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INTRODUCTION 

T w o  d e c a d e s  a g o  g r i n d i n g  w e s  a l m o s t  t o t a l l y  a p p l i e d  a s  a 
f i n i s h i n g  p r o c e s s  w o r k i n g  a t  v e r y  l o w  r e m o v a l  r a t e s  a n d  c o r r e s p o n -  
d i n g l y  l o w  p r o d u c t i v i t y .  A t  t h o s e  t i m e s  g r i n d i n g  was  u s e d  m a i n l y  
b e c a u s e  o t h e r  m e t h o d e s  c o u l d  n o t  p r o v i d e  t h e  r e q u i r e d  g e o m e t r i c a l  
a c c u r a c y  o r  c o u l d  n o t  c u t  h a r d e n e d  m a t e r i a l s  a t  a l l .  I n  t h e  r e c e n t  
y e a r s ,  . h o w e v e r ,  t h e  s i t u a t i o n  h a s  c h a n g e d  s u b s t a n t i a l l y .  S t i l l  u s e d  
fla t h e  d o m i n a n t  f i n i s h i n g  p r o c e s s .  g r i n d i n g  h a s  b e e n  c e v e l o p e d  
s u c h  t h a t  e n c r e a s e d  r e m o v a l  r a t e s  a t  c o n s t a n t  o r  e n c r e e s e d  a c c u -  
r a c y  b e c a m e  p o s s i b l e .  A l s o  h i g h - e f f i c i e n c y  g r i n d i n g  o f  d i f f i c u l t -  
t o - m a c h i n e  m a t e r i a l s  l i k e  s t a i n l e s s  s t e e l s ,  t o o l  a n d  h i g h  s p e e d  
s t e e l s ,  t i t a n i u m  a n d  n i c k e l - c o b a l t - b a s e  a l l o y s ,  i s  p e r f o r m e d  to-  
d a y  a t  a l a r g e r  s c a l e .  

T h i s  d e v e l o p m e n t  tie: beer  e n t i c i p a t e d  b y  a r e p r e s e n t a t i v e  
g r o u p  o f  r n a n u f a c t u r i n s  p r p e r t s  a t s e s s i n g  t h e  u n d e v e l o p e d  p o t e n t i o n  
of  t h e  g r i n d i n g  p r o c e s s  e f e w  v ~ a r s  a g o  / l / .  F i o u r e  i r e f l e c t s  t h e  
g r o u p  o p i n i o n  f o r  s o m e  s e l e c t e d  s t a t e m e n t s .  T h e  m a j o r i t y ,  f o r  c x -  
a m p l e .  e x p e c t e d  new a b r a s l v e  m a t e r i a l s  a n d  e x a c t  a n a l y t i c a l  m e t h o -  
d e s  t o  d e s c r i b e  t h e  g r i n d i n g  p r o c e s s  t o  become  e f f e c t i v e  b c t w e c n  
1 9 8 0  a n d  1 9 9 0 .  T h e  s u b s t i t u t i o r ~  o f  o t h e r  m a n u f a c t u r i n g  p r o c e s s e s  
b y  g r i n d i n g  i s  e x o e c t e d  r o  r n c r ~ e s ~  s t e a d i l y :  g r i n d i n g  i t s e l f .  
h o w e v e r ,  i s  e x p e c t e l  t c  5: n t ~ e :  s u b s t i t u t e d  by  t t h e r  m a n u f a c t u -  
r i n g  p r o c e s s e s  c o m p l e t e l y .  O t h e r  s t a t e m e n t s  w e r e  e v a l u a t e d  i n  a  
m o r e  c o n s e r v a t i v e  way :  A b o u t  '>?$ o f  t h e  q u e s t i o n e d  e x p e r t s  t h i n k  
t h a t  g r i n d i n g  w h e e l  s p e e o s  a u p l l e d  i n  p r o d u c t i o n  w i l l  n e v e r  b e  
e n c r e a s e d  t o  300 m / s  (6000G s fprn ) ,  a n d  2 5 5  b e l i e v e  t h a t  g r i n d i n g  
w i l l  n e v e r  c o v e r  505 o f  a l l  f i n i s h i n g  o p e r a t i o n s .  
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STATEMENTS 

Figure 1: Delphi-Type Forecast of the Future of Grinding / l /  

Ccmparing these statements with today's state of art we rea- 
lize, that the actual developments are pretty well following the 
predicted path: New analytical methodes are in use to describe and 
control the grinding processes, and cubic boron nitride is applied 
as a new synthetic abrasive material for grinding hardened steels 
end superalloys. Actually the development of grinding technology 
as achieved in the last ten years can be split into three sections: 

- Analysis of technological fundamentals, 
- Development of processes and machines, 
- Developments of tools end auxiliaries. 

In the following chapter B detailled list of the most relevant 
advances in these three areas is presented together with pertinent 
references. Subsequently selected topics are discussed in detail. 

RECENT DEVELOPMENTS IN GRINDING 

The most important prerequisite for e substantial progress 
in grinding is the better understanding of the process fundamen- 
tals. Consequently. in the recent years major efforts have been 



directed towards the analytical investigation of the kinematic and 
mechanical principles of material removal in grinding. At the same 
time processes have been studied and further developed aiming to 
achieve higher productivity and increased quality by means of modi- 
fied ore improved machines, tools and auxiliaries. The following 
list gives a representative overview on the most important ad- 
vances in the different areas of grinding technology: 

1. Analysis of Technological Fundamentals 

1.1 Functional Description of Kinematic Relations /3/ 

- Number and distribution of static cutting edges, - Number and distribution of dynamic cutting edges, - Average chip cross section and chip thickness. 
1.2 Functional Description of Grinding Forces /3,4,5,6,7.8/ 

- Mechanic principles of chip formation, - Total normal and tangential grinding forces, - Mean force per individual cutting edge, - Time-dependant character of grinding force. 

1.3 Functional Description of Wheel Wear /2,3,9,10,11,13/ 

- Mechanic principles of wear at bonded abrasivea, - Difference between radius and edge wear on grinding wheels. - Cost-optimal grinding conditions, 

1.4 Functional Description of Grinding Temperatures /4,12,14,15/ 

- Basic influence of friction and chip formation, - State of temperature in contact zone. - Temperature field in work surface layer. - Wheel surface temperature, 
1.5 Functional Description of Work Surface Roughness /11.16.17/ 

- Basic roughness due to wheel topography. - Kinematic roughness due to process conditions, - Mechanical roughness due to plstic deformations, 
2. Development of Processes and Machines 
2.1 Advances in Grinding Machine Design /l 8,1'9.20,21 ,22,23 ,V/ 

- Application of axiomatic principles for machine tool design, - Increased static and dynamic stiffness. - Increased working power, - Infinitely variable drives for wheel and work, - Electro-mechanical high-precision drives for tables and 
slides, - Improved systems for cooling,fluids, application and handling, - Improved safety measures. - Improved systems for precision feeding and stopping, 



- Imorqved systems f-or automatic wheel balancing. 
- Ir~tegrated and improved dressing devices. 
- Temperature control of machine and coolant. 

2.2 Advances in Control Techniques / 2 3 , 2 4 , 2 5 . 2 6 , 2 7 , 2 8 , 2 9 t 3 0 /  

- Automatic compensation of wheel wear and dressing losses, - Automatic control of dressing cycle, - Control of thermally and mechanically induced distotions, 
- Minimizing of idle operation times, 
- Optimizing of step grinding. - Programmable control techniques. - CNC-control of surface and external plunge grinding, - Adaptive control techniques, - Sensor development for force, wear and roughness, - Establishment of grinding data banks, 

2.3 Process Modifications /49.50,51 ,52,53,E14,57,58,59/ 
P - - - - --p- --- - High speed grinding, - Creep feed grinding, - High speed creep feed grinding, - Speed stroke surface grinding. - Fonn grinding of wdrrs and gears, - High speed belt grinding, - High efficiency thread grinding, - High efficiency roller grinding, 
3. Development of Toola and Auxiliaries 

3.1 New Abrasive Materials /31,32,33,34,35,36.38/ 

- Clustered diamond powder. 
- Cubic boron nitride (CBN). - Zirconia alumina, 

3.2 New Bonding Systems /34,37,39.40,41/ 

- Vitrified bonding for CBN-wheels. - Brittle bronce bonding for crushable CBN and diamond wheels. - Resin bonding systems with metal filler and solid lubricants 
for CBN and diamond wheels. 

3.3 New or Improved ~ r b s s i n ~  Systems /21 ,42, 43,44.45,46/ 

- High precision diamond rollers, - Roll-2-dress device, - Crush dressing of metal-bonded CBN and diamond wheels, - Dia-dress system for vitrified CBN wheels, - Single-point dressing for conventional wheels with poly- 
cristalline sintered diamond tool marked by posive rake 
angle, 

3.4 New or Improved Auxiliaries /22,24.47,48/ 



- New clamping system for high speed grinding wheels. - Grindo-Sonic device for wheel grading, - Hydraulic wheel balancing system, 
The analytical study and description of the grinding process 

i s  the key t o  a better understanding and control. Controversal 
findings a s  experienced in using super-abrasives and applying 
high speed and creep feed techniques can well be resolved in the 
light o f  better understood fundamentals. For advanced control 
techniques. o n  the other hand, s reliable modeling system, i n  form 
of mathematical functions a s  well a s  pertinent sensors, is the 
most important prerequisites for the crucial identification o f  the 
controlled processes. Based on these fundamentals and on emperical 
investigations. the realisation of significantly improved producti- 
vity and work piece quality in grinding can be achieved by improved 
machines, tools and auxiliaries. The great variety of recent ad- 
vancesqroves. that grinding indeed offers a considerable contri- . - .-P - -- - - -.pp 

bution t o  increased manufacturing productivity. 

SELECTED EXAMPLES OF PRACTICAL ADVANCES IN GRINDING 

I. Analytical Description o f  Grinding Forces 

The force generated during grinding is one of the most rele- 
vant process criteria because it determines energy consumption, 
wheel wear and thermal load in the work surface. Ueing the symbols 
vs - uheel speed. v,,, = work speed, a = depth of cut, D = dw ds/ 
( d w + d s )  5 equivalent wheel diameter, ds  = wheel diameter, d, = 

ameter, Cl = cutting edge density at wheel periphery, lk = 
? f 2  contact length between wheel and work piece. l = vari- (a.D) 

able of contact length, a(1) = average chip cross section a s  a 
function of the contact lenth variable, N(1) = number of active 
cutting edges a s  a function of the contact lenth variable, the 
following definition for the grinding force per unit of grinding 
width bs can be determined from the basic law of chip formation 
forces / 6 / :  

Inserting the functional equations for Q(1) and N(1) a s  de- 
rived and described in /2.6/, this function yields t o  a simply 
structured grinding force model: 



w h e r e :  E =  1 [ ( l + n ) + d ( l - n ) ]  ; 0 .5  E 4 1 .D 
2  

g =  R(1-n)  O < r < l . O  

The e x p o n e n t i a l  c o e f f i c i e n t  n  d e p e n d s  on t h e  m a t e r i a l  g r o u n d  
a n d  r e p r e s e n t s  t h e  d e g r e s s i v e  n a t u r e  o f  i n c r e a s i n g  c u t t i n g  f o r c e s  
v e r s u s  c h i p  c r o s s  s e c t i o n .  I t s  n u m e r i c a l  v a l u e  is a l w a y s  p o s i t i v e  
a n d  s m a l l e r  t h a n  1 .0 .  The c o e f f i c i e n t s  d a n d  fl r e p r e s e n t  t h e  na- 
t u r e  o f  c u t t i n g  e d g e  d i s t r i b u t i o n  i n  t h e  w h e e l  p e r i p h e r y  a n d  de -  
p e n d  on w h e e l  s t r u c t u r e ,  d r e s s i n g  p r o c e s s  a n d  s t a t e  o f  wear .  The 
p r o p o r t i o n a l i t y  f a c t o r  K i s  d e p e n d e n t  on  t h e  c u t t i n g  e d g e  g e o m e t x y ,  
t h e  c o o l i n g  f l u i d  p r o p e r t i e s ,  a n d  t h e  work m a t e r i a l  p r o p e r t i e s .  
I t s  d i m e n s i o n  kp/mm2 ( p o u n d s  p e r  s q u a r e  i n c h )  i s  i d e n t i c a l  to t h a  
s p e c i f i c  e n e r g y  d i m e n s i o n .  

E q u a t i o n  (2 .3 )  c a n  b e  d e r i v e d  o n  a much s i m p l e r  way, t o o .  Ob- 
v i a u s l y  the t e t a ~ ~ n d ~ i ~ n ~ ~ f ~ ~ c e ~ i . a . ~ c . o m p o s e d  . . -- o f  . . two  -. . . -- d i f f e r e n t  - . - - -- - corn- . ' 
p o n e n t s :  f r i c t i o n  a n d  c h i p  f o r m a t i o n  f o r c e s .  F r i c t i o n a l  f o r c e s  c a n  
b e  r e l a t e d  t o  t h e  a c t u a l  c o n t a c t  l e n g t h  l k  = ( a . ~ ) 1 / 2  a n d  t h e  
c u t t i n g  e d g e  d e n s i t y  Cl. F o r m a t i o n a l  f o r c e s ,  on  t h e  o t h e r  h a n d ,  
a r e  d i r e c t l y  r e l a t e d  t o  t h e  t o t a l  sum o f  a l l  i n s t a n t a n e o u s  c h i p  
c r o s s  s e c t i o n  i n  t h e  c o n t a c t  z o n e  Qmom = e.vw/vs. S u p e r i m p o s i n g  
t h e s e  two  terms s u c h  t h a t  t h e  i n f l u e n c e  o f  b o t h  v a r i e s  r e c i p r o -  
c a l l y  beween 0 a n d  1 by e m p l o y i n g  a n  e x p o n e n t i a l  c o e f f i c i e n t 0 < 8 < 1 :  

L 2 - 
f r i c t i o n a l  t e r m  f o r m a t i o n a l  t e r m  

l e a d s  t o  e x a c t l y  t h e  same e q u a t i o n  f o r  t h e  g r i n d i n g  f o r c e  a s  ( 2 . 3 )  
b y  a p p l y i n g  t h e  s u b s t i t u t i o n  9 c 2  - 2E. Thus .  t h e  n a t u r e  of  
g r i n d i n g  f o r c e s  a s  a  s u p e r i m p o s e d  s y s t e m  o f  f r i c t i o n a l  a n d  fo rma-  
t i o n a l  f o r c e s ,  which  b o t h  d e p e n d  on m e c h a n i c a l .  k i n e m a t i c  a n d  
g e o m e t r i c  p r o c e s s  p a r a m e t e r s ,  h e a  b e e n  p r o v e n .  

F o r  p r a c t i c a l  a p p l i c a t i o n s  i t  i s  i m p o r t a n t  t o  n o t i c e ,  t h a t  
m a t e r i a l s  w i t h  h i g h  € - v a l u e s  n e a r  1 . 0  h a v e  a  v e r y  good g r i n d a b i -  
l i t y  w i t h  r e s p e c t  t o  t h e r m a l  c o n d i t i o n s .  They h a v e  a  d u c t i l e - h a r d  
c h a r a c t e r  a n d  d o n ' t g e n e r a t e  much f r i c t i o n  i n  m i c r o - c u t t i n g ;  t h e y  
f o r m  r e g u l a r  c h i p s ,  d o  n o t  t e n d  t o  l o a d  t h e  w h e e l  s u r f a c e  w i t h  
work m a t e r i a l .  a n d  show a c lear  t e n d e n c y  f o r  c o n s t a n t  work tempe-  
r a t u r e s  when t h e  w h e e l  s p e e d  i s  i n c r e a s e d .  M a t e r i a l s  w i t h  l o w  E- 
v a l u e s  n e a r  0 .5  h a v e  a r i g i d - h e r d  o r  d u c t i l e - s o f t  n a t u r e .  t h e y  a r e  
m a r k e d  by a n  v e r y  h i g h  componen t  o f  f r i c t i o n a l  f o r c e s  i n  c h i p  
f o r m a t i o n ,  f o r m  e d e b r i s - t y p e  o f  c h i p ,  a n d  show a s i g n i f i c a n t  
t e n d e n c y  f o r  i n c r e a a e d  work t e m p e r a t u r e s  when t h e  w h e e l  s p e e d  i s  
i n c r e a s e d .  T h e s e  m a t e r i a l - d e p e n d e n t  c h a r a c t e r i s t i c s  o f  t h e  m i c r o -  
c h i p  f o r m a t i o n  p r o c e s s  i n  g r l n d i n g  a r e  b e i n g  s t u d i e d  e x t e n s i v e l y  



Grinding Wheel : €K80 L7 VX Speed Kotio : q = 60 

Work N o t e ~ i a l  : Ck 45 N Wheel Diameter : d. = 500 mm 

Cooling Fluid : Oil Work Diamdter : d, = 35 mm 

o.ao Exp.Rerults - Funct ion 1 

Specific Metol Rcnovol R o t a  1' 

F i g u r e  2:  

G r i r r d i n g F o n -  
Model A p p l i e d  t o  
E x t e r n a l  P l u n g e  
G r i n d i n g  R e s u l t s  

i n  E u r o p e ,  a n d  g r i n d i n g  d a t a  b a n k s  a r e  b e i n g  e s t a b l i s h e d  a t  t h e  
same t i m e ,  t h u s .  mak ing  u s e  o f  t h e  a n a l y t i c a l  a n d  p r a c t i c a l  re- 
s u l t s  of u n i v e r s i t y - i n d u s t r y  c o o p e r a t i o n  / 2 4 . 5 / .  As a n  e x a m p l e  
f o r  t h e s e  a c t i v i t i e s  F i g u r e  2 shows t h e  a p p l i c a t i o n  o f  t h e  d e s -  
c r i b e d  f o r c e  m o d e l  t o  p r a c t i c a l  r e s u l t s  o b t a i n e d  i n  e x t e r n a l  
p l u n g e  g r i n d i n g  o f  a medium c a r b o n  s t e e l  ( e q u i v a l e n t  t o  A I S l  1045)  
b e i n g  g r o u n d  w i t h  a  c o n v e n t i o n a l  A1203 w h e e l  u s i n g  o i l  as  c o o l a n t .  

XI. A p p l i c a t i o n  o f  H i g h e r  Wheel S p e e d s  a n d  T e m p e r a t u r e s  A s p e c t s  

The  e n e r g y  consumed i n  g r i n d i n g  p e r  u n i t  o f  g r i n d i n g  w i d t h  bs 
c a n  b e  u n d e r s t o o d  a s  t h e  p r o d u c t  o f  t h e  t a n g e n t i a l  g r i n d i n g  f o r c e  
F V t  a n d  t h e  w h e e l  s p e e d  vs .  Assuming a s  a  f i r s t  a p p r o x i m a t i o n ,  
t h a t  t h e  a m o u n t  o f  e n e r g y  f l o w i n g  i n t o  t h e  work s u r f a c e  i s  a  c o n -  
s t a n t  p r o p o r t i o n  o f  t h e  t o t a l  e n e r g y .  w h e r e a s  t h e  r e s t  becomes  
e f f e c t i v e  i n  t h e  c h i p s .  t h e  g r i n d i n g  w h e e l  a n d  t h e  c o o l i n g  f l u i d ,  
t h e n  t h e  maximum t e m p e r a t u r e  T m a x  i n  t h e  work s u r f a c e  c a n  be  r e -  
g a r d e d  a s  p r o p o r t i o n a l  t o  t h e  t o t a l  e n e r g y  E p e r  u n i t  o f  g i n d i n g  
w i d t h :  

T Y E = F '  max t ( 5 )  

T h i s  m e a n s  t h a t  t h e  work s u r f a c e  t e m p e r a t u r e  i n c r e a s e s  p r o -  
p o r t i o n a l l y  w i t h  t h e  w h e e l  s p e e d  vs ,  p r o v i d e d  t h a t  t h e  t a n g e n t i a l  
g r i n d i n g  F o r c e  F ' t  p e r  u n i t  o f  g r i n d i n g  w i d t h  r e m a i n s  f a i r l y  con-  



s t a n t  v e r s u s  vs.  T h i s  i s  e x a c t l y  t r u e  when t h e  c o e f f i c i e n t  c i n  
(2.3) i s  n e a r  0 . 5 ,  i . e .  w i t h  b r i t t l e - h a r d  o r  d u c t i l e - s o f t  mete- 
r i a l s .  However.. when & h a s  a  v a l u e  n e a r  t o  1 .0 ,  a s  v a l i d  f o r  duc-  
t i l e - h a r d  m a t e r i s l s  w i t h  good g r i n d a b i l i t y ,  t h e n  t h e  t a n g e n t i a l  
f o r c e  d e c r e a s e s  a t  t h e  same  r a t e  t h e  w h e e l  s p e e d  g o e s  up. a n d  con-  
s e q u e n t l y  t h e  work s u r f a c e  t e m p e r a t u r e  m u s t  r e m a i n  c o n s t a n t  a n d  
i n d e p e n d e n t  f r o m  t h e  w h e e l  s p e e d  vs i n  t h i s  case. 

T h i s  i n t e r r e l a t i o n  h a s  c l e a r l y  b e e n  p r o v e n  by ~ r a c t i c a l  i n -  
v e s t i g a t i o n s  /56 / .  a n d  i t  i s  w e l l  known by g e n e r a l  p r a c t i c a l  ex -  
p e r i e n c e ,  t o o .  F i g u r e  3 shows  t h e  t e m p e r a t u r e  b e h a v i o u r  o f  e i g h t  
d i f f e r a n t  m a t e r i a l s ,  o b t a i n e d  by p r a c t i c a l  meaburements  i n  s u r f a c e  
g r i n d i n g .  B a s i c a l l y  two  g r o u p s  o f  m a t e r i a l s  c a n  b e  d i s t i n g u i s h e d :  
T h s  f i r s t  o n e  d o e s  on  a n  a v e r a g e  n o t  show h i g h e r  work s u r f a c e  
t e m p e r a t u r e s  when t h e  w h e e l  s p e e d  is i n c r e a s e d  IOD$ f rom 3 0  m/s 
( 6 0 0 0  s f p m )  t o  6 0  m/a ( 1 2 0 0 0  s f p m ) .  T h i s  g r o u p  c o n s i s t s  o f  t h e  

f ollo_win~me~els.:_High~lloye_d~stee-1~210_Cr 1 2  (Chremjum. ..~,. .. 
s t e e l  w i t h  C r  P 12%. C = 2 .1%) .  h i g h  s p e e d  s t e e l  S 6-5-2 ( c q u i v a -  
l e n t  t o  M1 s t e e l ) .  medium c a r b o n  s t e e l  Ck 4 5  N ( e q u i v a l e n t  t o  
A151 l O 4 5 ) ,  end .  c o b a l t - b a s e  s u p e r a l l o y  A T 5  1 1 5  w i t h  CO = 52%. 
C r  E 20%. W = 15%. N i  = 11%. a n d  a l l  o f  them d o  q u a l i f y  f o r  t h e  
a p p l i c a t i o n  o f  i n c r e a s e d  w h e e l  s p e e d s .  The o t h e r  g r o u p  shows a 
s i g n i f i c a n t  i n c r e a s e  o f  work s u r f a c e  t e m p e r a t u r e  when t h e  w h e e l  
s p e e d  is d o u b l e d :  Low c a r b o n  s t e e l  C 1 5  ( e q u i v a l e n t  t o  AISI  1 0 1 5 ) .  
c a s t  i r o n  w i t h  g l o b u l a r  g r a p h i t e  G G G  7 0 ,  n i c k e l - b a s e  s u p e r a l l o y  
RGT 1 2  w i t h  N i  - 58%. C r  = 20%. C O  I 18%. T i  = 2%. Fe  = 2%. a n d  
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F i g u r e  3: S u r f a c e  T e m p e r o t u r e s  a t  I n c r e a s e d  Wheel 5 p e e d s / 5 6 /  



a u s t e n i t i c  s t a i n l e s s  s t e e l  Remani t  1 8 8 0  SST w i t h  C r  = 17%. N i  = 
12%.  M O  I T i  = 2%. T h e s e  m a t e r i a l s  a r e  n o t  s u i t e d  f o r  g r i n d i n g  
w i t h  h i g h e r  w h e e l  s p e e d s ,  b e c a u s e  t h e y  a r e  marked  by  a  h i g h  f r i c -  
t i o n a l  f o r c e  c o m p o n e n t  i n d i c a t e d  by  e l o w  E - v a l u e .  C o n s q u e n t l y ,  
t h i s  s e c o n d  g r o u p  o f  m a t e r i a l s  shows  a more  s i g n i f i c a n t  d r o p  o f  
t e m p e r a t u r e  when o i l  i n s t e a d  o f  e m u l s i o n  is u s e d  a s  c o o l a n t ,  t h u s ,  
r e d u c i n g  t h e  c o n s i d e r a b l e  f r i c t i o n a l  e n e r g y  by  b e t t e r  l u b r i c a t i o n .  

I f  t h e s e  s i m p l e  f o r c e - r e l a t e d  f u n d a m e n t a l s  w o u l d  h a v e  b e e n  
known t e n  y e a r s  e a r l i e r ,  a l o t  o f  f r u s t r a t i n g  a t t e m p t s  c o u l d  h a v e  
b e e n  a v o i d e d ,  a i m i n g  t o  i n c r e a s e  p r o d u c t i v i t y  i n  g r i n d i n g  a t  a l l  
means  by a p p l y i n g  h i g h e r  w h e e l  s p e e d  w i t h  a l l  m a t e r i a l s .  I n  t h e  
b e a r i n g  i n d u s t r y  w h e r e  g r o u p - l  t y p e  o f  m a t e r i a l s  w i t h  o u t s t a n d i n g  
g r i n d a b i l i t y  a r e  u s e d  by t r a d i t i o n ,  h i g h  s p e e d  g r i n d i n g  i s  r e g a r - '  
d e d  ss a s t r o n g  a n d  s u c c e s s f u l  m e t h o d e  t o  i n c r e a s e  p r o d u c t i v i t y .  
I n  t h e  t u r b i n e  b l a d e  i n d u s t r y  m a t e r i a l s  o f  g r o u p - 2  t y p e  a r e  u s e d  -- 
maTn1y;hreethe implementationf-high-speemrinding-~ss-bounb 
t o  f a i l .  

Some e x a m p l e s  f o r  s u c c e s s f u l  a p p l i c a t i o n  o f  i n c r e a s e d  w h e e l  
s p e e d s  i n  p r o d u c t i o n  g r i n d i n g  a r e :  

a )  E x t e r n a l  c y l i n d r i c a l  g r i n d i n g  o f  s t a n d a r d  b a l l  b e a r i n g  r i n g s  
/2O/. The  r a c e  o f  t h e  i n t e r n a l  r i n g  i s  g r o u n d  w i t h  1 2 0  m / s  
( 6 0 0 0 0  s f p m )  on  a  FAMIR RTF-C2 h i g h  s p e e d  g r i n d i n g  a u t o m a t .  
u s i n g  a  v i t r i f i e d  s a n d w i c h - t y p e  A1203 w h e e l  a n d  a n  e m u l s i o n  a s  
c o o l a n t .  The  p a r t  t i m e  was r e d u c e d  f r o m  3 9  t o  2.1 s e c o n d s .  a 
2000% p r o d u c t i v i t y  g a i n  r e s u l t e d  i n  t h e  p r o d u c t i o n  o f  1 3 7 0  
r a c e s  p e r  h o u r .  a n d  p r o d u c t i o n  c o s t  c o u l d  be  r e d u c e d  75%. 

b )  High s p e e d  - c r e e p  f e e d  g r i n d i n g  o f  t w i s t  d r i l l  f l u t e s  made 
f r o m  S 6-5-2 h i g h  s p e e d  s t e e l ,  w h i c h  i s  a c c o r d i n g  t o  F i g u r e  3 
w e l l  s u i t e d  f o r  h i g h e r  g r i n d i n g  w h e e l  s p e e d s  /51 / .  Both f l u t e s  
a r e  g r o u n d  o u t  of  t h e  a n n e a l e d  f u l l  m a t e r i a l  i n  o n e  p a s s  o n  a  
s p e c i a l l y  d e s i g n e d  m a c h i n e ,  u s i n g  r e s i n  bond A1203 w h e e l s  a t  
1 2 0  m / s  ( 6 0 0 0 0  ~ f p m )  a n d  o i l  a s  c o o l a n t .  A c h i e v e d  m e t a l  r e m o v a l  
r a t e s  o f  1 1 5  m m  / m m / s  a r e  1 5  t i m e s  h i g h e r  t h a n  i n  m i l l i n g  t h e  
f l u t e s ,  a n d  s u r f a c e  i n t e g r i t y  s t a n d a r d  i s  c l e a r l y  i n c r e a s e d .  

c )  Crank  s h a f t  g r i n d i n g  w i t h  whee l  s p e e d s  i n c r e a s e d  up t o  8 0  m / s  
( 4 0 0 0 0  s f p m )  a n d  i n c r e a s e d  m e t a l  r e m o v a l  r a t e s  /57/ .  Work 
m a t e r i a l :  c h i l l e d  i r o n ,  h a r d n e s s :  H R c  = 50 .  

111. C r e e p  F e e d  G r i n d i n g  

One o f  t h e  mos t  p r o m i z i n g  r e c e n t  d e v e l o p m e n t s  i n  p r e c i s i o n  
m a n u f a c t u r i n g  i s  t h e  c r e e p  f e e d ' g r i n d i n g  me thode .  I n  c o m p a r i s o n  
w i t h  t h e  c o n v e n t i o n a l  pendulum s u r f a c e  g r i n d i n g  t e c h n i q u e  t h i s  



p r o c e s s  p r o v i d e s  a g r e a t  p o t e n t i a l  t o  e n c r e a s e  p r o d u c t i v i t y  a n d  
a c c u r a c y  a t  t h e  same t i m e  /19/ .  T h i s  i s  e s p e c i a l l y  t r u e  i f  d e e p  
a n d / o r  p r o f i l e d  s l o t s  h a v e  t o  b e  m a c h i n e d  i n  d i f f i c u l t  t o  m a c h i n e  
work m a t e r i a l s .  F u r t h e r m o r e ,  c r e e p  f e e d  t e c h n o l o g y  o f f e r s  a n  i m -  
p r o v e d  s t a b i l i t y  o f  t h e  g r i n d i n g  w h e e l  p r o f i l e .  a n d  i t  shows  a con-  
s i d e r a b l e  r e d u c t i o n  o f  t h e r m a l  e f f e c t s  i n  t h e  work s u r f a c e .  

G e n e r a l l y  t h e  c r e e p  f e e d  s u r f a c e  g r i n d i n g  p r o c e s s  is m a r k e d  
by  a  s p e c i f i c  mode o f  o p e r a t i o n .  I n  c o n t r a s t  t o  t h e  c o n v e n t i o n a l  
pendu lum t e c h n i q u e ,  t h a  d e p t h  o f  c u t  i s  i n c r e a s e d  100 t o  1 0 0 0 0  
t i m e s  a n d  t h e  work s p e e d  i s  d e c r e a s e d  i n  t h e  same p r o p o r t i o n .  Thua, 
i t  i s  p o s s i b l e  t o  g r i n d  s l o t s  w i t h  a  d e p t h  o f  1 . 0  t o  30.0 mm (0 .04  
t o  1 .2")  a n d  more i n  o n e  p a s s ,  u s i n g  work s p e e d s  f r o m  0.75 t o  
0 . 0 2 5  m/min ( 3 0  t o  1 i p m ) ,  a n d  r e d u c i n g  m a c h i n i n g  t i m e s  40  t o  80%. 
I n  a d d i t i o n ,  p r o f i l e  s t a b i l i t y  is i n c r e a s e d  c o n s i d e r a b l y .  

An i m p o r t a n t  p r e r e q u i s i t e  f o r  mak ing  f u l l  u s a g e  o f  t h e  e c o n o -  
mic a n d  t e c h r ~ u l o g l c a l  a d v a n t a g e s  of  t h i s h i g h -  e f f i c i e n c y  / h i a h  
p r e c i s i o n  t e c h n o l o g y  i s  t h e  a p p l i c a t i o n  of  s p e c i a l l y  d e v e l o p e d  
a n d  c o n s t r u c t e d  m a c h i n e  t o o l s .  g r i n d i n g  w h e e l s ,  d r e s s i n g  m e t h o d e s .  
~ n d  c o n t r o l l i n g  t e c h n i q u e s .  Such s s y s t e m  s h o u l d  p r o v i d e  t h e  fo : -  

f e a t u r e s :  

High s t a t i c  a n d  d y n a m i c  s t a b i l i t y  o f  m a c h i n e  t o o l ,  
High a c c u r a c y .  s t i c k - s l i p  f r e e  s l i d e s  w i t h  f a v o u r a b l e  
damping  c h a r a c t e r i s t i c s .  
, C o n s i d e r a b l y  i n c r e a s e d  s p i n d l e  power .  
I n f i n i t e l y  v a r i a b l e  s p i n d l e  r e v o l u t i o n  number .  
H i g h - b a l a n c e d  a n d  d i r e c t l y  c o n n e c t e d  m o t o r - s p i n d l e  s y s t e m .  
P r e - t e n s i o n e d ,  h i g h  p e r f o r m a n c e ,  h i g h  a c c u r a c y  s p i n d l e  
b e a r i n g s ,  
N o n - h y d r a u l i c ,  s i n g l e  u n i t  t a b l e  d r i v e  c o v e r i n g  t h e  w h o l e  
work S p e e d  a r e a  f r o m  c r e e p  f e e d  t o  pendulum r e g i o n ,  
High p r e s s u r e  c o o l i n g  a n d  c l e e n i n g  s y s t e m ,  
I n t e r a t e d  d r e s s i n g  d e v i c e s .  
P e r t i n e n t  g r i n d i n g  w h e e l s .  
Up-dated  p r o c e s s  know-how. 

C o n v e n t i o n a l  s u r f a c e  g r i n d e r s  c a n n o t  a t  a l l  p r o v i d e  t h e ~ e  a d -  
v a n c e d  f e a t u r e s .  a n d  e v e n  m o d i f i e d  c o n v e n t i o n a l  m a c h i n e s  c a n n o t  
m e e t  w i t h  m o s t  o f  t h e s e  n e c e s s a r y  r e q u i r e m e n t s .  T h i s  i s  t h e  r e a s o n  
why many a t t e m p t s  t o  c h a n g e  o v e r  t o  c r e e p  f e e d  t e c h n o l o g y  f a i l e d .  
The  f i r s t  c r e e p  f e e d  p r o t o t y p e  f o r  s u r f a c e  g r i n d i n g  was d e v e l o p e d  
i n  1 9 5 8 ,  a n d  i n  1 9 6 3  t h e  f i r s t  c o u p l e  o f  p r o d u c t i o n  c r e e p  f e e d  
g r i n d e r s  w e r e  a p p l i e d  i n  p r a c t i c e  / 58 / .  S i n c e  t h e n  t h i s  t e c h n o l o g y  
h a s  s t e a d i l y  b e e n  i m p r o v e d ,  a n d  a p p l i c a t i o n  h a s  grown s i g n i f i c a n t -  
l y .  Today s e v e r a l  g r i n d i n g  m a c h i n e  m a n u f a c t u r e r s  o f f e r  c r e e p  f e e d  
m a c h i n e s .  e v e n  f o r  e x t e r n a l  p l u n g e  g r i n d i n g ,  a n d  a s  a  c o n s e q u e n c e  
t h i s  t e c h n o l o g y  c a n  now b e  r e g a r d e d  a s  a  w e l l  e s t a b l i s h e d  a n d  com- 
p e t i t i v e  m a n u f a c t u r i n g  a l t e r n a t i v e .  
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f i q u r e  4 i l l u s t r a t e s  t h e  m a j o r  t e c h n o l o g i c a l  d i f f e r a n c s a  b a t -  
ween c o n v e n t ~ o n a l  pendulum a n d  c r e e p  f e e d  g r i n d i n g .  T o t a l  g r i n d i n g  
f o r c e s ,  s i n g l e  e d g e  c u t t i n g  f o r c e s  a n d  maximum s u r f a c e  t e m p e r a t u -  
res  a r e  p l o t t e d  v e r s u s  d e p t h  a f  c u t  a n d  work s p e e d .  The s p e c i f i c  
r e m o v a l  r a t e  2 '  is  t h e  p r o d u c t  o f  b o t h  t h e  d e p t h  o f  c u t  and  t h e  
work s p e e d  ( Z 1 = a . v W ) ,  e n d  i t  i s  k e p t  c o n s t a n t .  Thus ,  t h e  l e f t  p a r t  
o f  t h e  d i a g r a m s  r e p r e s e n t  pendulum c o n d i t i o n s ,  w h e r e a s  t h e  r i g h t  
p a r t s  r e f e r  t o  c r e e p  f e e d  c o n d i t i o n s .  

I t  i s  o b v i o u s ,  t h a t  t h e  t o t a l  g r i n d i n g  f o r c e s  i n c r e a s e  d e -  
g r e s s i v e l y  w i t h  g r e a t e r  d e p t h  o f  c u t .  A s  a  c o n s e q u e n c e ,  i n  c r e e p  
f e e d  g r i n d i n g  t h e  power r e q u i r e m e n t s  a n d  t h e  m a c h i n e  s t i f f n e s s  
m u s t  b e  s i g n i f i c a n t l y  h i g h e r  c o m p a r e d  w i t h  c o n v a n t i o n m l  murfmce 
g r i n d i n g  m a c h i n e s .  The r e a s o n  f o r  t h i a  a p e c i f i c  chmrmctmt&mt ic  is 
t h e  much l a r g e r  c o n t a c t  l e n g t h  b e t w e e n  w h e e l  a n d  work p i scm a t  
c r e e p  f e e d  c o n d i t i o n s .  I n  s t r o n g  c o n t r a s t  t o  t h i s ,  t h e  mean force 

- p e r  i n d i v i d u a l  c u t t i n g - e d g e  -- d e c r e a s e s  .. s i g n i f i c a n t l y  v e r s u s  d e p t h  
o f  c u t ,  a n d  is much l o w e r  a t  c r e e p  f e e b c o n d i t i o n s .  f i - a c 5 f i s e -  
q u e n c e .  w h e e l s  u s e d  f o r  c r e e p  f e e d  o p e r a t i o n s  mus t  show a r e d u c e d  
h a r d n e s s ,  b e c a u s e  o t h e r w i s e  t h e  w h e e l s  t e n d  t o  a g l a z i n g  t y p e  o f  
wear. I n  o t h e r  w o r d s ,  t h e  a v e r a g e  l o a d  p e r  c u t t i n g  e d g e  would  n o t  
b e  h i g h  enough  t o  s e c u r e  t h e  r e q u i r e d  s t e a d y  s t a t e  o f  wear .  I n  
p r a c t i c e  t h i a  phenomenon is w e l l  r e c o g n i z e d ,  h o w e v e r ,  t h e  v e r y  
r e a s o n  why s o f t e r  g r i n d i n g  w h e e l s  a r e  n e c e s s a r y  i n  c r e e p  f e e d i n g  
i s  n o t  r e a l l y  u n d e r s t o o d .  M o s t l y  i t  i s  e x p l a i n e d  by t h e  i n f l u e n c e  
o f  a more o p e n  w h e e l  s t r u c t u r e  a s  a p p l i e d  i n  c r e e p  f e e d  g r i n d i n g  
b e c a u s e  more  c o o l i n g  f l u i d  c a n  b e  c a r r i e d  i n t o  a n d  t h r o u g h  t h e  
c o n t a c t  z o n e  by s u c h  a  w h e e l .  

The m o s t  i m p o r t a n t  p r e r e q u i s i t e  f o r  t h s  s u c c e s s f u l  a p p l i c a t i o n  
o f  c r e e p  f e e d  t e c h n i q u e  a s  a n  a d v a n c e d  m a n u f a c t u r i n g  methode  i s  
t h e  v e r y  low t h e r m a l  l o a d  a s  b e i n g  i n d u c e d  i n t o  t h e  s u r f a c e  l a y e r  
o f  t h e  work p i e c e .  F i g u r e  4 s h o w s ,  t h a t  t h e  maximum s u r f a c e  tempe-  
r a t u r e  i n c r e a s e s  f i r s t  w i t h  g r e a t e r  d e p t h  of  c u t ,  t h e n  i t  r e a c h e s  
a maximum, a n d  t o w a r d s  t h e  c r e e p  f e e d  r e g i o n  d e c r e a s e s  s t e a d i l y .  
T h i s  o b s e r v a t i o n  seems  t o  be i n  c o n t r a d i c t i o n  t o  t h e  p e r m a n e n t l y  
i n c r e a s i n g  g r i n d i n g  f o r c e ,  i n d i c a t i n g  t h a t  t h e  t o t a l  e n e r g y  c o n -  
sumed i n c r e a s e s  p e r m a n e n t l y , t o o  v e r s u s  d e p t h  o f  c u t .  However, w i t h  
c o r r e s p o n d i n g l y  l o w e r  work s p e e d s  t h e  i n c r e a s i n g  amount o f  t h e r m a l  
E n e r g y  f l o w i n g  i n t o  t h e  work s u r f a c e ,  h a s  more time t o  d i s s i p a t e  
d e e p e r  i n t o  t h e  work m a t e r i a l .  T h u s ,  a l a r g e r  amount  o f  e n e r g y  i s  
e f f e c t i v e  i n  a n  e v e n  l a r g e r  work vo lume .  a n d  r e s u l t s  i n  r e d u c e d  
t e m p e r a t u r e s .  I f  t h i s  s p e c i f i c  mechanism would  n o t  be i n  e f f e c t  
t h e n  c r e e p  f e e d  g r i n d i n g  would  n o t  b e  p o s s i b l e  a t  a l l .  

F i q u r e  5 shows  a modern s u r f p c o  G r i n d e r  s p e c i a l l y  d e s i g n e d  
f o r  c r e e p  f e e d  a n d  pendulum o p e r a t i o n s  / S o / .  T h i s  mode l  h a s  e l l  
f e a t u r e s  a n d  c h a r a c t e r i s t i c s  n e c e s s a r y  f o r  c r e e p  f e e d  o p e r a t i o n s  
a s  m e n t i o n e d  a b o v e .  The work p i e c e  i l l u s t r a t e d  i n  F i g u r e  6 i s  a 



F i g u r e  5 :  

ELB Creep  Feed G r i n d e r ,  
Type WO8 / 5 8 /  

F i g u r e  h :  

T u r b i n e  Blade Ground by 
Creep  F e e d i n g  



typical example for creep feed application. Turbine blades like 
this made from nickel-cobalt-based superalloys are ground in one 
o r  two roughing passes and a subsequent finishing pass. Frequently 
both the profiles are cut at the same time by means of a double- 
disk creep feed grinder. The grinding wheels are dressed and pro- 
filed by high precision diamond roller dressing devices / 4 4 / .  With 
work speeds less than 0.1 m/min (4 ipm) and oil or emulsion a s  
coolants, a very good surface quality in terms o f  roughness, ther- 
mal integrity. and profile accuracy are accomplished. In addition 
the floor to floor times are reduced 25 t o  50%. - Another frequent 
example is the slotting of air pressure rotors and hydraulic pump 
rotors. In these r+lses milling and subsequent finish grinding was 
often substituted by one single creep feed pass out of the full 
and often hardened material. Savings of machining time do run up 
t o  75% especially when long slots with small widths are given. 

One important constraint for creep feed grinding is its sen- 
sitivity with regard t o  deviations from the optimal working con- ' 
ditions. Because of this, creep feed technology can economically 
be applied only, when at mass production of suited parts the spe- 

c i a P k m w - h o w i s 7 p m r a t m I   and^-wed--bp& group of- dedicated_- 
engineers and operators, provided that the best equipment in form 
o f  machines, grinding wheels, dressing toola and fixtures are 
available. 

I IV. Speed Stroke Grinding 

Speed stroke Grinding is a new surface grinding technique, 
which employs a normal pendulum surface grinder with a newly de- 
veloped table drive system: A thyristor-controlled DC motor moves 
t h e  work table back and forewards by means of a pre-tensioned gear 
belt. This system has a significantly higher degree of control. 
and a s  the crucial feature it provides a much higher table stroke 
rate at small stroke lenths. Thus it overcomes one o f  the major 
deficiencies of conventional hydraulic table drives. as they are 
in common use today / 5 9 / .  

Figure 7 clearly demonstrates the superiority of the new 
methode over the old technique: At a stroke lenth of L s < 5 0  mm 
( 2 " )  a conventional hydraulic drive produces 3 0  strokes per minute. 
With the new speed stroke system up to 300 strokes per minute, 
that are 5 strkes per second. are achieved, and productivity i s  
increased 10 times. Actually. the table speed is kept in the eco- 
nomic range above 10 m/min (30 fpm). With greater stroke length. 
i.e. larger work pieces, the differencesin stroke rates are less 
pronounced, however. there is still a 30% advantage in this. regime 
for speed stroke grinding t o  be used. As S second advantageous 
feature the grinding wheel is not fed stepwise after each pass 
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F i g u r e  7: S t r o k e  R a t e  v e r s u s  S t r o k e  L e n g t h  f o r  S p e e d  S t r o k e  a n d  
C o n v e n t i o n a l  C o n d i t i o n s  / 5 9 /  

down i n t o  t h e  w o r k  p i e c e  b u t  moves  i n  c o n t i n u o u s l y .  T h i s  i n f e e d  is 
a u t o m a t i c a l l y  c o n t r o l l e d  i n  r e l a t i o n  t o  t h e  s t r o k e  r a t e  s u c h  t h a t  
t h e  g r i n d i n g  w h e e l  n e v e r  c o m e s  o u t  o f  c o n t a c t  w i t h  t h e  w o r k  p i e c e  
u n t i l  t h e  o p e r a t i o n  i s  f i n i s h e d .  T h u s ,  t h e  c o n t a c t  s h o c k s  a s  e f -  
f e c t i v e  i n  n o r m a l  p e n d u l u m  g r i n d i n g  a t  t h e  b e g i n n i n g  of  e a c h  i n d i -  
v i d u a l  s t r o k e .  a r e  e l i m i n a t e d  i n  s p e e d  s t r o k e  g r i n d i n g ,  r e s u l t i n g  
i n  a s i g n i f i c a n t l y  r e d u c e d  w h e e l  w e a r .  

S p e e d  s t r o k e  g r i n d i n g  i s  b e s t  s u i t e d  f o r  g r i n d i n g  s l o t s  a n d  
p r o f i l e s  i n  s m a l l  work p i e c e s ,  a n d  when t h e  n u m b e r  of  p a r t s  t o  b e  
g r o u n d  i s  s m a l l ,  a s  g i v e n  n o r m a l l y  i n  s h o p  a n d  t o o l  room g r i n d i n g .  
H o w e v e r .  a l s o  f o r  s m a l l  a n d  medium b a t c h  p r o d u c t i o n  o f  s m a l l  w o r k  
p i e c e s  i t  c o u l d  become  a n  e c o n o m i c  a l t e r n a t i v e  t o  c r e e p  f e e d  g r i n -  
d i n g ,  b e c a u s e  t h e  m a c h i n e  i s  s i g n i f i c a n t l y  l e s s  e x p e n s i v e .  t h e  
t e c h n o l o g i c a l  know-how r e q u i r e d  w i t h  r e g a r d  t o  g r i n d i n g  w h e e l s  a n d  
c o o l i n g  f l u i d s  i s  r a t h e r  c o n v e n t i o n a l ,  t h e  me ta l  r e m o v a l  r a t e s  a r e  
e q u i v a l e n t  o r  e v e n  b e t t e r ,  a n d  t h e  s p e e d  s t r o k e  s y s t e m  n e e d s  l e s s  
s e r v i c e  a n d  s e t - u p  t i m e .  t h a n  c r e e p  f e e d  m a c h i n e s .  



V .  Cublc 2uron Lltrlde i L B h l )  e i J r w  Abrdslve Material 

Cubic boron nitride is a crystal synthesized by a high-tem- 
perature / high-pressure treatment.5imt~lar to the graphite-diamond 
transformation the hexagonal boron-nitride powder is thereby chan- 
ged into the cubic CBN crystal. CBN is commercially available 
since 1969 as a GE product /55/, and was first used as abrasive 
material in form of resin bonded wheels for grinding of high speed 
and tool steels. More and more, however. CBN conquers the area of 
production grinding of superalloys. hardened steels of all kinds. 
and chilled cast iron. It has properties which are somehow similar 
to diamond, but some decicive minor differences (Table 1 )  result 
in completely different fields of applications for both of these 
socalled "superabrasivesw. 

Diamond is by fare the hardeat material of all. Therfore it 
is predestinated to grind rigid-hard material6 like sintered car- 
bides, refractory materials, and granites, However, diamond is 
sensitive against elevated temperatures, especially in the pre- 

_ sence of oxygen as always effective in normal grinding processes. 
In grinding the obove mentioned ri id-hard materials thecritical--- --- a oxidation temperature of about 700 C is not reached. With ductile 
materials like soft or hardened steels, however, the effective 
chip formation temperatures are in the range of 1200°C and more. 
As a consequence. the hardest abrasive is not qualified to grind 
steels. CBN. however, has a much higher oxidation temperature and 
in spite of its lower hardness it is well suited to grind steels 
especially in the hardened state. Due to the lower hardness CBN on 
the other hand cannot effectivly grind sintered carbides and other 
refractories. 

In order to increase the application of CBN in production 
grinding two major obstacles must be overcome. The first one is a 
non-engineering problem: the extreme high price of CBN. With in- 
creasing usage there will be a good chance that prices go down. 
Competition, if encouraged, could help. too. The second problem is 
of mechanical nature: it is extremely difficult to dress and true 
CBN wheels to the required shapes and sharpness, especially when 
profiled wheels are used. 

Property 

Hardness [kp/mm2] 

Table 1: Hardness and Thermal Properties of Different Abrasives 

Decomposition Temperature ['C] 

Oxidation Temperature PC] 

C BN Diamond I *lz03 

4200 

1550 

1300 

9000 Z l  00 
1400 

700 

2400 



T h e  m a i n  p r o b l e m  s t l l l  i s .  t h a t  a f t e r  d r e s s i n g  w i t h  d i a m o n d  
d r e s s i n g  d e v i c e s  CBN w h e e l s  d o  n o t  c u t  b e c a u s e  t h e  d r e s s e d  s u r f a c e s  
o f  common r e s i n  a n d  m e t a l  b o n d e d  w h e e l s  a r e  c o m p l e t e l y  c l o s e d  a n d  
g l a z e d .  O n l y  a f t e r  a l e n g t h y  t r u i n g  p r o c e s s  i s  a p p l i e d  b y  t r e a t i n g  
t h e  s u r f a c e  w i t h  a s i n t e r e d  A1203 s t i c k  f o r  30 t o  60 m i n u t e s  a n d  
more, d e p e n d i n g  o n  t h e  w h e e l  s i z e ,  t h e  BZN w h e e l  m i g h t  become  
s h a r p .  T h i s  is  a n  a b s o l u t e  i m p r a c t i c a l  m e t h o d e ,  w h i c h  i s  r e j e c t e d  
u n a n i m o u s l y  i n  i n d u s t r y .  

Some r e c e n t  d e v e l o p m e n t s  seem t o  c l e a r  t h e  way o u t  o f  t h e s e  
d i f f i c u l t i e s .  T h e  f i r s t  o n e  is  a meta l  b o n d  o f  b r i t t l e  c h a r a c t e r / 4 4 /  
e n a b l i n g  t o  p r o f i l e  CBN a r d d i a m o n d  g r i n d i n g  w h e e l s  b y  m e a n s  o f  t h e  
w e l l  known c r u s h i n g  m e t h o d e .  A r o l l e r  f r o m  h a r d e n e d  s t e e l ,  s i n t e -  
r e d  c a r b i d e ,  o r  t h o u g h  r e f r a c t o r i e s .  w h i c h  p o s s e s s  t h e  n e g a t i v e  
w h e e l  p r o f i l e ,  a r e  f o r c e d  i n t o  t h e  r e v o l v i n g  w h e e l ,  t h u s ,  w o r k i n g  
t h e  p o s i t i v e  i n t o i t s  p e r e p h e r y .  B e c a u s e  of t h e  v e r y  h i g h  g r i n d i n g *  
r a t i o s  ( G  = w o r k  m a t e r i a l  r e m o v e d  / w o r n  w h e e l  v o l u m e )  t h o s e  t o o l s  
a c h i e v e .  t h e  l o s s  o f  CBN g r a i n s  d u r i n g  c r u s h  d r e s s i n g  c a n  w e l l  b e  
a f f o r d e d .  F i q u r e  B s h o w s  a c r u s h i n g  t o o l  p e n e t r a t i n g  i n t o  a b r i t t l e  
b r o n c e  CBN w b e e 1 , - R e c e n t g ~ a c t i c e l  r e s u l t s ,  s s p e c i a l l y i n  c r e e p  -- 
f e e d  g r i n d i n g  a r e  e x t r e m e l y  p o s i t i v e  w i t h  r e g a r d  t o  s i m p l i f i e d  
d r e s s i n g ,  a c h i e v e d  r e m o v a l  rates a n d  g r i n d i n g  r a t i o s .  a n d  t h e  e x -  
p e r i e n c e d  p r o f i l e  a c c u r a c y  a n d  l i f e  t ime.  The  o n l y  m i n o r  d i s a d v a n -  
t a g e  i s  , t h a t  m e t a l  b o n d e d  w h e e l s  g e n e r a l l y  s h o w  h i g h e r  g r i n d i n g  
t e m p e r a t u r e s ,  w h a t  h a s  t o  be  c o m p e n s a t e d  by  a w e l l  d e s i g n e d  a n d  
p r o p e r l y  a p p l i e d  c o o l i n g  s y s t e m  /44 / ,  

F i q u r e  8 :  

C r u s h  D r e s s i n o  o f  a  
. , 1 B r i t t l e  ~ r o n c g  CRh 

- - ">&'L G r i n d i n g  Whee l  / 4 4 /  / . : F . ,  .>.p 



F i q u r e  9: 

Su r face  o f  V i t r e o u s  Bond CBN 
Wheel f o r  I n t e r n a l  G r i n d i n g  
O p e r a t i o n s  /37/ 

F i g u r e  10: 

G r i n d i n g  R a t i o s  as Ach ieved 
i n  I n t e r n a l  G r i n d i n g  w i t h  
V i t r e o u s  Bond CBN Wheels /39/ 

Wheel Diameter : 32 m 

Wheel Speed : 30 m/s 

Wheel Speci f icat ions 

0 1 2 3 4 5 6 7 
3 Metal  Removal Rate 7 [m fm/sI 

The second n o v e l t y  a r e  v i t r e o u s  bonds f o r  i n t e r n a l  g r i n d i n g  
CBN wheels .  V i t r e o u s  bonds a r e  expec ted  t o  p r o v i d e  a  much b e t t e r  
d r e s s a b i l i t y ,  however.  t h e  c o n v e n t i o n 0 1  t y p e  r e q u i r e s  a b a k i n g  
t e m p e r a t u r e  nea r  t h e  decomposition t e m p e r a t u r e  o f  CBN. T h i s  p r o -  
b lem has  been s o l v e d  now by t h e  development  o f  a new g l a s s - t y p e  
o f  bond w i t h  s i g n i f i c a n t l y  reduced ( p r o c e s s i n g  t e m p e r a t u r e  / 45 / .  
F i g u r e  9 shows t h e  d ressed  s u r f a c e  o f  such  a CBN wheel .  It has  e 



o p e n  a p p e a r a n c e  a n d  c u t s  v e r y  f r e e  a n d  c o o l  /37/. A s  a n  a d d i t i o n a l  
a d v a n t a g e ,  t h e  v i t r e o u s  bond a c t s  a s  a n  a b r a s i v e  c o m p o n e n t ,  t o o ,  
r e s u l t i n g  i n  h i g h e r  p e r f o r m a n c e ,  c o n t r o l l e d  bond w e a r ,  a n d  e x c e p -  
t i o n a l l y  good  s u r f a c e  r o u g h n e s s .  F i q u r e  I Q  r e p r e s e n t s  some r e s u l t s  
o f  r e c e n t  i n v e s t i g a t i o n s  a c h i e v e d  a t  t h e  T e c h n i c a l  U n i v e r s i t y  i n  
H a n n o v e r ,  West-Germany /39/ .  I n  i n t e r n a l  g r i n d i n g  o f  h a r d e n e d  
b a l l  b e a r i n g  s t e e l  t h e s e  w h e e l s  showed e x t r e m e l y  h i g h  g r i n d i n g  
r a t i o s  of G = 4000  t o  1 6 0 0 0 ,  d e p e n d i n g  on  t h e  a b r a a i v e  g r i t  s i z e  
a n d  t h e  a p p l i e d  m e t a l  r e m o v a l  r a t e .  O b v i o u s l y  t h e  s y s t e m  is s e n s i -  
t i v e  a g a i n s t  m e c h a n i c a l  o v e r l o a d i n g ,  b e c a u s e  t h e  tes ts  r e v e a l  a 
s t r o n g  d e c r e a s i n g  g r a d i e n t  o f  t h e  G - r a t i o  w i t h  h i g h e r  r e m o v a l  
r a t e s ,  e s p e c i a l l y  i n  t h e  c a s e  o f  t h e  f i n e r  g r i t  s i z e .  T h e r e f o r e  
t h e s e  t o o l s  n e e d  a  c a r e f u l  s e l e c t i o n  a n d  c o n t r o l  o f  t h e  a p p l i e d  
w o r k i n g  p a r a m e t e r s .  D u r i n g  t h e  t e s t s  a l l  o t h e r  c o n d i t i o n s  h a v e  been 
k e p t  i d e n t i c a l  t o  c o n v e n t i o n a l  g r i n d i n g  w i t h  A1203 w h e e l s .  For 
d r e s s i n g  a  s p e c i a l l y  d e s i g n e d ,  f a s t  r o t e t a t i n g ,  e l e c t r o - p l a t e d  c u p  
t y p e  o f  d i a m o n d  t o o l  h a s  b e e n  u s e d  /45 / .  

I t  i s  v e r y  l i k e l y ,  t h a t  d e v e l o p m e n t s  l i k e  t h e s e  w i l l  i n  n e a r  
f u t u r e  l e a d  t o  a h i g h l y  i n c r e a s e d  c o n s u m p t i o n  o f  C B N  a b r a s i v e 6  i n  
p r o d u c t i o n  ... g r i n d i n g .  O t h e x - a r e a s  of potet ia l - -appl icat ione-are-qeer-  
g r i n d i n g ,  t h r e a d  g r i n d i n g  a n d  c e n t e r l e s s  g r i n d i n g .  

VI. N e w  S e n s o r  f o r  I n - P r o c e s s  D e t e c t i o n  o f  Work S u r f a c e  R o u g h n e s s  

The  work s u r f a c e  r o u g h n e s s  i s .  b e s i d e s  t h e  t h e r m a l  i n t e g r i t y ,  
t h e  m o s t  i m p o r t a n t  c r i t e r i o n  o f  t h e w o r k i n g  r e s u l t  i n  g r i n d i n g .  
The  o n l y  way,  h o w e v e r ,  t o  c h e c k  on s u r f a c e  r o u g h n e s s  i n  p r o d u c t i o n  
is t o  m e a s u r e  i t  e x t e r n a l l y  by means o f  a  c o n v e n t i o n a l  s u r f a c e  
a n a l y z e r ,  w h i c h  u s e  a  s t y l u s  t o  p i c k  up  a  t w o - d i m e n s i o n a l  r e p r e -  
s e n t a t i o n  o f  t h e  t h r e e - d i m e n s i o n a l  a s p e r i t y  d i s t r i b u t i o n  o f  t h e  
work  s u r f a c e .  T h i s  on  p r i n c i p l e  i s  a v e r y  s l o w  p r o c e s s ,  b e c a u s e  
d u r i n g  m e a s u r i n g  t h e  e f f e c t i v e  p r o f i l e  f r e q u e n c y  m u s t  b e  c l e a r l y  
b e l o w  t h e  n a t u r a l  f r e q u e n c y  o f  t h e  p i c k - u p  s y s t e m  t o  a v o i d  o v e r -  
r i d i n g .  

A n e w l y  d e v e l o p e d  d e t e c t i o n  me thode  t u r n s  t h i n g s  r o u n d  a n d  
makes  b e n e f i c i a l  u s e  o f  t h i s  d i s t u r b a n c e  by h a v i n g  a  s t y l u s  r e s -  
p o n d i n g  i n  h i s  n a t u r a l  f r e q u e n c y  t o  t h e  h i g h  a n d  randum f r e q u e n c y  
o f  a  f a s t  mov ing  work s u r f a c e .  As a  r e s u l t  t h e  a v e r a g e  s t y l u s  a m -  
p l i t u d e  comes  o u t  a s  b e i n g  p r o p o r t i o n a l  t o  t h e  a v e r a g e  a s p e r i t y  
h i g h t  o f  t h e  work  s u r f a c e ,  a n d  t o  t h e  work s p e e d  /27/. 

F i q u r e  1 1  shows  t h e  s y s t e m  i n  p r i n c i p l e .  I n  t h e  d i a g r a m  a t  
t h e  r i g h t  h a n d  s i d e  t h e  t o t a l  r o u g h n e s s  R a n d  t h e  c e n t e r  l i n e  e v e -  
r a g e  R, a s  v a l i d  f o r  d i f f e r n t  work s u r f a c e s  a r e  p l o t t e d  a g a i n s t  
t h e  r e c o r d e d  s y s t e m  o u t - p u t  S .  The c o n s t a n t  work s u r f a c e  s p e e d  o f  
5 0  m/min i s  a t  t h e  h i g h e r  e n d  o f  t h e  r a n g e  f o r  c o n v e n t i o n a l  s p e e d s  



. ~~ . I - -- .- 
2 .- 

CENTER LINE AVERAGE RA 

Fiqure 1 1 :  Principles of NewMethode for Roughness Detection /27/ 

in external grinding, and it is more than l000 times higher than 
applied with conventional roughness analyzers. 

The new system was originally developed to work as an in-pro- 
cess sensor for an adaptive control ( A C )  external grinding system. 
It might, however. be of more immediately use as a module for in- 
process control of surface roughness in conventional external and 
centerless grinding operations. First practical experiences in 
production are being made actually at a major German automobile 
manufacturer. 

VII. Electro-Sonic Determination of Grinding Wheel Hardness 

Measuring the hardness of grinding wheels is an important 
operational process in wheel production and application. However, 
the traditionally used methodes were inaccurate and destructive to 
a certain degree. An example for this is the sand blasting methode 
where sand is blasted at defined rates. pressure and time onto the 
wheel surface. and the depth of the created hole is taken as a 
reference for the wheel hardness or softness respectively. 
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