
ewly developed h e l i c a l  
can  be  used  a t  a stress 

up t o  1300 MPa. The mate- 
s composed of  Fe-C-Si-Mn- 

Ni-Cr-Mo-V a l l o y .  I ts  s t r e n g t h -  
toughness ba l ance  was g r e a t l y  
s u p e r i o r  t o  t h a t  of  o t h e r  s p r i n g  
s 

o improve t h e  f a t i g u e  
s t h  a t  a h i g h e r  S f r e s s  l e v e l ,  
d e c a r b u r i z a t i  e s u r f a c e u p o n  

e v e r e l y  c o n i  

s t r e s s  -a t  t h e  s u r f a c e  of 'over  
1000  MPa. The s p i n 4  was f i r s t  
a p p l i e d  t o  a 1992 TOYOTA model 
car. P l a n s  are t o  i n c r e a s e  t h e  
use  s i n c e  t h e  s p r i n g  m a t e r i a l  
ach i eves  a weight  r e d u c t i o n  of 
a t  l e a s t  30 % and, p o s s i b l y ,  35 
t o  40  %. 

1. INTRODUCTION 

Automotive suspens ion  s p r i n g s  
which a f f e c t  g r e a t l y  t h e  au to-  
mobi le ' s  running  performance 
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changed f o r  t h i s  
. I n  pa r$ i cu l a r ,  t h e  

suspension s p r i n g  of a passekger  
c a r  changed fro& l e a f  s p r i n q s  t o  
c o i l  s p r i n g s  r a d i c a l l y  i n  !j t h e  

imize t h e  running 
s u s i n g  computers, 

and v a r i o u s  k inds  of suspension 
systems wi th  c o i l  s p r i n g s  were 
developed and t r i e d  from mul t i -  
l i n k  suspens ion  t o  M c  Pherson 
s t r u t .  While e l e c t r o n i c  eon- 
t r o l l e d  a c t i v e  suspens ion  sys -  
tems w e  developed,  t h e i r  

are conf ined  t o  a 

con s p r i n g  s t e e l  
9260  has  been i n  

3, -,- 
twenty y e a r s  i n  

o r d e r  t o  ma in t a in  v e h i c l e  bumper 
h e i g h t .  A t  t h e  s h e  t i m e  con- 
s i d e r i n g  t h y i n p r o v e m e p t  of  f u e l  
economy, a , .&ight<efgh~ and high 
s a g  r e s i s t a n c e  !:<spking with 

>La ., 
vanadium and , co,u~@iwn was 
developed f o r  u se  i n  t h e  e a r l y  
e i g h t i e s ( 1 ) .  S ince  t h e  o i l  
crisis i n  ' 7 3 ,  t h e  weight  reduc- 
t i o n  of automotive p a r t s  has  
Seen one of t h e  impera t ive  
agenda, and now t h e  p r e s e r v a t i o n  
of g l o b a l  environment r e q u i r e s  
u s  t o  reduce  t h e  exhaus t  carbon 



dioxide as well, leading to the 
conclusion that the automotive 
parts should be as light as 
possible. 

-2.TECHNOLOGICAL PROCEDURES 

Weight reduction in coil spring 
implies the use of light weight 
materials or a thinner steel bar 

aigtaiping adequate 
6ifbrmance and charac- 
. ";$fit weight maieri- 

als are noge$ithin the coopo of 
this paper. ' >I 

Assuming "a cylindrical coil 
s2ring with coil dianeter, D and 
bar diaeter2,d. - , the spring 
mass, W is expressed as follows. 

2 

,P:load,k:spring 
means the 

e spring weight - - 
inversely proportional to the 
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D e s  i g n  s t r e s s  CMPal 

~ i g . 1  Relation between stress 
and spring weight 

square of design stress as shown 
in the equation and in Fig.1, 
leading to that the weight 
reduction of a coil spring is 
accomplished by raising the 
design stress, in other words, 
by using a high strength 
steel . 

Generally automotive sus- 
pension coil springs are coiled 
after heating above austenitiz- 
ing temperatures, followed by 
quenching and tempering. While 
the weight reduction of a coil 

spring steel 
diameter, t!wo 

to deteriorat 

sioncoilsprin 
ogy was placed 
to keep the 

popular ways 
resistance. 

steel and it is found that 

doesnot form 
and exists in 
a substitutions lute atom. 
atomic radius r of silicon 

solid solution strengthening(3 
About ten years ago a high 



Optimum shot peening 
conditions 

Reduction of decarburizatjon 

C decrease for toughness 
increasing 

V, Mo addition for 
grain refining 

bli addition for 
toughness increasing 

Cr addition foQr h>ardenability 
I 't; 

f' 

Si, bin addition for solid ' 
soiution hardening 

- V, Mo addition for precipitati 
hardening 

making l i g h t  weight s p r i n g s  

g r a i n  r e f i n i n g  i s  a l s o  e f f e c t i  
i n  s h o r t e n i n g  of t h e  ave 
d i s t a n c e  of d i s l o c a t i o n  mov 

., < A  a; -v  

On t h e  o t h e r p  hand f a t i  
i s  a n o t h e r  f u n c t i g n a l  damage 

g  and g r a i n  r e f i n i n g  be  take^ i n t o  accodnt .  B u t  com 
s a g  r e s i s t a n c e .  pared  w i t h  sag*  - " r e s i s t a n c e  

l s o  s a i d  t h a t  t h e  f a t i g u e  of  sus$&r$ion c o i  
ce w i l l  be con- s p r i n g s  h a s  bed - : f&ugh t  n e g l i -  

c o n s t r a i n i n g  t h e  g i b l e , f o r  t h e r e  &a& been no 
movement, f o r  which r e p o r t  on t h e  f a t i g u e  f r a c t u r e  

t h e r e  are t h r e e  ways. F i r s t l y  it of the suspens ion  c o i l  s p r i n g s  
i s  t o  ra ise  t h e  d i s l o c a t i o n  i n  the market .  A t  t h e  f i r s t  
movement r e s i s t a n c e  by inc reas -  s t a g e  of  o u r  development, howev- 
i n g  t h e  ha rdnes  . Secondly, er ,  t h e  s p r i n g s  made by conven-- 
p inn ing  e f f e c t  of d i s l o c a t i o n  by t i o n a l  p r o c e s s e s  w e r e  found n o t  
p r e c i p i t a t i o n  o f  c a r b i d e s  i s  t o  s a t i s f y  t h e  s p e c i f i e d  f a t i g u e  
known t o  f f e c t i v e .  Th i rd ly  endurance a t  a  high s t r e s s  
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Fig .3  E f f e c t  o f  s i l i c o n  c o n t  
on sag r e s i s t a n c e  

l e v e l .  
A s  t h e  d e s i g n  s t r e s s  

c r e a s e s ,  t h e  p i t c h  ang le  
i n c r e a s e s  t o  g i v e  t h e  s p r i n  
a d d i t i o n a l  bending s t r e s s .  T i n  
a d d i t i o n a l  bending s t r e s s  does  
n o t  cone from Wahl's t heo ry ,  b 
o n l y  f i n i t e  e lement  a n a l y s i s  
c l e a r l y  show t h e  e f f e c t  c o r  
spond!ng t o  t h e  r e s u l  
stress measurement by str 
gauge,$ * 

G e n e r a u y  speaking 
f a t i g u e  s t a r t s "  from t h e  s u  
of a s p r i n g ,  e s p e c i a l l y  whe 
w a s  f a t i g u e  t e s t e d  a t  a h i g  
s t r e s s  l e v e l .  T h i s  c o r r e s p  
t o  t h e  f a t i g u e  c r a c k  i n i t i a  
on t h e  s u r f a c e ,  f o r  whi 
f a c e  s t r e n g t h e n i n g  suc  
n i t r i d i n g  i s  known t o  be e f f  
t i v e ( 4 ) ,  b u t  a s  l ong  a s  a l a r g e  
suspens ion  s p r i n g  i s  concerned,  
n i t r i d i n g  p r o c e s s  i s  n o t  r e a l i s -  
tic from an economical  p o i n t  of 
view. I n s t e a d  d e c a r b u r i z a t i o n  

c o n t r o l  and r e s i d u a l  s t r e s s  
become very  impor tan t  f o r  a 
suspens ion  c o i l  s p r i n g  t o  satis- 
f y  t h e  s p e c i f i e d  f a t i g u e  endur- 
ance.  

3 .  MATERIAL DEVELOPNENT 

A s  p r e v i o u s l y  s t a t e d ,  r a i s i n g  t h e  
d e s i g n  s t r e s s  r e q u i r e s  ha rden ingof  

i a l .  When t h e  maximum 
s t r e s s  i s  t a k e n  a s  

a i n  s h e a r  stress, 
oof s t r e s s  must be 

1300  ma, i .e .  t h e  
t e n s i l e  s t r e n g t h  must be  r a i s e d  up 

a rden ing ,  u s u a l l y  it 
i t h d e c r e a s i n g t e m p e r -  
t u r e s ,  d ropping  t h e  
t h e  same t i m e .  Essen- 

and toughness  
t r a d i c t o r y  rela- 
i s  i n d i s p e n s a b l e  
s ed  i n  a h i g h e r  

o  have h igh  tough- 
as high s t r e n g t h .  

t h a t  toughness  
d  w i th  d e c r e a s i n g  

t i n  t h a t  case 
o  increase t h e  
g  t h e  a l l o y i n g  

on s teel  one of 
y s  t o  i n c r e a s e  

is  t o  i n c r e a s e  t h e  
upontempering.  

t a r d i n g t h e  decomposi- 

e c t  S i  i s  
i v e  e s p e c i a l l y  a t  a 

t o  d e l a y  t h e  forma- 

w a y  t o  i n c r e a s e  t h e  s t r e n g t h  of 
a low carbon s t e e l  i s  t o  e x p l o i t  
bo th  s o l u t i o : ~  hardening and 



Fig.4 E f f e c t  o f  manganese on s 
- r e s i s t a n c e  

p r e c i p i t a t i o n  hardening.  
t h i s  r e s p e c t  S i  and Mn ar 
e f f e c t i v e  i n  s o l u t i o n  hardenin 
as confirmed i n  Fig .4 ,  and V a 
No a r e  expec ted  t o  cd f t t r i bu t e  
p r e c i p i t a t i o n  h a r d e n i n g ( 8 ) .  

According t o  t h e  presump- 
t i o n  s t a t e d  above, a L-16 ma t r ix :  
w a s  l a i d  down t o  op t imize  t h  
c o n t e n t  of a110 ments. 
t h e  p r o c e s s ,  N1 was added t 
enhance t h e  t o u g h n e s s i  of  t h  
s t e e l ,  A s  t h e  r e s u l t ,  t h e  f o l -  

F ig .  ched toughness  i n  
a t i o n  t o  hardness  

lowing c cal  composi t ion was 
determined based upon c r e e p  
t e s t i n g  t o  s e e  s a g  r e s i s t a n c e ,  
t e n s i l e  s t r e n g t h  and Chaspy 
impact  t e s t  t o  o b t a i n  a 

ows notched tough- 
newly developed 

f t e r  quenching and 
a f u n c t i o n  of 

parison**. wi th  t h a t  
of  SAE9260, where toughness  

T a b l e  1 Chemical composition [wt%] ux _;., 
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Fig .6  R e s u l t  of r o t a t i o n a l  
-beriding f a t i g u e  t e s t  

e v e  1 o p e d  

= I  2 7 4 M P a  

Fig.7  R e s u l t  of t o r s i o n  c r e e p  t e s t  

ha rdness .  This  r e v e  

h i g h e r  t empera ture  because of  S i  
a d d i t i o n .  And toughness  iinprove- 

ment might be r e l a t e d  t o  reduc- 
i n g  of  carbon from 0.6 w t %  t o  
0.45 w t % .  

T h e r e s u l t o f r o t a t i n g - b e n d i n g  
f a t i g u e  t e s t i s  showninF ig .6 .  The 
f a t i g u e  l i m i t  of t h e  developed 
steel  was found t o  be h igher  
t h a n  t h a t  of  convent ional  
~ ~ ~ 9 2 6 0  by 30 % .  

Fig.7 shows t h e  r e s u l t  of 
t o r s i o n  c r e e p  t e s t .  The t o r s i o n  
c r e e p  s t r a i n  corresponds t o  sag 
seen  i n  a s p r i n g .  I n  t h i s  exper- 
iment ,  c r e e p  stress on t h e  newly 
developed s t e e l  w a s  i nc reased  by 
30 % , when it i s  compared with  
SAE9260 a t g n o r m a l  s t r e s s  l e v e l .  

I S h a v i n g  I 
( S u r f a c e  p e t  I i n g )  

( A u s t e n i  t i  z a t  i o n )  

1 

1 

O i l  q u e n c h i n g  

1 

W a r m  s e t t i n g  

t -  
S h o t  p e e n i n g  

~ i g . 8  ~ a n u f a c t u r i n g  p roces s  



Table  2 Dimensions of  t h e  s p r i n g  used f o r  t e s t  

I 

4.SPRING CH.l4I324CTERIS 

e r e s i d u a l  s t r a i n  of t h e  newly To s e e  t h e  s p r i n g  c h a r a c t e r i s -  
veloped s t e e l  was much sma l l e r  t ics ,  c o i l  spr ings '  w,ere c o i l e d  
an t h a t  o f  f o r  e v a l u a t i o n  accord ing  t o 3 t h e  
wer s t re  , i n d i c a t i n g  p r o c e s s  shown ,,below i n  Fig .8 .  

The s p r i n g  s p e c i f i c  
d  a t  a high a l s o  shown i n  Table  2 

reduce t h e  The a u s t e n i t i z i  
f o r  t h e  h e a t i n g  of 
o v e r  A3 p o i n t  (about  
an i n d u c t i o n  h e a t i n g  
developed f o r  t h i s  The 
o b j e c t i v e  of u t i  
i n d u c t i o n  h e a t i n g  i s  

i s  s e e n  i n  Fig.9.  
J u s t  a f t e r  t h e  h  

steel b a r  i s  t o  be  

i n t o  o i l  t o  make a the ,.p 

D I  s t a n c e  f r o m  s u r f a c e  Cmml s t r e n g t h  neces sa ry  f o r  a s p r i n g .  
The s p r i n g  i s  then  warm set  

and s h o t  peened t o  c r e a t e  a l a r g e  
Fig.9 Reduct ion  of d e c a r b u r i z a t i o n  amount residual stress distribu- 

by induction h e a t i n g  
(after 6 6 3  K tempering) t i o n  on t h e  s u r f a c e .  A s  p r e v i o u s l y  _ 

mentioned,  i n  t h i s  ca se ,  t h e  s p r i n g  
i s  tempered a s  hard  a s  HRC55, about 
f i v e  p o i n t  h a r d e r  than  t h a t  of 



0 ~omparis3n of sag r e s i s t a n c e  
between S 
s t e e l  

t o  such 

u r f a c e  a f t e r  tempering 
o u t  HRC53, s o  t h e  s h o t  used 
i s  p roces s  must be  hard  a s  

w e l l  known, s i n c e  t h e  
r e s i s t a c e  i s  p r o p o r t i o n a l  t o  
q e s s ,  t h i s  hardened s p r i n g  
b i t s  a s u p e r i d r  s a g  resist- 

cer$ i n  combination w i t h  so lu-  
n hard&& even a t  a h ighe r  
ess l e v e l ,  as shown i n  

I n  t h e  development of  t h e  
g, t h e  main problem e x i s t e d  

a t i g u e .  I n  o r d e r  t o  s a t i s f y  
p e c i f i e d  f a t i g u e  endurance,  
measures were t a k e n  i n t o  . one i s  e l i m i n a t e  t h e  

r f a c e  d e f e c t s  such as decar-  
b u r i z a t i o n  a s  w e l l  a s  non-metal- 
l i e  i n c l u s i o n s .  The i n d u c t i o n  
h e a t i n g  we in t roduced  t o  sup- 
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Fig.12  elation between r e s i d u a l  
stress and endurance 
( r =686*588 MPa) 



p r e s s  t h e  d e c a r b u r i z a t i o n  on t h e  
pee led  s t e e l  bars were s o  suc- 
c e s s f u l  t h a t  b a s i c  f a t i g u e  
c h a r a c t e r i s t i c s  were enormouslv 

t h e  r e s u l t ,  f a t i g u e  
t o  a l e v e l  ove r  t h e  
s p e c i f i e d  l i m i t  e  
h ighe r  s t r e s s  am 
comparison of  . t h e  
ance i s  shown i n  Fig.12. 

F i n a l l y ,  as t o  t h e  cor ro-  
s ion ,  c o r r o s i o n  r e s i s t a n c e  was 
i n v e s t i g a t e d  i n  a s a l t  spray  
chamber w i thou t  c 
c o r r o s i o n  of  suspen 
has  been a problem e 
t h e  s a l t  sprayed  
win te r .  A s  shown i n  
depth of  c o r r o s i o n  

Fig.13 Microgrsphs of  c o r r o s i o n  p i t s  
( ( 3  h r s .  s a l t  sp ray  +21  h r s . '  
atmospheric exposure)x20  
c y c l e s )  (X 7 0 )  

s a l t  spray  f o r  2 0  days ,  d u r i n g  
which drying proces s  was i n t r o -  
duced every 2 1  hours ,  i s  c l e a r l y  
sha l lower  than t h a t  o f  S M 9 2 6 0 ,  
probably due t o  t h e  e f f e c t  of Ni 
added t o  t h e  s t e e l .  Then t h e  

i n g s  w e r e  p u t  i n t o  f a t i g u e  
t t o  s e e  t h e  c o r r o s i o n  fa- 

gue. The r e s u l t  showed . t h a t  
e  f a t i g u e  endurance w a s  e q u a l  

t h a t  of  t h e  c o n v e n t i o n a l  
r i n g s  even t e s t e d  a t  a h ighe r '  
ess l e v e l .  

Q 

2 
4 6 

i s  devglopment o f  a l k g h t  
g h t  s teel  s p r i n g ,  w e  appyied 

a lmost  a l l  of t h e  advanced tech-  
no log ie s  we cou ld  t r y ,  b u t  
d i f f i c u l t i e s  e x i s t e d  i n  i t s  
r e a l i z a t i o n  i n  t h e  p r o c e s s .  Fo r  
a lmost  t h r e e  y e a r s  i n  c l o s e  
c 3 l a b o r a t i o n  w i t h  a n  auto 
maker, a s t e e l  n a k e r  and a 
s p r i n g  maker, we* des igned  and 
e & s t r u c t e d  from t h e  b a s i c  t o  
r e a l i z e  t h e  
<a, suspens ion  c 
3 0 ,  %. . 
(1) The s p r i  
des igned  znd used w i t h  t h e  maximum 
s h e a r  stress of 13qO*$Pp, r educ ing  
t h e  s p r i n g  weight  by o v e r  30 %, 
presumably 40 P, i n  comparison 
w i t h  a SAE9260 spriiig-."-; 

aftershotpeeningshouldbe a s h i g h  
as 1000 MPa. 
( 3 )  To i n c r e a s e  t h e  toughness ,  
carboncontentwasloweredfrom0.6 .- 

% t o  0 . 4 5  % and 1 % N i  w a s  added. 
Si, Mo and V p layed  an i n p o r t a n t  
r o l e  i n  i n c r e a s i n g  t h e  s t r e n ~ t h ,  
e n a b l i n g  a low t empera tu re  temper- 



i n g  . 
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