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The mechanical alloying process is a new method for producing composite metal powders 
with controlled microst ructures .  It is unique in that it is an entirely solid state process ,  
permitting dispersion of insoluble phases such as refractory oxides and addition of reac-  
tive alloying elements such as aluminum and titanium. Interdispersion of the ingredients 
occurs  by repeated cold welding and fracture  of free powder particles.  Refinement of 
structure is approximately a logarithmic function of time, and depends on the mechanical 
energy input to the process  and work hardening of the materials  being processed.  A con- 
dition of steady state processing is eventually achieved marked by saturation (constant) 
hardness and constant particle size distribution, although structural  refinement continues. 
Evidence of this is presented, and the nature of the cold welding and character is t ics  of the 
processed powder are described. 

T H E  mechanical alloying process  was developed as 
a means of combining the advantages of y '  precipita- 
tion hardening for intermediate temperature strength 
and oxide dispersion strengthening for high-tempera- 
ture strength in a nickel-base superalloy, IN-853.1 
However, the process  is also applicable to a large 
number of systems which, due to liquid- or  solid- 
phase segregation, high melting temperature,  or 
very high reactivity, are not amenable to production 
by conventional techniques. 

In the mechanical alloying process  a blend of pow- 
ders is subjected to highly energetic compressive 
impact forces such as those occurr ing in a high en- 
ergy s t i r red ball mill, shaker mill or  vibratory ball 
mill. Interdispersion of the ingredients occurs  by a 
process  involving cold welding and fracture of the 
powder particles.  In alloy manufacture the starting 
charge usually consists of a blend of elemental, 
master  alloy, and compound powders of very differ- 
ent character is t ics  and initial particle sizes,  making 
it difficult to follow the process  quantitatively. The 
present study utilizes a two-component system of 
elemental powders with identical and very narrow 
initial particle size ranges. This enables a more 
quantitative description of the development of com- 
posite powder particles and the mechanism of their 
production. 

EXPERIMENTAL PROCEDURES 

The chromium powder used in this study was pre-  
pared by alumino-thermic reduction and grinding, re-  
sulting in an angular particle morphology. The iron 
powder was water atomized and possessed a rounded 
particle shape. Both powders were screened to -140 ,  
+200 mesh to give a very narrow starting size range. 
The processing medium consisted of 0.79 cm diam 
52100 alloy steel balls, etched 10 min. in HC1 to pro- 
vide a roughened surface and washed in water and 
acetone. Process  charges consisted of 7.48 grams of 
a mixture of 50 vol pct each of the chromium and 
iron powders and 22 (44 grams) of the etched steel 
balls. 
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METALLURGICAL TRANSACTIONS 

Process ing was performed in a small,  high speed 
shaker mill. Each charge was milled for a specified 
time over the range 0.5 to 200 min. The mill jar  was 
sand blasted and washed in acetone between runs. 

The processed powders were screen analyzed and 
t he -80 ,  +100 mesh and-325 mesh powder screen 
fractions were mounted in thermosetting epoxy. The 
mounts were sectioned such that any plate-shaped 
powder particles would be viewed in edge section 
after polishing. Samples of the steel balls were 
nickel plated, sectioned and polished for metallo- 
graphic examination of the cold welded layers on their 
surfaces.  

Microhardness measurements were made on the 
-80,  +100 mesh powder size fraction and on the 
layers welded to the surfaces of the balls. The aver-  
age of ten measurements  was taken for each data 
point. Measurements were made of the thickness of 
the deformed powder particles and of lamellae within 
composite particles in this size range. 

RESULTS AND DISCUSSION 

One way of following the mechanical alloying proc-  
ess is by considering it as a sequence of time periods 
character ized by important events or  powder proper-  
ties. For  the purposes of this paper the process  has 
been broken down into five time intervals:  1) Initial 
period; 2) Period of welding predominance; 3) Period 
of equiaxed particle formation; 4) Start of Random 
Welding Orientation; 5) Steady State Processing.  These 
periods are defined in terms of: a) powder size dis- 
tribution and shape, b) internal structure of powder 
and material  on ball surface, c) hardness of material  
on ball surfaces and of coarse powders, d) division of 
material  between ball surfaces and free powders. 
Finally, a model is proposed to account for the ob- 
served rate of structural  refinement. 

Initial 

The first twelve minutes of processing, exempli- 
fied by the structure at 4.5 min., are characterized 
by the development of a thin welded layer on the balls 
consisting of one or  two particle thicknesses (see 
Fig. l(a)) and the development of both coarser  and 
finer particles than present in the initial powder 
charge (see Figs. l(b) and l(c)). Powder particles 
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Fig. 3-Microhardness  of the-80 +100 mesh powder screen 
fraction and the layers welded on the surfaces of the balls 
as a function of processing time. 

Fig. 1--Structure of powder processed 4.5 min. (a) Layers 
welded to ball surface, (b) -80, +100 mesh screen fraction, 

, (c) -325 mesh screen fraction. 
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Fig. 2--Powder size distribution as a function of processing 
time. 

within the c o a r s e r  f r a c t i o n  in i t i a l l y  cons i s t  of p l a t e s  
f o r m e d  by f la t ten ing  of equiaxed  s t a r t i n g  p a r t i c l e s  
and a r e  of the  s a m e  vo lume  as  the in i t i a l  powder  
p a r t i c l e s .  T o w a r d  the end of th is  p e r i o d  an i n c r e a s -  
ing n u m b e r  of c o m p o s i t e  p a r t i c l e s  with the d i f fe ren t  
i n g r e d i e n t s  a r r a n g e d  in p a r a l l e l  l a y e r s  a l so  a p p e a r  
in the c o a r s e r  s i ze  f r a c t i o n s .  

The p a r t i c l e s  f i r s t  a p p e a r i n g  in the -325  mesh  
f r a c t i o n  a r e  p r e d o m i n a n t l y  equiaxed  and r e p r e s e n t  
f r a g m e n t s  of the m o r e  f r i a b l e  p a r t i c l e s  within the 
s t a r t i n g  mix .  The p r o p o r t i o n  of p l a t e l i ke  p a r t i c l e s  in 
th is  s i ze  f r a c t i o n  i n c r e a s e s  with t ime  as  the equi -  
axed p a r t i c l e s  a r e  a f fec ted  a second  t ime  o r  as  f r a g -  
men t s  of l a r g e r  p a r t i c l e s  e n t e r  the -325  mesh  f r a c -  
t ion.  The powder  s i ze  d i s t r i b u t i o n  ( see  F ig .  2) does  
not change d r a s t i c a l l y  du r ing  this  t ime  p e r i o d  and 

both powder  p a r t i c l e s  and welded  l a y e r s  r e m a i n  r e l a -  
t ive ly  soft  and duct i le  ( see  F ig .  3). The h a r d n e s s  da ta  
a r e  widely  s c a t t e r e d  as  would be expec ted  e a r l y  in a 
s t a t i s t i c a l  p r o c e s s .  The amount  of powder  welded to 
the ba l l  s u r f a c e  dur ing  th is  t ime  pe r i od ,  i nd i ca t ed  by 
the d i f f e rence  in the ba l l  weight  be fo re  and a f t e r  
p r o c e s s i n g ,  i s  only about one p e r c e n t  of the to ta l  
powder  cha rge .  

P e r i o d  of Welding  P r e d o m i n a n c e  

Dur ing  the p e r i o d  f rom 12 to 30 min . ,  a s  e x e m p l i -  
f ied by m a t e r i a l  at  23.5 min . ,  t h e r e  i s  a subs t an t i a l  
i n c r e a s e  in the r e l a t i v e  amounts  of the c o a r s e r  s i ze  
f r ac t i ons  while the amount  of the f ine r  f r a c t i o n s  r e -  
m a i n s  a p p r o x i m a t e l y  cons tan t  ( see  F ig .  2). Both the 
welded  l a y e r  on the b a l l s  and the c o a r s e r  s i ze  f r a c -  
t ions  d i sp l ay  a m u l t i l a y e r e d  c o m p o s i t e  s t r u c t u r e  with 
l a m e l l a e  running p a r a l l e l  to the ba l l  s u r f a c e s  o r  the 
long axis  of the f lake p a r t i c l e s  ( see  F i g s .  4(a) and 4(b). 

The c o a r s e  powders  a r e  p l a t e - s h a p e d ,  having ind i -  
v idua l  vo lumes  much s m a l l e r  than equiaxed  p a r t i c l e s  
of a s i m i l a r  mesh  s i ze .  At 23.5 min.  the a v e r a g e  
th i ckness  of the p l a t e - s h a p e d  compos i t e  p a r t i c l e s  in 
the - 8 0 ,  +100 m e s h  f r a c t i o n  i s  about 25 P.m. The 
a v e r a g e  vo lume of these  p a r t i c l e s ,  8.6 • 105 ~m 3, i s  
only 15 pc t  of that  of an equiaxed p a r t i c l e  of the 
s a m e  mesh  s i ze  and i s  n e a r l y  i den t i ca l  to that  of the 
- 1 4 0 ,  +200 m e s h  e l e m e n t a l  s t a r t i n g  p o w d e r s ,  7 x 105 
Arm 3. The ind iv idua l  e l e m e n t a l  l a m e l l a e  wi thin  t hese  
compos i t e  p a r t i c l e s  mus t  t h e r e f o r e  be much s m a l l e r  
in volume than the i n i t i a l  e l e m e n t a l  powder  p a r t i c l e s ,  
and thus mus t  be comminu ted  f r a g m e n t s  of the e l e -  
men ta l  s t a r t i n g  p o w d e r s .  

The s t r u c t u r e s  of the c o a r s e r  powder  f r a c t i o n s  
and the l a y e r s  welded  to the ba l l  s u r f a c e s  a r e  s i m i -  
l a r  ( c o m p a r e  F i g s .  4(a) and 4(b)). Th is  s i m i l a r i t y  in-  
d i ca t e s  e i t h e r  an in t e r change  be tween  the we lded  
l a y e r  and f r ee  powder  o r  that  m a t e r i a l  on the ba l l  
s u r f a c e s  cont inued to be p r o c e s s e d  at  about the 
s a m e  r a t e  a s  f r ee  powder .  

The fine p a r t i c l e s  on the o the r  hand r e m a i n  e l e -  
men ta l  but  a r e  now p r e d o m i n a n t l y  f l a k e - s h a p e d ,  
lagging behind the deve lop ing  s t r u c t u r e  of both the 
c o a r s e r  powder  f r a c t i o n s  and the l a y e r s  welded  to 
the  ba l l  s u r f a c e s .  These  fine powder  p a r t i c l e s  a r e  
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Fig. 4--Structure of powder processed 23.5 min. (a) Layers 
welded to ball surface, (b) -80, +100 mesh screen fraction, 
(c) -325 mesh screen fraction. 

p robab ly  p i e c e s  f r a c t u r e d  f rom the edges  of the 
c o a r s e r  c o m p o s i t e  p a r t i c l e s  and which we re  not cold 
we lded  to o the r  l a m e l l a e .  

The  h a r d n e s s  shows a subs t an t i a l  i n c r e a s e  ove r  
that  of the s t a r t i n g  powder s  ( see  F ig .  3) a s  v i r t u a l l y  
a l l  m a t e r i a l  has been s e v e r e l y  d e f o r m e d .  

P e r i o d  of Equiaxed P a r t i c l e  F o r m a t i o n  

In the p r o c e s s i n g  t ime  p e r i o d  be tween  roughly  30 
and 60 min.  t he re  i s  a s h a r p  d e c r e a s e  in the  amount  
of v e r y  c o a r s e  p l a t e - l i k e  p a r t i c l e s  ( see  F ig .  2) and a 
t r e n d  toward  m o r e  equiaxed d i m e n s i o n s  ( see  F ig .  
5(b)). A s i m i l a r  change o c c u r s  in the l a y e r  welded  
to the b a i l s  (F ig .  5(a)). Th is  i s  p robab ly  a r e s u l t  of 
a s ign i f i can t  d e c r e a s e  in duc t i l i ty  of the compos i t e  
powder  p a r t i c l e s ,  which i s  a s s o c i a t e d  with the 
a c h i e v e m e n t  of a h a r d n e s s  of about 300 kg//mm 2. 

The  change in the s t r u c t u r e  of the -325  m e s h  
powder  p a r t i c l e s ,  however ,  i s  much m o r e  s t a r t l i n g  
( see  F ig .  5(c)) and is  m a r k e d  by the v i r t u a l  d i s a p -  
p e a r a n c e  of e l e m e n t a l  powder  f r a g m e n t s  and the ap-  
p e a r a n c e  of compos i t e  p a r t i c l e s  cons i s t i ng  of p a r a l -  
l e l  l a m e l l a e  of a s t r u c t u r e  s i m i l a r  to those  of the 
c o a r s e r  powder s .  These  powder  p a r t i c l e s  have 
o r i g i n a t e d  f rom the comminu t ion  of s i m i l a r l y  s t r u c -  
t u r e d  p a r t i c l e s  within the c o a r s e r  s i ze  f r a c t i o n s .  At 
the s a m e  t i m e ,  the s m a l l e r  e l e m e n t a l  f l a k e - l i k e  
p a r t i c l e s  have mos t ly  been  cap tu red  by weld ing  to 
o the r  p a r t i c l e s .  

In sp i te  of the l ower  duc t i l i ty  the amount  of powder  
we lded  to the b a l l s  i n c r e a s e d  to about 4 pct .  

S t a r t  of Random Weld ing  O r i e n t a t i o n  

In the p r o c e s s i n g  t ime  p e r i o d  be tween  60 and 100 
min.  the e l e m e n t a l  l a m e l l a e  of both the welded  l a y e r  

Fig. 5--Structure of powder processed 40 rain. (a) Layers 
welded to ball surface, (b) -80, +100 mesh screen fraction, 
(c) -325 mesh screen fraction. 

Fig. 6--Structure of powder processed 70 min. (a) Layers 
welded to ball surface, (b) -80, +100 mesh screen fraction, 
(c) -325 mesh screen fraction. 

and the c o a r s e r  powder  f r ac t i on  become  convoluted  
r a t h e r  than be ing  l i n e a r  ( see  F i g s .  6(a) and 6(b). 
T h e r e  i s  a s i m i l a r  t endency  toward  convolut ion of the 
l a m e l l a e  in the f iner  powder  f r a c t i o n  but  th is  i s  dif-  
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Fig. 7--Structure  of powder p roces sed  200 min. (a) Layers  
welded to ball surface,  (b) -80,  +100 mesh sc reen  fraction, 
(c) -325 mesh s c r een  fraction.  

ficult to see because of the i r  sma l l  s ize and r e l a -  
t ively equiaxed shape. The appearance of this con- 
voluted s t ruc tu re  is  due to welding together  of equi- 
axed powder pa r t i c l e s  without any pa r t i cu l a r  p re fe r -  
ence to the or ientat ion with which they weld. At 
e a r l i e r  s tages  in the p roces s ,  f lake- l ike  pa r t i c l e s  
tend to reweld with the i r  long axes para l l e l .  

Within this per iod  of p rocess ing  t ime,  there  is  a 
substant ia l  i nc rease  in the hardness  of the ma te r i a l  
and concurrent  dec rease  in the propor t ion of c o a r s e r  
s i zes  in the loose powder as the ducti l i ty of the 
powder continues to dec rease .  The proport ion of 
powder welded to the ba l l s ,  however,  i nc reases  to 
a maximum of about 6 pct toward the end of this 
per iod.  This  is  probably re la ted  to the gradual  de-  
pletion of oxygen in the mil l ing a tmosphere  due to 
adsorpt ion by the f resh  metal  surfaces  c rea ted  dur-  
ing process ing .  This change in the mil l ing a tmosphere  
favors  welding to the ba l l s .  

At this point, the welded l aye r  on the bal ls  is  quite 
thick and i ts  hardness  lags behind that of the coarse  
powder by as much as 100 kg /mm 2 (see Fig.  3), or  
by as much as 40 min. in p rocess ing  t ime.  Sta t i s t ica l  
evaluation of var iance  f rom the means (F test) indi-  
cates  a g r ea t e r  than 98 pct probabi l i ty  that this dif- 
ference in the average  ha rdnesses  did not occur by 
chance. 

This observat ion  together  with the smal lness  of 
the amount of the ma te r i a l  welded to the bal ls  impl ies  
that p las t ic  deformat ion and cold welding occur  p re -  
dominantly by the compress ion  of f ree  pa r t i c l es  be-  
tween coll iding ba l l s  r a the r  than by the addition of 
pa r t i c l e s  to the welded surface l aye r s  followed by de- 
welding to give c o a r s e r  composite  pa r t i c l e s .  
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Fig. 8--Variation of lamellar thickness with processing time. 

Steady-State P rocess ing  

F o r  p rocess ing  t imes  of longer than 100 min. the 
product is  cha rac te r i zed  by increas ing  in ternal  
homogeneity of all  the powder s ize f rac t ions  (see Fig.  
7) to a degree  that can no longer be followed opt ical ly.  
The powder par t ic le  s ize has reached a s t eady-s t a t e  
dis t r ibut ion which is dependent upon the composit ion 
of the sys tem and of the p rocess ing  p a r a m e t e r s  (see 
Fig.  2). The hardnesses  of the f ree  powder and the 
welded l aye r  on the sur faces  of the ba l l s  reach  sa tu ra -  
tion at about 650 kg /mm 2 (see Fig.  3) and the amount 
of ma te r i a l  welded to the bal ls  dec rea se s  to around 
one percent .  

S t ruc tura lRef inement  Rate and Energy Considera t ions  

During the ini t ia l  per iod of p rocess ing  a wide v a r i -  
ety of s t ruc tu res  exis t  in the mechanical ly  alloyed 
powders.  Powders which have been t rapped between 
colliding ba l l s  are  severe ly  deformed while a port ion 
of the powder remains  re la t ive ly  unaffected. This 
makes determinat ion of the average refinement ra te  
at ea r ly  t imes  in the p rocess  very  difficult .  

One valuable piece of information on the amount of 
deformation required to cold weld can be obtained for 
the powders at this stage however.  T h e - 8 0 ,  +100 
size fract ion was se lec ted  for this purpose since no 
undeformed powder pa r t i c l e s  can appear  in i t .  All  pa r -  
t ic les  which have escaped being acted upon by the 
ba l l s  or  which have been acted upon and fragmented 
will  pass  through a 100 mesh screen .  However p a r ,  
t ic les  of the ini t ia l  74 to 105 ~ m  s ta r t ing  ma te r i a l  
which have been deformed about 50 to 85 pct to 
d i scs  without f rac tur ing will  be re ta ined between the 
80 and 100 mesh sc reens .  The average l ameUar  
thickness in this coarse  s ize f ract ion in the f i r s t  few 
minutes of p rocess ing  (see Fig.  8) indicates  that a 
powder par t i c le  is  reduced in thickness f rom about 
89 ~m to about 25 /~m in a single col l is iona!  event. 
This thickness dec rease  of around 3 to 1 is  sufficient 
to cause cold welding in many cases  where over lap-  
ping pa r t i c l e s  a re  t rapped.  2 When these pa r t i c l e s  a re  
of different const i tuents ,  as would be t rue  s t a t i s t i ca l ly  
one-half  of the t ime,  a composite plate resu l t s  (see 
Fig .  l(b). 
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Fig. 9--Mierostructure of the -80, +100 mesh fraction of 
the powder processed 100 min. 

With  i n c r e a s e d  p r o c e s s i n g  t i m e ,  the s t r u c t u r a l  
d i f f e r e n c e s  be tween  the s i ze  f r a c t i o n s  a r e  g r adua l l y  
e l i m i n a t e d .  At 40 minu tes  the c o a r s e  and fine f r a c -  
t ions  a r e  i den t i ca l  in a p p e a r a n c e  ( c o m p a r e  F i g s .  5(b) 
and 5(c)). The a v e r a g e  l a m e l l a r  t h i cknes s  has  been  
r educed  to about 3 ~m at th is  point .  P r i o r  to th is  
t ime  the o v e r a l l  a v e r a g e  l a m e l l a r  t h i cknes s  i s  g r e a t e r  
than that  of the - 8 0 ,  +100 m e s h  s i ze  f r ac t i on  s ince  
t h e r e  a r e  s ign i f ican t  amounts  of m a t e r i a l  in  the f ine r  
f r a c t i o n s  p r o c e s s e d  to a l e s s e r  d e g r e e  ( see ,  for  
e x a m p l e ,  F ig .  4(c)). 

The  a v e r a g e  r a t e  of change of l a m e l l a r  t h i ckness  
can be ca l cu l a t ed  if c e r t a i n  a s s u m p t i o n s  a r e  made  
conce rn ing  the e n e r g e t i c s  and s t a t i s t i c s  of the p r o c -  
e s s .  F i r s t ,  a s s u m e  that  the r a t e  at  which m a t e r i a l  
i s  t r a p p e d  be tween  co l l id ing  b a l l s  i s  independent  of 
t i m e .  Th i s  a s s u m p t i o n  i s  f a i r l y  good s ince  the v i b r a -  
t ion r a t e  of the m i l l  i s  cons tan t ,  the number  of b a l l s  
i s  f ixed ,  the ba l l  d i a m e t e r  i s  a lways  at  l e a s t  ten t i m e s  
the m a x i m u m  powder  p a r t i c l e  d i a m e t e r  and the 
amount  of powder  welded to the b a l l s  was a lways  l e s s  
than 7 pct .  T h e r e f o r e ,  the ene rgy  input  r a t e  to the 
p r o c e s s  i s  cons tan t .  

d E  _- K~ [1] 
dt 

where  E = ene rgy  
t = t ime  

Next a s s u m e  that  the energy  r e q u i r e d  p e r  unit s t r a i n  
fo r  a cons tan t  vo lume of m a t e r i a l  i s  a l i n e a r  function 
of the ins t an taneous  V i c k e r s '  h a r d n e s s  of the powder .  

dE 
d-"~- = K2H [2] 

whe re  e = t rue  s t r a i n  = In Lo 
L 

L = l a m e n a r  t h i cknes s  

Dur ing  the f i r s t  100 min .  of p r o c e s s i n g  the V i c k e r s  
h a r d n e s s  can be a p p r o x i m a t e d  by 

H = 125 + 4 .57 t  [3] 

Combin ing  Eqs .  [1], [2] and [3] and combining  con-  
s t an t s  K1 and K2 we obtain:  

d~ _ K3 [4] 
dt 125 + 4.57 t 

The  s t r a i n ,  c, a s  funct ion of t ime  i s  obta ined by in te -  
g ra t i ng  ove r  t ime :  

= ~ ln(1 + .0.365t)  [5] e 

The va lue  of the s y s t e m  cons tan t  K3 i s  c a l cu l a t ed  
f r o m  the da ta  at  40 min.  whe re  Lo = 89 g m  and 
L = 2.85 g m .  This  va lue ,  17.5, was  used  to ca l cu l a t e  
the l a m e l l a r  t h i cknes s  at  o the r  t i m e s  shown in F ig .  
8. As expec ted ,  the a v e r a g e  in i t i a l  r a t e  of r e f i n e m e n t  
i s  s l o w e r  than that  of the - 8 0 ,  +100 m e s h  s i ze  r ange .  

The p r e d i c t e d  l a m e l l a r  t h i cknes s  at  70 min . ,  0.69 
~ m ,  i s  exac t ly  the r e s o l v i n g  power  of the op t i c s  used  
to take the p h o t o m i c r o g r a p h  of F ig .  6. Examina t i on  
of the - 8 0 ,  +100 m e s h  p a r t i c l e s  in F i g .  6(b) ind ica te  
that  m o r e  than half  of the l a m e l l a e  a r e  indeed  poo r ly  
r e s o l v e d .  The m e a s u r e d  l a m e l l a r  t h i c k n e s s ,  0.87 
~ m ,  i s ,  t h e r e f o r e ,  in r e a s o n a b l y  good a g r e e m e n t  with 
the p red i c t i on .  At 100 min.  ( see  F ig .  9) subs t an t i a l l y  
a l l  the l a m e l l a e  in the - 8 0 ,  +100 m e s h  f r a c t i o n  a r e  
u n r e s o l v e d  as  expec ted .  

SUMMARY AND CONCLUSIONS 

The following conclusions concerning the mechanical 
alloying process can be drawn from the example used 
in this paper: 

1. Formation of composite particles and refine- 
ment of structure appears to occur predominantly by 
cold welding and fracturing of free powder particles. 

2. Homogeneity of composite particles is approxi- 
mately a logarithmic function of time. The rate of 
structural refinement is dependent upon the rate of 
mechanical energy input to the process and the work 
hardening rate of the material being processed. 

3. The mechanical alloying process can be divided 
into five stages: The initial period, the period of 
welding predominance, the period of equiaxed parti- 
cle formation, the start of random welding orienta- 
tion, and steady-state processing. 

4. Variability of homogeneity from one composite 
particle to another is eliminated in about one-third 
of the time marking the beginning of steady state 
processing. 

5. The onset of steady state processing is associ- 
ated with the achievement of saturation hardness and 
constant particle size distribution. Structural refine- 
ment continues into the steady state processing 
period. 

The example given in this paper is an artificial one 
constructed for the ease of understanding the devel- 
opment of mechanically alloyed structures. In prac- 
tice, the variety and size range of raw materials 
would be much greater. The specific times to develop 
a given structure in any system would be a function 
of the initial particle sizes and characteristics of 
the ingredients as well as the particular apparatus 
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involved for carrying out the process  and the oper- 
ating parameters of this apparatus. In addition, the 
endpoint mierostrueture would be a function of the 
application for which the alloy is desired. 
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