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.I 
I n t r o d u c t i o n  

The u s e  o f  n o d u l a r  i r o n  i n  t h e  e n g i n e e r i n g  i n d u s t r y  i s  
. i n c r e a s i n g  r a p i d l y .  The  t e n s i l e  s t r e n g t h s  o f  t h e  m o s t  

g e n e r a l  g r a d e s  o f  n o d u l a r  i r o n  s t a n d a r d i z e d  i n  d i f f e r -  
e n t  c o u n t r i e s  r a n g e  f r o m  4 0 0  t o  8 0 0  ~ m m - 2 .  I t  i s ,  
h o w e v e r ,  f e a s i b l e  t o  i m p r o v e  t h e  s t r e n g t h  p r o p e r t i e s  
o f  t h e s e  g r a d e s  t h r o u g h  h e a t  t r e a t m e n t  i n  t h e  s a m e  
m a n n e r  a s  t h o s e  o f  s t e e i s .  

The  e x p e r i e n c e s  t h e  K a r k k i l a  F o u n d r y  o f  K y m i  Kymmene 
E n g i n e e r i n g  has  g a i n e d  f r o m  t h e  u s e  o f  n o d u l a r  i r o n  
i n  v a r i o u s  a p p l i c a t i o n s  h a v e  b e e n  f a v o u r a b l e .  E s p e c -  
i a l l y ,  t h e  e x p e r i e n c e s  g a i n e d  b y  u s i n g  n o d u l a r  i r o n  
i n  g e a r  w h e e l s  s h o w e d  t h a t  t h e  p r o p e r t i e s  o f  n o d u l a r  
i r o n  c o u l d  b e  f u r t h e r  d e v e l o p e d .  I n  c o l l a b o r a t i o n  
w i t h  t h e  S a n t a s a l o  F a c t o r y ,  w h i c h  b e l o n g s  t o  t h e  same 
c o n c e r n  a s  t h e  K a r k k i l a  F o u n d r y ,  a n d  i s  known a s  a  
m a n u f a c t u r e r  o f  g e a r  u n i t s ,  a n  i n t e n s i v e  d e v e l o p m e n t  
o f  s t r o n g  n o d u l a r  i r o n  g r a d e s  w a s  s t a r t e d .  T h e  g o a l  
was t o  i m p r o v e  b o t h  t h e  s t a t i c  a n d  d y n a m i c  s t r e n g t h  
p r o p e r t i e s ,  t o u g h n e s s  a n d  a b o v e  a l l ,  t h e  e n d u r a n c e  
l i m i t  f o r  s u r f a c e  s t r e s s ,  w h i c h  i n  many c a s e s  d e t a r -  

. m i n e s  t h e  t r a n s m i t t e d  p o w e r  o f  t h e  g e a r  w h e e l s .  

T h e  r e s e a r c h  a n d  d e v e l o p m  
n o v a t i o n  o f  a  new n o d u l a r  
w h i c h  a p a t e n t  h a s  now be  
( B e l g i u m ,  t h e  U S A ,  F i n -  
l a n d ,  N o r w a y ,  t h e  U K ) .  
A p a t e n t  a p p l i c a t i o n  ha s  
b e e n  f i l e d  i n  13 c o u n -  
tries. T h e  e x c e l l e n t  p r o -  
p e r t i e s  o f  t h i s  m a t e r i a l  
w h i c h  i n  s e v e r a l  r e s p e c t s  
e x c e e d  t h e  e x p e x t a t i a n s  
a r e ,  i n  t h e  f i r s t  p i a c a ,  
due t o  r e t a i n e d  a u s t e n i t a  
T h i s  b a s  b e e n  p r o d u c e d  
t h r o u g h  t h e  i s o t h e r m a l  
h e z t  t r e a t m e n t  i . e .  m o d i -  
f i e d  a u s t e n i p e r i n g  a n d  r c -  
m a i n s  s t a b l e  w i t h i n  a 
w i d e  r a n g e  o f  w o r k i n g  
t e m p e r a t u r e s  ( f  l g .  11  

e n t  w o r k  r e s u l t e d  i n  t h e  i n -  
i r o n  g r a d e  KYMENITE-9805 f o r  

e n - g r a n t e d  i n  5 c o u n t r i e s  - - - - -  

F i g .  1 T h e  m i c r o s t r u c t u r e  
o f  K - 9 8 0 5  



P r o d u c t i o n  o f  t h e  n o d u l a r  i r o n  K-9805 

The a u s t e n i t i c - b a i n i - t i c  m i c r o s t r u c t u r e  i s  caused  b y  
i s o t h e r m a l  quenching a f t s r  a u s t e n i t i s i n g .  B e s i d e s  
t r y i n g  t o  o b t a i n  b a i n i t e  t h e  h i g h e s t  p o s s i b l e  r e t a i n e d  
a u s t e n i t e  c o n t e n t  [ 2 0 . . . 5 0  % )  i s  hoped f o r .  The t rea t -  , 

merit t e m p e r a t u r e  a n d  t ime a r e ,  i n  a d d i t i o n  t o  t h e  a l -  
l o y i n g ,  t h e  most i m p o r t a n t  f a c t o r s  a f f e c t i n g  t h e  f i n a l  
r e s u l t  ( f i g .  2 and 3 1 . '  

The h e a t  t r e a t m e n t  p roduces  a homogenous m i c r o s t r u c t u r e  
whose p r o p e r t i e s  a r e  not  dependen t  on t h e  La11  t h i c k -  
ness t o  t h e  same e x t e n t  a s  t h e y  a r e  w i t h  components  i n  
" a s  c a s t "  c o n d i t i o n .  By s l i g h t l y  a l l o y i n g  w i t h  sub-  

h a r d e n a b i l i t y  i t  i s  p o s s i b l e  t o  
w i t h  w a l l  t h i c k n e s s e s  u p  t o  

s t a n c e s  i n c r e a s i n g  t h e  
m a n u f a c t u r e  components 
100.. .150 mm.  

F i g .  2 
The dependence of r e t a i n e d  'The e f f e c t  of t r a n s f o r m a t i o n  
a u s t e n i t e ,  i t s  Ms-temper- t e m p e r a t u r e  and t i m e  on r e -  

- a t u r e  and h a r d n e s s  on t h e  t a i n e d  a u s t e n i t e  c o n t e n t  
t r a n s f o r m a t i o n  t i m e  i n  and  h a r d n e s s  
t h e  s a l t  b a t h  

The most i m p o r t a n t  p r o p e r t i e s  

3.1 
S t a b i l i t y  o f  t h e  r e t a i n e d  a u s t e n i t e  

The s t a b i l i t y  of t h e  r e t a i n e d  a u s t e n i t ~  t h a t  forms i n  
c o n n e c t i o n  w i t h  t h e  b a i n i t e  mechanism i s  e x p l a i n e d  a s  
f o l l o w s :  When a u s t e n i t e  i s o t h s r m a l l y  t r a n s f o r m s  i n  
t h e  s a l t  b a t h ,  t h e  h igh  s i l i c o n  c o n t e n t  of K - 9 8 0 5  
( 2 . 0  . . .  2.8 % I  e f f e c t i v e l y  impedes t h e  forming o f  c e -  
m e n t i t e  - t h e  ca rbon  c o n t e n t  of t h e  r emain ing  a u s t e -  
n i t e  i n c r a a s e s ,  t h e  a u s t e n i t e  s t a b i l i z e s  and t h e  
b a i n i t i c  r e a c t i o n  s lows  down. 
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F i g .  5 
The e f f e c t  of  t r a n s -  
f o r m a t i o n  t e m p e r a t u r e  
on t h e  y i e l d  k t r e n g t h ,  s t r e n g t h  ( t r a n s f o r m a t i o n  
t e n s i l e  s t r e n g t h  and t e m p e r a t u r e  acc; t o  f i g .  5 
e l o n g a t i o n  and t r a n s f o r m a t i o n  t i m e  a f t e r  

rnax. r e t a i n e d  a u s t e n i t e  con- 
t e n t  f i g .  31 

L 

F i g .  6 
The dependence  of bending 
f a t i ' g u e  s t r e n g t h  on t e n s i l e  

Dynamic s t r e n g t h  p r o p e r t i e s  

T h e  b e s t  f a t i g u e  s t r e n g t h  i s  a t t a i n e d  by a  mic ro -  
s t r u c t u r e  whose c o n t e n t  of s t a b l e  r e t a i n e d  a u s t e n i t e  
i s  g r e a t e r .  W i t h  t h e  i n c r e a s i n g  s t r e n g t h  a l s o  t h e  
i n t e r n a l  n o t c h  s e n s i t i v i t y  f o r t h e  g r a p h i t e  s p h e r o i d s  
i n c r e a s e s  and t h u s  t h e  meaning of t h e  e x t e r n a l  notch  

. - d e c r e a s e s .  The work ha rden ing  due t o  t h e  machining  
o f  t h e  no tch  has  t h e  same e f f e c t .  When t h e  machining  
i s  c a r r i e d  o u t  a f t e r  t h e  h e a t ' t r e a t m e n t ,  a. no tch  s e n -  
s i t i v i t y  of 7 = 0 . 1 . . . 0 . 2  i s  o b t a i n e d  ( f i g .  6 1 .  When 
t h e  h e a t  t r e a t m e n t  i s  c a r r i e d  o u t  a f t e r  t h e  mach in ing ,  
a no tch  s e n s i t i v i t y  f a c t o r  of q = 0 . 4  can be used .  
I n  t h e  l a t t e r  c a s e  t h e  f a t i g u e  s t r e n g t h  m u s t  be r e -  
duced by abou t  1 0  % when u s i n g  a n  unnotched t e s t  b a r  
and by a b o u t  30 % when u s i n g  a notched b a r  ( c c =  3 . 5 ) .  

T h e  f a v o u r a b l e  e f f e c t  of t h e  work h a r d e n i n g  phenomenon 
i s  based  on t h e  m a r t e n s i t e  r e a c t i o n  on t h e  s u r f a c e  o f  
t h e  work p i e c e ,  a c t i v a t e d  th rough  c o l d  working .  Be- 
c a u s e  o f  t h e  4 % l a r g e r  v o h m e  zf m a r t e n s i t e  t h e r e  
a r i s e s  a compress ive  s t r e s s  i n  t h e  s u r f a c e  zone which 
i s  advan tageous  i n  r e g a r d  t o  t h e  f a t i g u e  s t r e n g t h .  
S i n c e  work h a r d e n i n g  i s  based on t h e  p h a s e  t r a n s f o r r n -  
a t i o n  i t  i s  e x t r e m e l y  s t a b l e .  By s h o t  peen ing  t h e -  
t o o t h  r o o t  o f  t h e  g e a r  ( f i g .  7 )  i t s  b e n d i n g - f a t i g u e  
s t r e n g t h  improves  by morel t h a n  6 0  % compared  t o  a  



t a o t h  hobbcd a f t e r  t h e  h e a t  t r e a t m e n t ,  and by a b o u t  
1 0 0  % compared t o  a t o o t h  hobbed b e f o r e  t h e  h e a t  
t r e a t m e n t  ( f i g -  0 1 .  Work h a r d e n i n g  a l s o  d e c i s i v e l y  
i n c r e a s e s  t h e  l o a d a b i l i t y  o f  machine components  e x -  
posed  t o  s u r f a c e  s t r e s s e s  b e c a u s e  t h e s e  s t r e s s e s  c a u s e  
a m a r t e n s i t e  r e a c t i o n  i n  t h e  s u r f a c e  zone .  The h a r d -  
n e s s  of  t h e  m a r t e n s i t e  p h a s e  i s  a b o u t  9 0 0  HV 0 .1 .  
T h i s  i n c r e a s e s  t h e  h a r d n e s s  o+ t h e  c o n t a c t  s u r f a c e  
d u r i n g  work b y  a b o u t  70...200 HV ( f i g .  9 1 .  S i n c e  t h e  
work  h a r d e n i n g  p r o c e e d s  t o g e t h e r  w i t h  t h e  s u r f a c e  wear, 
t h e  l o a d - c a r r y i n g  a b i l i t y  of t h e  s u r f a c e  r e m a i n s  u n -  
changed  d u r i n g  t h e  whole s e r v i c e  l i f e  of  t h e  c o m p o - .  .: 

n e n t .  

SHOT PEENED TOOTH 
INTENSITY 0.35mm ALMEN A 

CYCLES 

F i g .  7 
T h e  b e n d i n g  f a t i g u e  
s t r e n g t h  o f  a g e a r  t o o t h  
improved  by  s h o t  p e e n i n g .  
T e s t  w h e e l :  m = 3 . 5 ,  

A B C D E  
FABRlCATlNG METHOD 

' F i g .  0 
A Heat  t r e a t m e n t  a f t e r  

hobbing 
B Heat  t r e a t m e n t  b e f o r e  

hobbing 
z -  = 3 7 ,  b = 20, r = 0 .38  C Sho t  p e e n i n g  0 . 3 5  
T i  = 3500C. t i  = S!Y h Alrnen A 

D ' S h o t  p e e n i n g  0.45 
Almen A 

E S h o t  p e e n i n g  0 . 5 5  
Almen A 

3 . 4  
Wear r e s i s t a n c e  

R e c e n t  s t u d i e s  have shown t h a t  bo th  t h e  a b r a s i v e  (fig. 
1 0 1  a n d  a d h e s i v e  wea r  r e s i s t a n c e  o f  K-9805 a r e  a b o u t  
t h i c e  t h a t  of quenched  and tempered  s t e e l  o f  e q u a l  
h a r d n e s s .  The a b r a s i v e  wea r  r e s i s t a n c e  was t e s t e d  b y  
u s i n g  t e s t  b a r s  which r o t a t e d  i n  a  c i r c l e  i n  q u a r t z  
s a n d .  T h e  h a r d n e s s  of t h e  t e s t  b a r s  d i d  n o t  a f f e s t  
t h e  wea r  r e s i s t a n c e ;  t h e  r e t a i n e d  a u s t e n i t e  seemed t o  
b e  of  g r e a t e r  i m p o r t a n c e .  Tho a d h e s i v e  wear  r e s i s t -  



3 . 2  
Static 

Due t o  t h e  high carbon content of the retained auste- 
n i t e ,  about 1 . 6  5 ,  its Ms-temperature is very low. 
It has been proved experimentally that the retained 
a u s t e n i t e  content d o e s  not change  within the tempera- 
ture range of -8Oo...+3000C (fig. 41 .  

Fig. 4 
I . ,  : ' ' The effect of work- 

ing temperature TB 
on retained auste- 
nite content a s  de- 
pendence of the 
transformation time 
ti 

I/ TRANSFORMATION TEVPERATURE 

I . ... 1 
2 

1 
10 100 500 

TIME t i  Hin 

. 
In this kind of thermodynamically stable retained 
austenite it is, however, possible t o  activate an 
isothermal martensite reaction above the.Ms-temper- 
ature by cold working the austenite. The martensite 
which develops through work hardening only forms i n  
zones which have been cold worked. Elsewhere the 
tough austenitic-bainitic microstructure is retained. 

strength properties 

The static strength properties are strongly dependent 
on the isothermal transformation temperature [Ti, 
fig. 5 1 .  The good strength obtained at low tempera- 
tures is due to t h e  lower bainite (fig. 21. At the 
higher temperatures a good toughness is obtained 
because  of the increasing retained austenite content. 
When the temperature keeps rising, the austenite 
tent starts decreesing and upper bainite or even 
perlite startsforming. As to the toughness, the 
timal transformation temperature is 3 4 0  . . .  390°C. 

con- 

OP- 



ante h a s  been t e s t e d  by u s i n g  bo th  g e a r  w h e s l s  and 
a c t u a l  w e a r  p a r t s .  

RA l L  WHEEL 4 295 
TEST AFTER 50600 km 

0 LOAD 17kN 

n = 1500 U / M l n  
N = 1.2. lod 
ff#r 1 f8O Nm.n-L 

200 
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F i g .  10  

. , 

F i g .  9 
T h e  h a r d n e s s  i n c r e a s e s  
i n  t h e  s u r f a c e  l a y e r  of 
a g e a r  wheel and r a i l  
wh'eel d u r i n g  work 

~ e l a t i v e  wear r e s i s t a n c e  
o f  d i f f e r e n t  m a t e r i a l s  
i n  q u a r t z  sand 

T h e  g e a r  wheel  t e s t s  have a l s o  shown t h e  r e l i a b i l i t y  
o f  K - 9 8 0 5  i n  emergency c a s e s .  1: + e  + l u b r i c a t i o n  
t e m p o r a r i l y  f a i l s  t h e  g r a p h i t e  t :her  w i t h  o i l  i s  
enough t o  l u b r i c a i e  t h e  g e a r  wheels u n t i l  t h e  d i s -  
t u r b a n c e  i n  t h e  l u b r i c a t i o n  has been c l s a r e d .  

3 . 5  
M a c h i n a b i l i t y  

I t  is e s s e n t i a l  f o r  t h e  s u c c e s f u l  machin ing  of work 
h a r d e n i n g  m a t e r i a l s  t h a t  t h e  c u t t i n g  speed i s  s u i t a b l y  
l o w  and t h e  c h i p  t h i c k n e s s  enough s o  t h a t . t h e  edge  of 
c u t t e r  works u n d e r  t h e  l a y e r  work hardened w h i l e  c u t -  
t i n g  t h e  p r e v i o u s  c h i p .  S e v e r a l  work phases  can b e  
accompl i shed  p r i o r  t o  t h e  f i n d  h e a t  t r e a t m e n t  because  
t h e  t r a n s f o r m a t i o n s  i t  c a u s e s  a r e  minimal .  T i c  Cool 
i n s e r t s  ( K I S I  a r e  t h e  most s u i t a b l e  f o r  t u r n i n g .  The 
m a c h i n a b i l i t y  of K - 9 8 0 5  when hobbed i s  e q u a l  t o  t h a t  
o f  a h igh  a l l o y e d  C r N i - s t e e l .  

4 
K - 9 8 0 5  a s  g e a r  m a t e r i a l  

4 .1  
T e s t s  and methods . 

T h e  s t u d i e s  were c a r r i e d  o u t  b y  u s i n g  test g e a r  w h e e l s  
i n  a c c o r d a n c e  with T a b l e  1 .  The f o l l o w i n g  l o a d  l i m i t s  
w e r e  d e t e r m i n e d  i n  the.tests: 



a )  Thc endurance  l i m i t  f o r  s u r f a c e  s t r e s s  o f  t h e  t o o t h  
f l a n k  K g  o r  t h e  endurance  l i m i t :  f o r  H e r t z i a n  s t r e s s  d H  
and t h e  S-N c u r v e  o f  H e r t z i a n  s t r e s s  f o r  l i m i t e d  d u r a -  
b i l i t y  e n d u r a n c e .  T h e  t e s t s  were c a r r i e d  o u t  i n  a  
t e s t  bench where g e a r  wheel of t e s t  m a t e r i a l  was a s  
d r i v e n  wheel and g e a r  wheel of c a s e  hardened s t e e l  a s  
d r i v i n g  whee l .  The endurance  l i m i t  i s  such  a  s u r f a c e  
s t r e s s  o r  H e r t z i a n  s t r e s s  t h a t  t h e  t o o t h  f l a n k  e n d u r e s  
when  t h e  number of c y c l e s  i s  5 l o 7  w i t h o u t  t h e  f. 
p i t t i n g  exceed ing  t h e  l i m i t  of 0 . 5  % (whee l  and p i n i o n  
t o g e t h e r ] .  The p i t t i n g  i s  e s t i m a t e d  by measur ing  t h e  
e x t e n t  of t h e  p i t s  b y  a mic roscope .  

Number of t e e t h  
Module 
P r e s s u r e  a n g l e  
H e l i x  a n g l e  
Reference dizneter 
T i p  d i a m e t ~ r  
Tooth wid th  
C e n t e r  d i s t a n c e  

1 F Z G - t e s t s  I Own t e s t s  . 

I . b i n i o n  I Wheel 1 P i n i o n  I Wheel P i n i o n  1 Wheel 

T a b l e  1 Dimension-s of t e s t  wheels  

b l  The  s'-N c u r v e  of  t h e  bending s t r e n g t h  o(f t h k  t o o t h  
root a s  w e l l  a s  t h e  bending endurance  l i m i t  f o r  t o o t h  
r o o t  s t r e s s  haven been de te rmined  b y  a  t ens ion-com-  
p r e s s i o n - p u l s a t o r ,  The t e s t  wheels  a r e  between t h e '  
j a w s  of t h e  p u l s a t a r  so. t h a t  t h e  load  p a s s e s  t h e  base  
c i r c l e  a t  a t a n g e n t .  

C )  T h e  s t a t i c  bending s t r e n g t h  o f  t h e  t o o t h  w i t h  a  t e n -  
s i o n  machine and t h e  impact  s t r e n g t h  w i t h  a pendulum 
hammer. 

4 . 2  
R e s u l t s  of t e s t s  made by F o r s c h u n g s s t e l l e  f { r  
Zahnrzder -  und G s t r i e b e b a u  IFZGI of T e c h n i c a l  
U n i v e r s i t y  i n  Munich 

. . 

The f o l l o w i n g  t e s t  r e s u l t s  are based on t h e  t e s t s  
c a r r i e d  o u t  i n  F o r s c h u n g s s t e l l e  f i r  ZahnrBder- und 
G e t r i e b e b a u  ( F Z G )  of t h e  T e c h n i c a l  U n i v e r s i t y  i n  
Munich i n  t h e  b e g i n n i n g  o f  1976 under  t h e  g u i d a n c e  
of D r . - I n g .  Heinz R e t t i g .  

4 . 2 . 1  
Endu rance  l i m i t  f o r  s u r f a c e  s t r ess  

I n  r e g a r d  t o  p i t t i n g  t h e  endurance  l i m i t  f o r  s u r f a c e  
s t r e s s  Kg o r  f o r  H e r t z i a n  s t r e s s d H  mos t l j /  a t  t h e  
p i t c h  c i r c l e  i s  used a s  b a s i s  when d imens ion ing  t h e  
g e a r  w h e e l s .  Under t h e  t e s t  c o n d i t i o n s  t h e  s t a t i c  
s u r f a c e  s t r e s s  i s :  



by u s i n g  t h e  F Z G - t e s t  w h e e l s  i n  T a b l e  1 :  

% t a t  = 0 .715  U '  [Nmm-2] I 2 1 

= 216 a U [ N m m - ~ ]  d ~ ~ t a t  i 3  1 

U = F o r c e  p e r  f a c e  w i d t h  [~mrn- '1 '  

When d e t e r m i n i n g  t h e  e n d u r a n c e  l i m i t  f d r  s u r f a c e  
stress K D ~ o t  t h e  f b l l o w i n g  f a c t o r s  s h o u l a  b e  t a k e n  
into a c c o u n t :  

- n u m b e r  o f  c y c l e s  N = 5 107 
- t h e  e f f e c t  o f  a d d i t i o n a l  d y n a m i c  l o a d s  u n d e r  t h e  

t e s t  c o n d i t i o n s ,  t h e  e f f e c t  o f  e l a s t i c  t r a n s f o r m a -  
1 t i o n s  a n d  i n a c c u r a c i e s  ( K  Ddyn 

- s t a t i s t i c a l  r e l i a b i l i t y  o f  9 0  % 

Number of I 106 
cycles 

F i g .  11 P i t t i n g  t y p i c a l  i n  g e a r  wheel  o f  m a t e r i a l  K-9805 

F i g .  22  
G e a r  w h e e l s  o f  n o d u l a r  i r o n  
GGG400 . . .  9 0 0  c o m p a r e d  w i t h  
K-9905 .  G G G S O O  a n d  K - 9 8 0 5  
tocth's p r o f i l e  g r o u n d ,  
o t h e r s  f i n i s h e d  b y  h o b b i n g .  
E f f e c t i v e  b a s e  ?itch e r r o r  
f,, = 1 5  urn,  n  = 3 0 0 0  r n m - 1 ,  
m l l d  = 1 0 0  cSt /5OoC 

Number of cyc les  LW - 



I n  f i g u r e  1 2  t h e  S-N c u r v e  o f  s t a t i c  s u r f a c e - s t r e n g t h  
o f  K-9805  o b t a i n e d  i n  t h e  t e s t s  i s  c o m p a r e d  w i t h  t h e  
S-N c u r v e  o f  t h e  c o r r e s p o n d i n g  w e l l -  known n o d u l a r  i r o n  
g r a d e s .  T h e  r e s u l t s  a r e  of  s i g n i f i c a n c e  when t h e  e f -  
f e c t  o f  t h e  a d d i t i o n a l  d v n a m i c  l o a d s  i s  a l s o  t a k e n  
i n t o  c o n s i d e r a t i o n  ( f i g .  1 3 ) .  

4.2.2 
B e n d i n g  

I I 1 FZG-tests I0un 1 FZG- tests 1 
I Nodular iron T ?  krdened Gasrrtrrded I sree, I r iee i  

F i g .  13 C o m p a r i s o n  b e t w e e n  e n d u r a n c e  l i m i t  f o r  s u r -  
f a c e  s t ress  o f  d i f f e r e n t  g e a r  m a t e r i a l s  

The e n d u r a n c e  l i m i t  f o r  s u r f a c e  s t r e s s  o f  Kg = 8 .5 . . .  
10  ~ m m - 2  o b t a i n e d  w i t h  p e a r l i t i c  n o d u l a r  i r o n  g r a d e s  
GGG700 a n d  8 0 0  ( h a r d n e s s  2 5 0 L . 2 8 0  H B )  e x c e e d s  t h e  
c o r r e s p o n d i n g  v a l u e s  of t h e  a l l o y e d ,  q u e n c h e d  a n d  
t e m p e r e d  s t e e l s  ( 4 2 C r f l o 4 ,  50CrMo4. e t c . )  u s e d  i n  g e a r  
w h e e l s .  Even  t h o u g h  t h e  h a r d n e s s  o f  t h e  a u s t e n i t i c -  
b a i n i t i c  n o d u l a r  i r o n  K-9805  i s  e q u a l  t o  t h a t  o f  
G G G S O O  [Hg = 290 . . . 3 5 0 1 .  t h e  e n d u r a n c e  l i m i t  f o r  
s t ress  o f  Kg = 3 2 . . . 3 6  ~ m m - 2  was o b t a i n e d .  As t o  p e r -  
f o r m a n c e .  K - 9 8 0 5 ,  i n  t h e  f i r s t  p l a c e , .  c o m p e t e s  w i t h  
f l a m e  a n d  i n d u c t i o n  h a r d e n e d  a s  w e l l  a s  w i t h  g a s  
n i t r i d e d  s t e e l s .  

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

T h e  t e s t  g e a r  w h e e l s  w e r e  i n s t a l l e d  i n  t h e  t e n s i o n -  
c o m p r e s s i o n  p u l s a t o r  ( 4 . 1  b )  t h e  s t r e s s  b e i n g  p u l s a t -  
i n g  [ p r e l o a d  P, = 2 0 0 0  N ) .  T h e  c o m p a r i s o n - b e n d i n g  
s t ress  of t h e  t o o t h  r o o t  i s  c a l c u l a t e d  f r o m  t h e  f o r -  
m u l a :  

T h e  t o o t h  s t r e n g t h  f a c t o r  q i s  d e t e r m i n e . d  b y  t a k i n g  
i n t o  a c c o u n t  t h e  b e n d i n g ,  c o m p r e s s i o n  a n d  s h e a r i n g  
s t r e s s e s .  T h e  c r i t i c a l  s e c t i o n  i s  d e f i n e d  b y  t h e  



.% 

1 
c o n t a c t  p o i n t s  o f  3G0 t a n g e n t s  d r a w n  a t  t h e  f i l l e t  
r a d i u s  l i k e  i n  t h e  ISO- a n d  D I N - m e t h o d s .  F o r  t h e  
F Z G - t e s t  w h e e l s  o f  T a b l e  1 t h e  b e n d i n g  s t r e s s  i s :  

U = F o r c e  p e r  f a c e  w i d t h  ~ r n r n - q  
I 
I 

ef =3.lmrn 
~f = 6.4mm 
r' = 242' 

Po = ?75m N 
s vD= 291. ~ / m m 2  

Material: K 9805 

Number of  cycles LW 

F i g .  1 4  S-N c u r v e '  o f  b e n d i n g  f a t i g u e  s t r e n g t h  f o r  
- t o o t h  r o o t  s t r e s s  o f  p u l s a t o r  t ~ s t s  

F i g u r e  1 4  shows t h e  S-N c u r v e  o f  t h e  t e s t  m a t e r i a l .  
T h e  e n d u r a n c e  l i m i t  f o r  t o o t h  r o o t  s t r e s s  f o r  t h e  
m a t e r i a l  K-9805  i s  0 = 2 9 4  ~ m i n - 1  ( 1 0  % p r o b a b i l i -  
t y  o f  d a m a g e ) .  w h e n V ? h e  p r o b a b l e  d u r a b i l i t y  i s  s t ~ -  
t i s t i c a l l  9 9  % ,  t h e  c o r r e s p o n d i n g  v a l u e  i s  (TVD = 
275  Nmin-3  ( f i g .  7 ) .  F i g u r e  1 5  z b w s  t h e  c o m p a r i s o n  
b e t w e e n  t h ~  e n d u r a n c e  l i m i t s  f a r  - n t h  r o o t  s t r e s s  
o b t a i n e d  ( 1 0  % p r o b a b i l i t y  o f  daii.2, ' a n d  t h e  c o r r e -  - 
s p o n d i n g  v a l u e s  o f  o t h e r  g e a r  m a t e r :  . s .  . K-9805 i s  
on t h e  s a m e  l e v e l  w i t h  t h e  a l l o y e d .  q u e n c h e d  a n d  
t e m p e r e d  s t e e l  42CrMo4.  From f i g u r e  7 i t  c a n  b e  c o n -  
c l u d e d  t h a t  b y  s h o t  p e e n i n g  K - 9 8 0 5  b e t t e r  s n d u r a n c e  
l i m i t s  c a n  b e  r e a c h e d  t h a n  f o r  c a s e  h a r d e n e d  s t e e l  

C 

- 500 N m i n - 2 ) .  [%I - 

F i g .  1 5  E n d u r a n c e  l i m i t  f o r  t o o t h  r o o t  s t r e s s  o f  
A i  C $ O ~ " ~ C  * m - -  -?+"- :  - 1  - 



4 . 2 . 3  
S t a t i c  
of  t h e  

I 
As a r e s u l t  o f  t h e  considerably lower no tch  s e n s i t i v i -  
t y  of t h e  n o d u l a r  i r o n  g r a d e s  compared t o  s t e e l s  t h e  
t o o t h  f i l l e t  r a d i u s  a f f e c t s  t h e  endurance  l i m i t  f o r  
t o o t h  r o o t  s t r e s s  on ly  s l i g h t l y , e v e n  when u s i n g  t h e  
t r d b i t i o n a l  n o d u l a r  i r o n  g r a d e s  ( f i g .  1 6 ) .  A s  t o  
t h e  a u s t e n i t i c - b a i n i t i c  g r a d e  K-9805,  t h e  e f f e c t  i s  
even s l i g h t e r .  . 

F i g .  1 6  - 
I n f l u e n c e  c f  t o o t h  f i l l e t  
r a d i u s  rf/, t o  r e l a t i v e  

f a c t o r .  n o t c h  

Curve 

Curve 

Curve 

t e n s i l e  
t o o t h  

1: quenched and 
tempered s t e e l s  

2 - 3 :  c a s s  hardened 
steel 

4:  c a s t  m a t e r i a l s  

s t r e n g t h  and impact  r e s i s t a n c e  

s t r e n g t h ,  t h e  s t a t i c  t e n -  I n  a d d i t i o n  t o  t h e  f a t i g u e  
s i l e  s t r e n g t h  a s  w e l l  a s  t h e  impact  r e s i s t a n c e  of  t h e  
t o o t h  a r e  of s i g n i f i c a n c e ,  because  they  i n d i c a t e  t h e  
a b i l i t y  of t h e  g e a r  wheel t o  c a r r y  o v e r l o a d s .  

T h e  s t a t i c  t o o t h  r o o t  s t r e n g t h  c o r r e s p o n d s  t o  t h e  
l e f t  s i d e  h o r i s o n t a l  p a r t  of t h e  S-N c u r v e .  T h e  t e s t  
r e s u l t s  a r e  shown i n  f i g u r e  1 7 .  I n  t h i s  r e s p e c t ,  t h s  
g r a d e  9 8 0 5  i s  a l s o  a b l e  t o  r e a c h  t h e  v a l u e s  o+ t h e  
c a s e  hardened s t e e l s .  

F i g .  1 7  S t a t i c  t o o t h  r o o t  s t r e n g t h  o f  d i f f e r e n t  
m a t e r i a l s  



1 T h e  r e s u l t s  of t h e  impact  r e s i s t a n c e  t e s t s  of t h e  
t o o t h  a r e  shown i n  f i g u r e  1 8 .  The impact  r e s i s t a n c e  
o f  K - 9 8 0 5  i s  even b e t t e r  t h a n ' t h a t  of c a s e  hardened - - 
s t  e l s  b u t  c o n s i d e r a b l y  lower  t h a n  t h a t  of  bo th  

a n  qu ched and tempered and n i t r i d a d  s t e e l s .  

I Nodular iron 
Trough horde& Gasnitrided I I Case hardened 

steel steel s tee1 

F i g .  1 8  Tooth r o o t  impact  s t r e n g t h  of d i f f e r . e n t  
m a t e r i a l s  

Results o f  own t e s t s  

S a n t a s a l o ' s  own g e a r  wheel t e s t s  have ma in ly  been 
c a r r i e d  o u t  w i t h  t e s t  wheels  a c c o r d i n g  t o  T a b l e  1 .  
T h e  e n d u r a n c e  l i m i t  f o r  t o o t h  r o o t  s t r e s s  i s  d e t e r -  
mined by p u l s a t i n g  t e s t s .  Running t e s t s  a r e  used f o r  

. , c h e c k i n g  t h e  p u l s a t i n g  t e s t s  and d e t e r m i n i n g  endurance 
l i m i t  f o r  s u r f a c e  s t r e s s .  The r e s u l t s  a r e  e v a l u a t e d  
a c c o r d i n g  t o  t h e  c a l c u l a t i n g  method i n  u s e ,  t a k i n g  
t h e  d e s i r e d  s t a t i s t i c a l  r e l i a b i l i t y  i n t o  c o n s i d e r a -  
t i o n .  The r u n n i n g  t e s t s  a r e  c a r r i e d  o u t  u s i n g  S a n t a -  
s a l o ' s   ow^ t e s t  b e n c h e s , o u t  of which two a r e  f o r  s p u r  
and h e l i c a l  g e a r  wheels  ( c e n t e r  d i s t a n c e  a = 1801  and 
one f o r  b e v e l  g e a r  wheel [ r e f e r e n c e  d i a m e t e r  f o r  b e v e l  
wheel  i s  2001.  The r e s u l t s  we have o b t a i n e d  i n  r e -  
g a r d  t o  b o t h  t h e  endurance  l i m i t  f o r  s u r f a c e  s t r e s s  
a s  we l l  a s  f o r  t o o t h  r o o t  s t r e s s  a r e  v e r y  c l o s e  t o  
t h e  v a l u e s  g i v e n  by  t h e  FZG- tes t s  ( f i g u r e  1 3  and I S ] .  
F i g u r e  7 c l e a r l y  shows how b y  u s i n g  t h i s  work ha rden-  
i n g  m a t e r i a l  w i t h  s h o t  peen ing  t h e  c o r r e s p o n d i n g  
s t r e n g t h s  o f  c a s e  hardened s t e e l s  can be  o b t a i n e d .  

T h e  r e s u l t s  g i v e n  f o r  K - 9 8 0 5  a r e  based  oo  t h o s e  o f  
a p p r .  3 0 0  p a i r s  o f  s p u r  and h e l i c a l  g e a r  whee l s  
[K-9805/15CrNi6) and 40 p a i r s  o f  b e v e l  g e a r  w h e e l s  
(17CrNiMo6/K-98051, t e s t e d  s i n c e  1 9 7 1 .  



5 
A p p l i c a t i o n s  of t h e  a u s t e n i t i c - b a i n i t i c  
n o d u l a r  i r o n  

4B 5.1 
T h e  most  i m p o r t a n t  p r o p e r t i e s  

. As a c o n c l u s i o n  on t h e  b a s i s  of t h e  above p r e s e n t e d  
s t u d i e s  i t  can be s t a t e d  t h a t  t h e  most i m p o r t a n t  p r o -  

. p e r t i e s  of t h e  a u s t e n i t i c - b a i n i t i c  n o d u l a r  i r o n  ' '  

K-9805 as  g e a r  m a t e r i a l  a r e :  

The good s t a t i c  and dynamic s t r e n g t h  v a i u e s  t o g e t h -  
e r  w i t h  t h e  low notch  s e n s i t i v i t y  and s u f f i c i e n t  
t o u g h n e s s  p r o v i d e  e x c e l l e n t  d imensioning  s t r e n g t h .  
The work h a r d e n i n g  p r o p e r t y  r e s u l t s  i n  t h e  p o s s i -  
b i l i t y  of improving t h e  endurance  l i m i t  f o r  t o o t h  
r o o t  s t r e s s  c o n s i d e r a b l y  by s h o t  peen ing .  

As a r e s u l t  of t h e  e x c e l l e n t  endurance  l i m i t  f o r  
s u r f a c e  s t r e s s  i t  i s  p o s s i b l e  t o  use  t h i s  m a t e r i a l  
a s  a s u b s t i t u t e  f o r  f l ame  and i n d u c t i o n  hardened 
g e a r  m a t e r i a l s ,  e x p e c i a l l y  when l a r g e  d i m e n s i o n s  
a r e  c o n c e r n e d .  S i n c e  t h e  t e e t h  need no s u r f a c e  
h a r d e n i n g  and g r i n d i n g .  t h e  p r o d u c t i o n  i s  c o n s i d -  
e r a b l y  s i m p l e r  and l e s s  e x p e n s i v e .  

T h e  p i t t i n g  of t h e  n o d u l a r  i r o n  g r a d e s  d i f f e r s  from 
t h a t  of s t e e l s  i n  t h a t  t h e  p i t s  a r e  s m a l l  and even-  
l y  dev ided  above and below t h e  c i r c l e .  The 
i n c r e a s e  i n  t h e  number of p i t s ,  when t h e  number of  
c y c l e s  c o r r e s p o n d s  t o  t h e  endurance  l i m i t  f o r  s u r -  
f a c e  s t r e s s ,  i s  a lmos t  p r o p o r t i o n a l  t o  t h e  number 
o f  c y c l e s .  S i n c e  t h e  p i t s  remain s m a l l .  t h e y  do 
n o t  damage t h e  t o o t h  f l a n k  b u t  on ly  i n c r e a s e  wear .  

Even w i t h  l o a d s  g r e a t e r  t h a n  t h e  endurance  l i m i t  
f o r  s u r f a m  s t r e s s  i n d i c a t e s ,  t h e  p i t t i n g  damages 
remain i n s i g n i f i c a n t  compared t o  s t e e l  w h e e l s .  
Consequen t ly ,  t h e  damage l i n e  of p i t t i n g  f o l l o w s  ' 

t h e  S-N c u r v e  v e r y  c l o s e l y ,  which, i n  t u r n ,  i n d i -  
c a t e s  t h a t  t h e  m a t e r i a l  e n d u r e s  o v e r l o a d i n g  r e l a - '  
t i v e l y  w e l l .  

The s u r f a c e  roughness  does  not  g r e a t l y  i n f l u e n c e  
t h e  l oad  c a r r y i n g  a b i l i t y  of t h e  t o o t h  f l a n k ;  T h e  
d i f f e r e n c e  between t h e  endurance  l i m i t  f o r  s u r f a c e  
stress of a  ground and hobbed t o o t h  i s  l e s s  t h a n  
1 5  % ;  t h e  c o r r e s p o n d i n g  d i f f e r e n c e  i n  r e g a r d  t o  
o t h e r  n o d u l a r  i r o n  g r a d e s  amounts t o  a p p r .  30 %. 
As t o  s t e e l  g e a r  whee l s ,  t h e  d i f f e r e n c e  i s  o v e r  
1 5  % ,  depend ing  on t h e  s u r f a c e  roughness  and t h e  - 
s t r e n g t h  cf  t h e  m a t e r i a l .  The f a c t  t h a t  t h e  i n f l u -  
ence of t h e  s u r f a c e  r o u g h n e s s  i s  s o  i n s i g n i f i c a n t  
i s  main ly  d u e  t o  t h e  l o w a r  n o t c h  s e n s i t i v i t y  o f  the .  
m a t e r i a l .  F u r t h e r m o r e ,  t h e  r u n n i n g - i n  p r o p e r t i e s  
of t h e  s u r f a c e  a r e  e x c e l l e n t ,  from which f o l l o w s  
t h a t  t h e  s u r f a c e  r e l a t i v e l y  soon becomes smooth 
w h i l e  r u n n i n g  a n d  t h e  hydrodynamic p a r t  of t h e  
l u b r i c a t i o n  i n c r e a s e s .  

T h e  t e s t s  have  a l s o  shown t h a t  t h e  f r i c t i b n  c o e f f i -  



)c i*ent  r e g a r d i n g  t h e  r a n g e  o f  boundary l u b r i c a t i o n  
i s  s m a l l e r  than  t h a t  of s t e e l  g e a r  whee l s .  O f  e s -  
s e n t i a l  impor tance  i s  t h e  w o r k  ha rden ing  of t h e  
s u r f a c e  wh'ich i s  most i n t e n s i v e  jus t  a t  p r o f i l e  

aks. 

nce a  c o n s i d e r a b l y  lower  s u r f a c e  roughness  can b e  
o b t a i n e d  w i t h  t h i s  m a t e r i a l  (same machining v a l u e s 1  
t h a n  w i t h  s t e e l  by  hobbing,  i t  w i l l  s u f f i c e  i f  t h e  
t e e t h  a r e  f i n i s h e d  b y  hobbing.  

- T h e  v i b r a t i o n s  a r e  damped abou t  4 0  % f a s t e r  t h a n  
i n  a s t e e l  c o n s t r u c t i o n ,  which among o t h e r  t h i n g s ,  
l o w e r s  t h e  n o i s e  l e v e l .  

- T h e  r e l i a b i l i t y  i n  emergency c a s e s  i s  an i m p o r t a n t  
f a c t o r  f r o m e t h e  u s e r ' s  p o i n t  of view. T h i s  means 
t h a t  t h e  1 u S r i . c a t i o n  d i s t u r b a n c e  d o e s  no t  damage 
t h e  t e e t h  immedia te ly  b u t  t h e y  endure  t h e  excep-  , 

t i o n a l  s i t u a t i o n  r e l a t i v e l y  w e l l .  The g r a p h i t e  
p r e s e n t  h e r e  i s  of e s s e n t i a l  c o n t r i b u t i o n .  

- Owing t o  t h e  s t a b i l i t y  of t h e  r e t a i n e d  a u s t e n i t e  
t h e  s u i t , a b l e  working t e m p e r a t u r e  r a n g e  i s  v e r y  wide, 
f r o m  -Boo t o  +200°C. 

A p p l i c a t i o n s  . 5 ,> 

7 
T h e  e u s t e n i t i c - D a i n i t i c  n o d u l a r  i r o n  k - 9 8 0 5  was o r i -  
g i n a l l y  deve loped  a s  d e s i g n  m a t e r i a l  f o r  g e a r  w h e e i s .  
T h i s  i s  why t h e  S a n t a s a l o - T r a n s m i s s i o n  has i n t r o d u c s d  

I a new component s t a n d a r d i z e d  g e a r  s e r i e s  i n t o  t h e  
m a r k e t .  The d e s f g n  of t h i s  s e r i e s  i s  based on u t i l -  
i z i n g  t h e  p r o p e r t i e s  of K-9805. The r a t i o  r a n g e  of 
t h e  g e a r  s e r i e s  i s  i = 1 . . . 1 0 0 0  and maximum o u t p u t  
t o r q u e  a p p r .  6 0 0  kNm. 

By u s i n g  K - 9 8 0 5  i n  v e c h i c l e s  a s  g e a r  wheels  a b e t t e r  
d u r a b i l i t y  t h a n  w i t h  c a s e  hardened s t e e l s  has been 
g a i n e d ,  due  t o  t h e  h igh  r e s i s t a n c e  of shock l o a d s .  

--. As d i f f e r e n t  r a i l  w h e e l s ,  e . g .  i n  mine c a r t s ,  m u l t i -  
p l e  s e r v i c e  l i f e  has  been g a i n e d  by u s i n g  K-9805,  
compared t o  t h e  f l a m e  hardened s t e e l  t h a t  was used 
b e f o r e .  The e x p e r i e n c e s  a r e  s i m i l a r  a l s o  i n  t h e  r a i l  

.+. )& .- w h e e l s  of c o n v e r t e r s  and o t h e r  o r e  h a n d l i n g  equipment. 
Cold working  i s  o f  e s s e n t i a l  impor tance  i n  t h e  a p p l i -  
c a t i o n s .  


