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BALL MILLING AMORPHIZATION IN A VIBRATING FRAME GRINDER 

Y. CHEN, R. LE HAZIF and G. MARTIN 

Centre d'Etudes Nucl6aires de Saclay, CEREM-DTM-SRMP, F-91191 Gif sur 
Yvette Cedex, France 

Resume : On propose un modele simple du t r angfe r t  d 'energie par chocs 
au matkriau en cours de broyage dans un d i s p o s i t i f  a plateau vibrant : 
116nergie  par  choc va r i e  comme l a  masse de l a  b i l l e  e t  l e  c a r r e  de 
l 'ampli tude e t  de l a  frkquence de v ib ra t ion  du p la teau .  Le tou t  e s t  
redui t  d'un fac teur  d ' e f f i c a c i t e  du t r a n s f e r t  qui  depend, en t re  aut res ,  
de l a  r i g i d i t 6  r e l a t i v e  de l a  b i l l e  par rapport au materiau t r a i t & .  La 
frCquence des c o l l i s i o n s  e n t r e  l a  b i l l e  e t  l e  materiau va r i e  comme 
l 'ampli tude e t  l a  frequence de vibra t ion du plateau e t  comme l ' i nverse  
de l a  g rav i t e  t e r r e s t r e .  Pour t e s t e r  l ' i n f luence  de ces param&tres sur 
l a  s t a b i l i s a t i o n  par  broyage de phases metas tables ,  un d i s p o s i t i f  
o r i g i n a l  a  e t 6  cons t ru i t ,  qui  permet e n t r e  au t res ,  de proceder des 
broyages prolongks sous bon vide .  Les r e s u l t a t s  pre l iminai res  obtenus 
sur  NiloZr7 montrent l 'importance du fac teur  d ' e f f i c a c i t e  pour a t te indre  
une amorphisation compl&te du materiau. Sous bon vide, il e s t  possible 
d 'obtenir  une f e u i l l e  continue de materiau amorphe. 

Abstract  : We propose a simple model of energy t r ans fe r  i n  the  course of 
b a l l  mi l l ing i n  a  v ibra t ing frame device : the  energy t r ans fe r red  per 
impact goes as  the mass of the  b a l l  and the  square of the amplitude and 
frequency of v ibra t ion of the  frame. A reduction eff ic iency fac to r  must 
be introduced, which depends on the  b a l l  r i g i d i t y  with respect  t o  tha t  
of the mater ia l  being processed. The frequency of impact between the 
b a l l  and the  material  goes a s  the  amplitude and frequency of vibration 
of the frame and a s  the  inverse of the t e r r e s t r i a l  gravi ta t ion constant. 
For assessing the ro le  of the  above parameters i n  s t a b i l i z i n g  metastable 
phases by b a l l  milling, a  new device has been b u i l t  which allows t o  keep 
good vacuum during long time mill ing treatments.  Preliminary r e s u l t s  on 
NiloZr7 point t o  the  c ruc ia l  r o l e  of the  ef f ic iency fac to r  i n  reaching 
f u l l  amorphization. Under good vacuum, continuous f o i l s  of amorphous 
material  can be obtained. 

A s  discussed i n  a  companion paper /l/ , the  formation of a  non 

equil ibrium phase under b a l l  mi l l ing can be viewed a s  an example of a  

dynamical phase t r a n s i t i o n  i n  a  forced system. The s t a b i l i t y  f i e l d  of such 

phases must be looked f o r  i n  the  appropriate control  parameters space. We 

suggested t h a t  bes ides  t h e  temperature and a l l o y  composition, such 

parameters a s  t h e  energy per impact and the  impact frequency should play a  

c r u c i a l  r o l e  i n  s t a b i l i z i n g  non equi l ibr ium phases .  The l a t t e r  two 

quan t i t i e s  a r e  easy t o  adjus t  i n  a  v ibra t ing frame device. The purpose of 

t h i s  note i s  t o  give a  very simple mechanistic model of mill ing i n  such a  

device, and t o  present  preliminary r e s u l t s  obtained on a  modified m i l l  we 

developed a t  Saclay. 
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2 - MECHANISTIC MODEL OF MILLING WITH A VIBRATING FRAMl$ 

For the sake of simplicity, we consider a vibrating frame on which a 

vial is attached. The vial contains powder and a single ball of mass m 
(specific mass p) and radius R. The frame vibrates sinusoYdally with a 

pulsation 61 and amplitude A ; g is the terrestrial acceleration constant. We 

assume, for the time being, that every time the ball hits the powder, the 

kinetic energy of the ball with respect to the frame is fully absorbed by 

the powder : under such circumstances, the movement of the ball is periodic 

in time. 
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Fig. 1 : Schematical representation of the ball in the vial, the model for 

the impact between the ball and the powder, and positions vs time 

of the ball and the frame. 



It  i s  e a s i l y  found t h a t :  

- t h e  ve loc i ty  of t he  b a l l ,  a s  it leaves t h e  frame, i s  : 

- t h e  l a t t e r  f i x e s  t h e  height  h  reached by t h e  b a l l  i n  t h e  labora tory  (h = 

vbi2 / 2g) ,  t h e  time 2 needed f o r  t h e  b a l l  t o  f a l l  back on t h e  frame : 

2 =  2  vbi/g (2) 

- t h e  average k i n e t i c  energy of t h e  b a l l  r e l a t i v e  t o  t h e  frame a t  t h e  

c o l l i s i o n  i s  (assuming a  random dephasing of t h e  b a l l  movement with respec t  

t o  t h a t  of t h e  frame) : 

<E>=1/2 m ( <vb2> + <vf2>) (3a) 

where vf s t ands  f o r  t h e  ve loc i ty  of t h e  frame, and <> holds f o r  t h e  average 

over long t imes .  Simple algebra y i e ld s :  

< ~ > = 3 / 4  m A*& (3b) 

f o r  t h e  energy pe r  impact ; 

- Eqs. 2 and 3 y i e l d  t h e  mechanical power t r a n s f e r e d  t o  t h e  m a t e r i a l  

undergoing t h e  c o l l i s i o n :  

P = 3 / 8  m A w  g  ( 4 )  

- t h e  amout of ma te r i a l  being s t r a i n e d  a t  a c o l l i s i o n  i s  : 

ui-4.n R r 2 ( 5 )  

where r i s  t h e  rad ius  of t h e  g ra in s  of powder ( see  f i g .  1) ;  

- a s  a  r e s u l t ,  t h e  s p e c i f i c  power i n j e c t e d  i n t o  t h e  ma te r i a l  i s  : 
p  = 1/16p ( R 2 / r 2 )  g  Awa ( 6 )  

The parameter a is  a  reduct ion f a c t o r ,  which accounts f o r  two e f f e c t s  : 

- t h e  amount of ma te r i a l ,  V ,  ( eq .  5)which i s  s t r a i n e d  a t  a  c o l l i s i o n ,  i s  

only a  f r a c t i o n  of t h e  t o t a l  amount of m a t e r i a l  being processed;  assuming 

p e r f e c t  mixing of t h e  powder between two impacts r e s u l t s  i n  t h e  fol lowing 

expression : 

p  = 1 /5  ( r n / m t )  p 'g  A w a '  ( 7 )  

with m '  and p '  f o r  t h e  mass and dens i ty  of t h e  powder i n  t h e  j a r r ;  

- a t  t h e  c o l l i s i o n ,  t h e  impact energy i s  not  t o t a l l y  t r a n s f e r r e d  t o  t h e  

powder; p a r t  of it i s  absorbed by p l a s t i c  and e l a s t i c  deformation of t h e  

b a l l ;  t h e  f r a c t i o n  of t h e  impact energy t r a n s f e r r e d  t o  t h e  powder i s  a', a  

number which i s  ma te r i a l  dependent. 

Typical va lues  a r e  a s  fol lows:  

A = lmm,  w = 314 r ad / sec . ,  m = 1 Kg, R = 2.5  cm, r = 1 pm : p  =some eV/ 

atom/ second t imes  a .  The l a t t e r  reduct ion  f a c t o r  i s  unknown. Most of t h e  

above power i s  d i s s i p a t e d  i n t o  h e a t ,  a  small  f r a c t i o n  of it (some % ) w i l l  

r e s u l t  i n  point-defects  o r  a n t i s i t e  de fec t s  c r ea t ion  /2 / .  

Such f i g u r e s  a r e  t y p i c a l  of power i n j e c t i o n s  i n t o  t h e  l a t t i c e  during 

high energy high i n t e n s i t y  i r r a d i a t i o n s  wi th  charged p a r t i c l e s  ( e .g .  i n  a  

high vol tage  e l ec t ron  microscope) / 3 / .  The l a t t e r s  a r e  known t o  induce phase 
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ohanges ,  s u c h  a s  p r e c i p i t a t e  f o r m a t i o n  o r  d i s s o l u t i o n ,  o r d e r - d i s o r d e r  

t r a n s i t i o n s ,  amorphizat ion o r  c r y s t a l l i z a t i o n .  

For  a s s e s s i n g  whether  t h e  t y p e  o f  phase  t o  be  s t a b i l i z e d  by b a l l  

m i l l i n g  can  b e  r a t i o n n a l i z e d  i n  t e r m s  o f  i n j e c t e d  power and of  impact 

f requency,  w e  equiped a  v i b r a t i n g  frame and s t a r t e d  s t u d y i n g  t h e  c o n d i t i o n s  

f o r  b a l l  m i l l i n g  amorphizat ion of  Ni loZr7,  much i n  t h e  same way a s  i n  r e f .  

/l/; comparing t h e  m i l l i n g  c o n d i t i o n s  f o r  amorphizat ion under b o t h  t y p e s  of  

m i l l i n g  ( p l a n e t a r y  a n d  v i b r a t i n g  f rame)  w i l l  h e l p  c h o o s i n g  t h e  p r o p e r  

c o n t r o l  pa ramete r s  of t h e  dynamical s t a t e  of  t h e  a l l o y  under m i l l i n g .  We now 

g i v e  p r e l i m i n a r y  r e s u l t s .  

3  FIRST RESULTS 

3a- Exper imental  procedure:  

For  t h e  sake  o f  comparison wi th  t h e  r e s u l t s  o b t a i n e d  i n  r e f . ( l ) ,  we 

s t a r t e d  w i t h  a  N i l o Z r 7  compound produced  by  l e v i t a t i o n  m e l t i n g  i n  t h e  

l a b o r a t o r y ,  s t a r t i n g  from 9 9 . 9  % p u r i t y  m a t e r i a l .  T y p i c a l l y ,  p i e c e s  o f  i n g o t  

we igh t ing  approx imate ly  5 grams were i n t r o d u c e d  i n t o  a  modi f i ed  v i a l  of  a  

" P u l v e r i s e t t e  0" v i b r a t i n g  frame manufactured by FRITSCH. 

F i g .  2  : Modified V i a l  a t t a c h e d  t o  t h e  frame. 

For  g r i n d i n g  i n  vacuo o r  under a  c o n t r o l l e d  atmosphere,  t h e  v i a l  was 

modif ied a s  can b e  seen  on f i g s . l , 2 .  S t a t i c  vacuum b e t t e r  t h a n  some 1 0 - ~  

Tor rs  cou ld  be kept  f o r  a t  l e a s t  130 h o u r s  m i l l i n g  t i m e .  The v i a l s  and b a l l s  

a r e  e i t h e r  made of  t u n g s t e n  c a r b i d e  (WC) o r  of quenched s t e e l  (QS) . Typica l  

weight  o f  t h e  b a l l  i s  1 Kg, which c o r r e s p o n d s  t o  a  b a l l  d i a m e t e r  of 

approximately  50 mm and 63 mm f o r  WC and QS r e s p e c t i v e l y .  

The v i b r a t i o n  ampl i tude  ( 2 A  i n  e q s .  3-7) ranged from . 5  t o  2 .5  mm, 

most exper iments  be ing  done wi th  1 mm. The v i b r a t i o n  f requency was 50 Hz. 



M i l l e d  m a t e r i a l  was a n a l y s e d  by X r a y  d i f f r a c t i o n  and,  i n  some 

c a s e s ,  o b s e r v e d  by  e l e c t r o n  mic roprobe ,  and  s c a n n i n g  o r  t r a n s m i s s i o n  

e l e c t r o n  microscopy. 

3b- Exper imental  r e s u l t s  

The r e s u l t s  o b t a i n e d  depend b o t h  on t h e  t y p e  of  a tmosphere  and on 

t h e  n a t u r e  of t h e  b a l l  (WC o r  QS) . 
A t  early t i m e s ,  t h e  f o l l o w i n g  i s  o b s e r v e d ,  i r r e s p e c t i v e  o f  t h e  

p rocedure  : a f t e r  a  few minutes ,  t h e  i n g o t  i s  broken i n t o  c o a r s e  p i e c e s  = 

O . l m m  i n  s i z e ,  and t h e n  i n t o  a  f i n e r  powder (10  t o  50 p m  i n  d iamete r  a f t e r  

about  5  h o u r s ) .  The e v o l u t i o n  a t  l a t e r  s t a g e s  depends i n  a c r u c i a l  way on 

t h e  n a t u r e  of  t h e  b a l l  used and of  t h e  atmosphere.  

F i g .  3 : Amorphous powder a f t e r  30 hours  m i l l i n g  w i t h  WC b a l l  ( r e s i d u a l  02 

atmosphere) . 

A f t e r  a b o u t  30 h o u r s  m i l l i n g ,  a  f u l l y  ( r e s p e c t i v e l y  p a r t i a l )  

amorphous s t a t e  i s  obse rved  when m i l l i n g  p roceeds  w i t h  t h e  WC ( r e s p .  QS) 

b a l l .  If m i l l i n g  i s  pe r fo rmed  i n  t h e  p r e s e n c e  of  some Oxygen p a r t i a l  

p r e s s u r e ,  t h e  m a t e r i a l  i s  o b t a i n e d  i n  t h e  form of  a powder, w i t h  a g r a i n  
s i z e  of about  20 pm ( f i g .  3 ) ;  such morphologies have o f t e n  been d e s c r i b e d  i n  

t h e  l i t e r a t u r e .  On t h e  c o n t r a r y ,  i f  m i l l i n g  i s  performed i n  vacuo , t h e  

m e t a l l i c  powder s t i c k s  t o  t h e  v i a l  and  g e t s  compacted i n  t h e  form of  a  

con t inuous  meniscus  which covers  t h e  bot tom of t h e  v i a l  ( f i g .  4 ) .  I n  t h i s  

case ,  o n l y  t h e  t h i n n e r  p e r i p h e r y  o f  t h e  f o i l  i s  f u l l y  amorphous. The c e n t e r  

p a r t ,  2 mm t h i c k  i s  amorphous i n  t h e  upper  p a r t  o n l y .  A s  u s u a l ,  some 

t u n g s t e n  c a r b i d e  contaminat ion i s  observed when u s i n g  t h e  WC b a l l .  

A t  s t i l l  l a t e r  s t a g e s  (>l00 h o u r s ) ,  t h e  e v o l u t i o n  of  t h e  compound 

depends d r a m a t i c a l l y  on t h e  atmosphere.  Under some oxygen p a r t i a l  p r e s s u r e ,  

t h e  a l l o y s  decomposes i n t o  t h r e e  d i s t i n c t  phases  : Zircon ia ,  pure  Nickel  and 
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an unidentified intermetallic compound.That the oxidation of amorphous ZrX 

alloys (X= Cr, Cu) leads to the rejection of X is a well established fact 

/ 4 / .  More unusual is the observation that, in vacuo , the structure obtained 
at earlier stages remains stable : the metallic foil still covers the bottom 

of the vial. Whether or not the thickness of the amorphized layer increases 

with milling time is not yet clear. 

Fig. 4 : Meniscus obtained after 130 hours milling with WC ball under good 

static vacuum. 

C) amorphized zone 

A) mixture of amorphized and crystallised zones 

4 - DISCUSSION AND CONCLUSION 

We have proposed a very simple analysis of energy transfers 

occurring in ball milling on a vibrating frame, as well as preliminary 

results on solid state amorphization of NiloZr7 in a modified device 

allowing for good vacuum to be maintained in the course of milling. 

The mechanistic analysis shows that the energy transferred at each 
impact, by the ball to the material being processed, scales with mA2w2a, and 

that the impact frequency goes as wA/g. 



Although v e r y  p r e l i m i n a r y ,  t h e  p r e s e n t  r e s u l t s  p o i n t  t o  t h e  s t r o n g  
i n f l u e n c e  of  t h e  e f f i c i e n c y  f a c t o r  a. A Q S b a l l  i s  s o f t e r  t h a n  a  WC one, by 

about  a  f a c t o r  of 4  : f u l l  amorphizat ion i s  more d i f f i c u l t  w i t h  t h e  la t ter  

b a l l .  Wether t h i s  d e c r e a s e  of  e f f i c i e n c y  can be  compensated u s i n g  a  h i g h e r  

v i b r a t i o n  a m p l i t u d e  and b a l l  mass a s  p r e d i c t e d  by e q . 7  remains  t o  be 

a s s e s s e d .  

Also,  t h e  good vacuum we cou ld  m a i n t a i n  i n  t h e  p r e s e n t  d e v i c e ,  

a l lows  f o r  t h e  d i r e c t  o b t e n t i o n  of m e t a l l i c  amorphous f o i l s  i n  t h e  v i a l .  
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