t i n g  from bending p r e s t r a i n s  
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F i g .  1 2  - Comparison of  p r e d i c t e d  and e x p e r i -  
mental  permanent s t r a i n s  r e s u l t i n g  from 
bending p r e s t r a i n s  



a l l o w s  de te rmina t ion  of  h e i g h t  changes a s s o c i -  
a t e d  w i t h  v a r i o u s  p r e s e t t i n g  o p e r a t i o n s .  

SHOT PEENING/STRAIN PEENING - Res idua l  
stress p r o f i l e s  r e s u l t i n g  from t y p i c a l  s h o t  
peen ing  and s t r a i n  peening t r e a t m e n t s  a r e  
shown i n  Fig.  1 3 .  S t r a i n  peening i s  observed 
t o  r e s u l t  i n  h i g h e r  compressive stress l e v e l s  
and deeper  p e n e t r a t i o n  t h a n  convent iona l  s h o t  
peening.  Also, s t r a i n  peening p r o f i l e s  a r e  
s e e n  t o  vary  w i t h  component t h i c k n e s s  a s  a  
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F i g .  1 3  - Residual  s t r e s s  p r o f i l e s  o b t a i n e d  
w i t h  v a r i o u s  peening o p e r a t i o n s  
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F i g .  1 4  - Fat igue  l i v e s  o f  bending members 
s u b j e c t e d  t o  v a r i o u s  p r o c e s s i n g  sequences  

r e s u l t  o f  d i f f e r i n g  s t r a i n  g r a d i e n t s  d u r i n g  
p r o c e s s i n g .  Thicker  s e c t i o n s  w i l l  develop a  
deeper  r e s i d u a l  s t r e s s  p a t t e r n ,  however, t h e  
maximum s t r e s s  l e v e l s  a r e  l i t t l e  a f f e c t e d .  The 
c y c l i c  s t a b i l i t y  o f  such r e s i d u a l  s t r e s s  
p r o f i l e s  w i l l ,  o f  c o u r s e ,  depend on t h e  a p p l i e d  
s t r e s s  o r  s t r a i n  l e v e l .  

FATIGUE PERFORMANCE 

The r e s u l t s  o f  bending f a t i g u e  tests on 
specimens r e p r e s e n t i n g  a  v a r i e t y  o f  pro- 
c e s s i n g  sequences  i s  summarized i n  F i g .  1 4 .  
The b e n e f i c i a l  e f f e c t s  o f  r e s i d u a l  s t r e s s e s  
.induced by s h o t  peening and s t r a i n  peening i s  
r e a d i l y  a p p a r e n t .  An order-of-magnitude 
improvement i n  f a t i g u e  l i f e  over  t h e  a s  h e a t  
t r e a t e d  c o n d i t i o n  i s  o b t a i n e d  by s t r a i n  peen- 
i n g .  I n i t i a l  p r e s t r a i n i n g ,  t o  s i m u l a t e  a  pre- 
s e t t i n g  o p e r a t i o n ,  has  l i t t l e  e f f e c t  below 
s t r a i n  l e v e l s  of about  0 .01.  Note t h a t  r e -  
v e r s e d  p r e s t r a i n i n g  g r e a t l y  reduces  t h e  l i f e  
o f  peened members by reduc ing  s u r f a c e  r e s i d u a l  
stress l e v e l s .  

A p rocedure  f o r  a n a l y z i n g ,  i n  d e t a i l ,  a  
s u r f a c e  t r e a t e d  bending member i s  shown i n  
F i g .  1 5 .  Equat ion 4 is  used a s  a  damage 
paramete r  t o  combine in format ion  concern ing  
m a t e r i a l  f a t i g u e  s t r e n g t h ,  a '  r e s i d u a l  s t r e s s ,  
0 , a p p l i e d  s t r e s s  a m p l i t u d e f ' a  and mean 

a '  s f r e s s ,  Go. Using t h e  stress p r o f i l e s  given,  
t h i s  pa ramete r  is  p l o t t e d  a s  a f u n c t i o n  o f  
dep th  going from t h e  s u r f a c e  t o  t h e  n e u t r a l  
a x i s .  The h i g h e r  t h e  v a l u e  o f  t h e  paramete r ,  
t h e  s h o r t e r  t h e  f a t i g u e  l i f e ,  t h u s  t h e  f a i l u r e  
l o c a t i o n  w i l l  be  i n d i c a t e d  by t h e  maximum i n  t h e  
p r o f i l e .  Th is  i s  seen  t o  occur  below t h e  
s u r f a c e  where a  r e s i d u a l  t e n s i l e  s t r e s s  f i e l d  
i s  encounte red .  There is  ample exper imenta l  
ev idence  conf i rming  t h a t  s u b s u r f a c e  f a i l u r e s  

F ig .  1 5  - Procedure f o r  performing f a t i g u e  
a n a l y s i s  o f  a  peened bending member 



T h i s  a n a l y s i s  p rocedure  a l l o w s  d e t e r m i n a t i o n  
o f  t h e  i n f l u e n c e  o f  d i f f e r e n t  p r o c e s s i n g  se-  
quences  on f a t i g u e  performance.  

For example,  u s i n g  t h e  r e s i d u a l  s t r e s s  
p r o f i l e s  shown i n  F i g .  1 3 ,  damage pa ramete r  
p r o f i l e s  a r e  shown i n  F i g .  1 6  f o r  bending 
members o f  two t h i c k n e s s e s  i n  a  peened and 
a  s t r a i n  peened c o n d i t i o n .  The deeper  r e s i d u -  
a l  s t r e s s  p a t t e r n  o b t a i n e d  w i t h  s t r a i n  peen ing  
is  seen  t o  improve f a t i g u e  l i f e  by f o r c i n g  t h e  
f a i l u r e  s i t e  d e e p e r .  The t h i c k e r  member g i v e s  
s h o r t e r  l i v e s  because  o f  a  more g r a d u a l  a p p l i e d  
s t r e s s  g r a d i e n t ,  i . e .  t h e  a p p l i e d  s t r e s s e s  
f a l l  o f f  l e s s  r a p i d l y  w i t h  d e p t h .  I n  a l l  
i n s t a n c e s ,  f a i l u r e  would be expec ted  t o  i n i t i -  
a t e  below t h e  s u r f a c e .  L i f e  p r e d i c t i o n s  
from t h i s  a n a l y s i s  compare w e l l  w i t h  t h e  
e x p e r i m e n t a l  r e s u l t s  i n  F i g .  1 4 .  I t  shou ld  be  
no ted  t h a t  no a t t e n p t  was made t o  accoun t  f o r  
s t r e s s  r e l a x a t i o n  e f f e c t s  i n  t h i s  a n a l y s i s .  
For t h e  s t r e s s  l e v e l s  used ,  some r e l a x a t i o n  
would be a n t i c i p a t e d .  

I n  F i g .  1 7 ,  t h e  i n f l u e n c e  o f  two l e v e l s  
o f  p r e s t r a i n i n g  on r e s i d u a l  s t r e s s  and damage 
pa ramete r  p r o f i l e s  i s  shown. The 0.0075 
p r e s t r a i n  l e v e l  i s  seen  t o  s l i g h t l y  d imin l sh  
r e s i d u a l  s t r e s s  l e v e l s  a t  a l l  d e p t h s  t h u s  
c a u s i n g  a  s m a l l  d e c r e a s e  i n  f a t i g u e  l i f e .  The 
h i g h e r  p r e s t r a i n  l e v e l ,  0 . 0 1 ,  w h i l e  d e c r e a s i n g  
compress ive  s t r e s s e s  n e a r  t h e  s u r f a c e ,  a l s o  
deepens  t h e  r e s i d u a l  compress ive  p a t t e r n  t h u s  
i n c r e a s i n g  f a t i g u e  l i f e .  Note t h a t  s u r f a c e  
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Fig .  16 - S t r p s s  pa ramete r  p r o f i l e s  f o r  p re -  
d i c t i n g  f a i l u r e  l o c a t i o n  and l i f e t i m e  

and s u b s u r f a c e  f a i l u r e s  a r e  a b o u t  equally 
p r o b a b l e  i n  t h i s  c o n d i t i o n .  These p r e d i c t e d  
e f f e c t s  a r e  found t o  b e  g e n e r a l l y  c o n s i s t e n t  
w i t h  t h e  e x p e r i m e n t a l  t r e n d s  i n  F i g .  1 4 .  

A s  mentioned p r e v i o u s l y ,  d e c a r b u r i z a t i o n  
r e d u c e s  m a t e r i a l  h a r d n e s s  n e a r  t h e  s u r f a c e  
which i n  t u r n  a l t e r s  t h e  v a l u e  o f  t h e  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 ,  0;. I n  F i g .  1 8  i s  
shown t h e  h a r d n e s s  g r a d l e n t  f o r  a  t y p i c a l  
d e c a r b u r i z e d  member. Using Equa t ion  6 ,  t h e  
v a r i a t i o n  i n  0' w i t h  d e p t h  can b e  de te rmined .  

f  
I n  t h e  lower p o r t i o n  o f  t h e  f i g u r e ,  damage 
pa ramete r  p r o f i l e s  a r e  p r e s e n t e d  f o r  members 
w i t h  and w i t h o u t  d e c a r b u r i z a t i o n .  For peened 
members, d e c a r b u r i z a t i o n  would be  expec ted  t o  
have l i t t l e  e f f e c t  on f a t i g u e  performance.  For 
s t r a i n  peened members, f a i l u r e  is made e q u a l l y  
p r o b a b l e  a t  t h e  s u r f a c e  and below t h e  s u r f a c e .  
These t r e n d s  f u r t h e r  s u g g e s t  t h a t  t h e  p re -  
s t r a i n i n g  o f  d e c a r b u r i z e d  members would degrade  
f a t i g u e  l i f e  by c a u s i n g  f a i l u r e  t o  o c c u r  a t  t h e  
s u r f a c e .  

From t h e  f o r e g o i n g ,  i t  can  b e  concluded 
t h a t  t h e  proposed a n a l y s i s  p rocedure  p r o v i d e s  
r e l i a b l e  e s t i m a t e s  o f  t h e  e f f e c t s  o f  m a t e r i a l ,  
p r o c e s s i n g  and g e o m e t r i c a l  f a c t o r s  on l e a f  
s p r i n g  performance.  Thus, a  u s e f u l  d e s i g n  ana- 
l y s i s  t o o l  i s  p rov ided  f o r  o p t i m i z i n g  s p r i n g  
f a t i g u e  r e s i s t a n c e  through j u d i c i o u s  m a t e r i a l  
and p r o c e s s i n g  s e l e c t i o n .  F u r t h e r ,  t h e  
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F i g .  1 7  - I n f l u e n c e  o f  p r e s t r a i n i n g  on s t r e s s  
p r o f i l e s  
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Fig.  1 8  - I n f l u e n c e  o f  d e c a r b u r i z a t i o n  on 
s t r e s s  p r o f i l e s  

approach  employed i s  a n  e x t e n s i o n  o f  w e l l  
e s t a b l i s h e d  procedures  f o r  p r e d i c t i n g  t h e  
f a t i g u e  behav ior  o f  components i n  s e r v i c e  
s i t u a t i o n s .  These computer-based r o u t i n e s  a r e  
c a p a b l e  of m d e l i n g  f h e  v a r i o u s  c y c l i c  defor-  
mat ion responses  i n  a  s t r u c t u r e  undergoing 
i r r e g u l a r  l o a d i n g  h i s t o r y ,  a s s e s s i n g  damage 
f o r  each e v e n t ,  and p r e d i c t i n g  t h e  f a t i g u e  l i f e .  
The p r e s e n t  approach i s  r e a d i l y  a d a p t a b l e  t o  
such  a n a l y s e s ,  t h u s  f u r t h e r  ex tend ing  i t s  
u s e f u l n e s s  i n  e n g i n e e r i n g  des ign  p r a c t i c e .  

SUMMARY 

Procedures  have been presen ted  f o r  a s s e s s -  
i n g  t h e  i n f l u e n c e  of v a r i o u s  m a t e r i a l  and pro- 
c e s s i n g  f a c t o r s  on t h e  f a t i g u e  performance of  
l e a f  s p r i n g s .  C y c l i c  deformat ion cons idera -  
t i o n s  p rov ide  a  b a s i s  f o r  de te rmin ing  t h e  l e v e l  
and c y c l i c  s t a b i l i t y  o f  r e s i d u a l  s t r e s s e s  
r e s u l t i n g  from mechanical p r o c e s s i n g  a s  w e l l  
ss t h e  amount o f  permanent deformat ion asso-  
c i a t e d  w i t h  p r e s e t t i n g  o p e r a t i o n s .  A damage 
?a ramete r ,  i n c o r p o r a t i n g  m a t e r i a l  p r o p e r t i e s ,  
r e s i d u a l  s t r e s s  e f f e c t s  and a p p l i e d  s t r e s s i n g  
z o n d i t i o n s ,  p r o v i d e s  a  t echn ique  f o r  p red ic -  
t i n g  f a i l u r e  l o c a t i o n  and l i f e t i m e  a s  a  func- 
t i o n  o f  v a r i o u s  p r o c e s s i n g  sequences .  Pre- 
i i c t i o n s  o b t a i n e d  w i t h  t h i s  t echn ique  a r e  i n  
good agreement w i t h  exper imenta l  bending 
c e s u l  ts . 

NOMENCLATURE 

b  = f a t i g u e  s t r e n g t h  exponent  
c  = f a t i g u e  d u c t i l i t y  exponent 
E  = e l a s t i c  modulus 
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  
Ac/2 = s t r a i n  ampl i tude  
HB = Brine11  Hardness 
K = s t r e n g t h  c o e f f i c i e n t  
2N = number o f  r e v e r s a l s  t o  f a i l u r e  

f  
n  = s t r a i n  h a r d e n i n g  exponent  
r = c y c l i c  stress r e l a x a t i o n  exponent 

= s t r e s s  ampl i tude  
u; I 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  
U - mean s t r e s s  

0 
Or = r e s i d u a l  stress 

The a u t h o r s  a r e  i n d e b t e d  t o  Messrs. 
G. Grab and B .  C r a n d a l l  f o r  t h e i r  c o n s i d e r a b l e  
a s s i s t a n c e  i n  exper imenta l  a s p e c t s  o f  t h i s  
p r o j e c t .  
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