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ABSTRACT 

With the objective of developing a predictive model for ceramic 
powder compaction we have investigated methods for characterizing 
density gradients in ceramic powder compacts, reviewed and 
compared existing compaction models, conducted compaction 
experiments on a spray dried alumina powder, and conducted 
mechanical tests and compaction experiments on model granular 
materials. Die filling and particle packing, and the behavior of 
individual granules play an important role in determining 
compaction behavior and should be incorporated into realistic 
compaction models. These results support the use of discrete 
element modeling techniques and statistical mechanics principals 
to develop a comprehensive model for compaction, something that 
should be achievable with computers with parallel processing 
capabilities. 

I b  INTRODUCTION 

'' In the manufacture of advanced ceramics, optimum properties are 
achieved by defining and developing processes to produce a target 
microstructure, and by controlling processing to minimize the 
concentration and scale of the defects in the finished product. To 
manufacture ceramics with reliable and reproducible properties, it 
is imperative to understand and control process-microstructure- 
property relations during the various stages of processing. 

Consolidation is an important part of ceramic processing that 
comprises processes ranging from green body forming to thermal 
consolidation (e.g., sintering). The most common methods of 
forming for high volume components are uniaxial pressing and 
isostatic pressing.1-4 Both processes use granulated powders 
because of their improved flowability and ease of handling 
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compared t o  ungranulated powders. Granules a r e  gene ra l ly  produced 
using a spray  dry ing  process.5 

Pa r t i c l e  o r  g r a n u l e  packing  may be t h e  s i n g l e  most important 
phys i ca l  c h a r a c t e r i s t i c  of a powder compact. I n  closely-packed 
powder compacts, d e n s i f i c a t i o n  dur ing  s i n t e r i n g  occurs f a s t e r  and 
more uniformly, t o  h i g h e r  end-point d e n s i t i e s ,  and wi th  less 
o v e r a l l  volume sh r inkage .  Uniform par t ic le  packing i n  a green  
compact e n s u r e s  un i fo rm d e n s i f i c a t i o n  and  sh r inkage  d u r i n g  
s i n t e r i n g .  Pack ing  h e t e r o g e n e i t i e s  due t o  t h e  p re sence  of 
agglomerates (i.e., dense ly  packed p a r t i c l e  c l u s t e r s )  o r  pores due 
t o  poor packing are  undes i r ab le  as t h e y  produce defects i n  t h e  
f i n a l  s i n t e r e d  mic ros t ruc tu re  t h a t  reduce t h e  o v e r a l l  r e l i a b i l i t y  
of t h e  component. Dens i ty  g rad ien t s  c r e a t e d  dur ing  forming (e.g., 
due t o  die w a l l  f r i c t i o n )  a r e  u n d e s i r a b l e  as  t h e y  promote 
d i f f e r e n t i a l  o r  heterogeneous d e n s i f i c a t i o n  wi th in  t h e  ceramic 
body, which o f t e n  r e s u l t s  i n  warping and  c r a c k i n g  d u r i n g  
s i n t e r i n g .  6 t 7  

Homogeneous and heterogeneous d e n s i f i c a t i o n  are i l l u s t r a t e d  and 
compared i n  Fig.  1.6 Homogeneous dens i f i ca t ion ,  which i s  achieved 
wi th  uni formly  packed powders, r e s u l t s  i n  a volume dec rease  
wi thout  a change i n  shape .  A l ower  green  d e n s i t y  compact 
experiences a greater o v e r a l l  volume shrinkage on s i n t e r i n g  t o  t h e  
t h e o r e t i c a l  d e n s i t y .  Heterogeneous d e n s i f i c a t i o n ,  which occurs  
when d e n s i t y  v a r i a t i o n s  e x i s t  w i t h i n  t h e  g reen  compact, a l s o  
r e s u l t s  i n  a volume decrease; however, lower d e n s i t y  reg ions  can 
be phys ica l ly  cons t r a ined  from s i n t e r i n g  t o  t h e o r e t i c a l  dens i ty ,  
r e s u l t i n g  i n  shape d i s t o r t i o n  and incomplete dens i f i ca t ion  
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Green Compacts Sintered Compacts 

Densification and 
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Fig. 1 Homogeneous d e n s i f i c a t i o n  d u r i n g  s i n t e r i n g  of uniform 
d e n s i t y  powder compacts w i t h  two d i f f e r e n t  s t a r t i n g  
d e n s i t i e s .  b) D i f f e r e n t i a l  d e n s i f i c a t i o n  dur ing  s i n t e r i n g  
as  a consequence of d e n s i t y  h e t e r o g e n e i t i e s  i n  t h e  green 
powder compact. 



During press forming t h e  die f i l l i n g  and compaction ope ra t ions  
u l t i m a t e l y  de te rmine  t h e  s i z e ,  shape, and p r o p e r t i e s  of t h e  
s i n t e r e d  product.* The degree of dens i ty  heterogeneity t h a t  e x i s t s  
af ter  compaction depends on t h e  c h a r a c t e r i s t i c s  of t h e  powder, t h e  
i n i t i a l  f i l l i n g  of t h e  die by t h e  powder, t h e  shape of t h e  die, 
t h e  forming p r e s s u r e ,  and how t h e  p r e s s u r e  i s  appl ied .  During 
cornpaction, e x t e r n a l l y  a p p l i e d  p r e s s u r e  i s  used  t o  promote 
p a r t i c l e  rearrangement, granule deformation, and consol ida t ion  of 
t h e  p a r t i c u l a t e  assembly. P a r t i c l e  coord ina t ion  number, green 
d e n s i t y  ( i .e . ,  t h e  b u l k  d e n s i t y  of t h e  compact p r i o r  t o  
s i n t e r i n g ) ,  and compact s t r e n g t h  inc rease  with inc reas ing  pressure  
dur ing  c o m p a ~ t i o n , ~ ’ ~ ~  while t h e  volume and s i z e  of t h e  p o r o s i t y  
i n  t h e  compact decrease.l3,l4 Generally a f i n e r  and more uniform 
pore  s t r u c t u r e  i n  a h ighe r  green d e n s i t y  compact con t r ibu te s  t o  
more uniform d e n s i f i c a t i o n  and h i g h e r  end-point d e n s i t i e s  on 
s i n t e r i n g .  158 16 

Economically,  a ne t - shape  c o n s o l i d a t i o n  p r o c e s s  i s  h i g h l y  
d e s i r a b l e ,  whereby compact d e n s i t y  and d e n s i f i c a t i o n  are w e l l  
c o n t r o l l e d ,  uniform, and ex t r eme ly  r e p r o d u c i b l e .  Net-shape 
processes not  only minimize waste, bu t  a l s o  o f f e r  t h e  p o t e n t i a l  t o  
e l i m i n a t e  expensive f i n i s h  machining opera t ions .  Currently,  t h e  
indus t ry  s tandard  f o r  as -s in te red  to l e rance  i s  1.5%. Many ceramics 
are r o u t i n e l y  s i n t e r e d  t o  within 1% tolerance ,  with some s p e c i a l t y  
cases  down t o  0.25%. An a s - f i r e d  to l e rance  of 1% is adequate f o r  
many stand-alone ceramic components; however, more p rec i se  f i t t i n g  
components (e.g., eng ine  components) t y p i c a l l y  r e q u i r e  f i n i s h  
machining t o  s i z e .  Machining opera t ions  can e a s i l y  double t h e  c o s t  
of t h e  f i n i s h e d  pa r t .  An a s - s i n t e r e d  t o l e r a n c e  of <0.5% can 
minimize and p o s s i b l y  even e l i m i n a t e  t h e  f i n i s h  machining 
opera t ion ,  which would lower t h e  t o t a l  manufacturing c o s t ,  and 
could make ceramic components more c o s t  competitive w i t h  metal  and 
polymer components. The key t o  achiev ing  a net-shape compaction 
process is t o  minimize o r  e l imina te  macroscopic dens i ty  g rad ien t s  
i n  t h e  p a r t i c u l a t e  assembly dur ing  die f i l l i n g  and compaction. 

E To a v o i d  t h e  d e l e t e r i o u s  consequences  o f  he t e rogeneous  
d e n s i f i c a t i o n ,  ceramic f a b r i c a t i o n  processes must be designed and 
c o n t r o l l e d  with t h e  i n t e n t  of op t imiz ing  green  d e n s i t y  while 
minimizing both  macroscopic d e n s i t y  g r a d i e n t s  (due t o  p r e s s u r e  
g r a d i e n t s  dur ing  compaction) and microscopic d e n s i t y  v a r i a t i o n s  
(due t o  t h e  presence of agglomerates and po res ) .  S c i e n t i s t s  from 
Sandia Nat iona l  Labs are c u r r e n t l y  working t o  develop and apply 
science-based computer and process models t o  better understand and 
c o n t r o l  powder compaction. The o b j e c t i v e  of t h i s  paper i s  t o  
provide  a brief d e s c r i p t i o n  of some of t h e  components of t h i s  
ongoing work. The first s e c t i o n  h i g h l i g h t s  techniques t h a t  can be 
used t o  c h a r a c t e r i z e  macroscopic d e n s i t y  v a r i a t i o n s  i n  pressed 
powder compacts. The second s e c t i o n  desc r ibes  the  evo lu t ion  of 
e f f o r t s  t o  model powder compaction, s t a r t i n g  with Jannsen i n  
1895,17 t o  what w e  hope t o  accomplish w i t h  our cu r ren t  and f u t u r e  



computing capabilities. The third section describes experiments 
conducted on a spray dried alumina powder. The final section 
describes the results of tests on individual model granules and 
relates their mechanical behavior to their overall compaction 
behavior. 

DENSITY GRADIENT CHARACTERIZATION 

To test, refine, and validate models for powder compaction, model 
predictions of density distribution within a powder compact hust 
be compared to measured macroscopic density gradients in a powder 
compact. The powder compact can be assessed on the basis of the 
overall fractional density of the compact, where fractional 
density, p/pth, is the bulk density, p, divided by the true or 
theoretical density, pth. This however provides only the average 
density of the compact. Mercury porosimetry provides a 
quantitative method to characterize the bulk density of a powder 
compact and its porosity, including pore volume and pore size 
distribution; l9 however, spatial density information is not 
easily obtained. 

Some quantitative means of characterizing spatial density and 
mapping density gradients in a powder compact include scanning 
electron microscopy coupled with quantitative stereology, 18*20*21 
ultrasound, x-ray radiography, computed tomography (CT), and 
magnetic resonance imaging (MRI) .22* 23 Ultrasound, x-ray 
radiography, and image analysis have all proven useful for 
characterizing density gradients in ceramic powder compacts.22 

Sandia research has determined that ultrasound has a respectable 
spatial resolution of 0.25 rnm and density resolution of 0.5%, and 
produces the most quantitative density contour maps of pressed 
powder compacts.22 Results from a rectangular slab cut from a 
cylindrical compact formed by pressing at 138 MPa (20 ksi) are 
shown in Fig. 2. This map shows the highest densities in the top 
corners (in contact with the single action pressing punch), the 
lowest in the bottom corners, and radial gradients from a high 
density at the edges to a lower density along the cylinder axis. 
Although the density gradients due to die wall friction might be 
expected to be symmetric about the cylinder axis, there are 
noticeable differences between one side and the other. This 
observation will be discussed further later in this paper. 

I .  

i' 

X-ray radiography has slightly lower resolution than ultrasound, 
but may be preferable when cost is an issue, and/or when many 
samples need to be analyzed. Both ultrasound and x-ray radiography 
should be readily adaptable to a manufacturing environment (e.g., 
for product quality and assurance testing) . Additional details 
about ultrasound density measurements and x-ray radiography, along 
with information on other techniques for characterizing ceramic 
compacts can be found in Ref. 22. 
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Fig. 2 Results of ultrasound velocity measurements showing the 
density profile in 3 . 5  cm high slab cut from a uniaxially 
pressed cylindrical compact of spray dried alumina. The 
central axis of the sample is at the position of 
approximately 1.25 cm on the horizontal scale. 

COMPACTION MODELING 

Models can provide a more comprehensive understanding of the 
compaction process, and information on the control necessary to 
achieve a uniformly high green density. One common modeling 
approach is to develop and use empirical expressions that relate 
compact density to forming pressure.23' l o t  24 However, most 
empirical pressure-density relations lack a physical basis, and 
consequently, provide little or no information on the mechanisms 
of compaction that must be understood and controlled to achieve 
uniform densification.1° These models also have little or no 
predictive capability to describe systems with different material 
characteristics. Furthermore, the expressions provide no 
information on the density gradients within the compact, only the 
average density. 23 
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Despite t h e i r  d e f i c i e n c i e s ,  empir ica l  p ressure-dens i ty  r e l a t i o n s  
can be used i n  combination with mechanics-based numerical models 
t h a t  describe t h e  s ta te  of stress i n  a p a r t i c u l a t e  body dur ing  
compaction, t o  map d e n s i t y  and dens i ty  g rad ien t s  i n  pressed  powder 
compacts .25t26 E f f o r t s  devoted t o  p r e d i c t i n g  p r e s s u r e  g r a d i e n t s  
due t o  die wal l  f r i c t i o n  d a t e  back a s  f a r  a s  1895, when Janssen 
predicted a stress g r a d i e n t  from t h e  t o p  t o  t h e  bottom of a g r a i n  
s i 1 o . l ’  A r e c e n t  a n a l y s i s  of powder compaction models by 
s c i e n t i s t s  a t  Sandia Nat iona l  Labora tor ies  has  determined t h a t ,  
while e x i s t i n g  models can be used t o  predict genmal. t r e n d s  i n  
stress s ta te  and d e n s i t y  i n  a c y l i n d r i c a l  compact, t hey  do not  
accura te ly  p r e d i c t  t h e  stress d i s t r i b u t i o n  i n  a pressed body.23t24 

Some major d e f i c i e n c i e s  of t h e  e x i s t i n g  models inc lude :  1) they  
i n c o r r e c t l y  assume/predict  a cons t an t  stress s t a t e  and d e n s i t y  
along t h e  c e n t r a l  a x i s ;  2) an accu ra t e  a n a l y t i c a l  expression f o r  
t h e  r a d i a l  stress s t a t e  is  lacking  ( i .e. ,  an empirical expression 
i s  genera l ly  used);  and 3)  t h e  stress v a r i a t i o n  i n  t h e  compact i s  
gene ra t ed  s o l e l y  from die w a l l  f r i c t i o n  ( i .e. ,  i n t e r p a r t i c l e  
i n t e r a c t i o n s  are not  addressed). I n  a recent  s tudy  by Aydin e t  a l .  
t h e  t h i r d  d e f i c i e n c y  w a s  p o s t u l a t e d  t o  be r e spons ib l e  f o r  t h e  
d iscrepancies  between t h e i r  measured d e n s i t y  g r a d i e n t s  and those  
p red ic t ed  by f i n i t e  element analyses us ing  a c o n s t i t i v e  model of 
compaction.27 T h e  model p r e d i c t i o n s  showed t h e  expected a x i a l  
g rad ien t s  along t h e  die wall; however, t h e  d e n s i t y  p r o f i l e  along 
t h e  die c e n t e r  did no t  agree  with t h e  observed t r ends .  

Recent experiments have demonstrated t h a t  d e n s i t y  g r a d i e n t s  are 
a l s o  p re sen t  i n  i s o s t a t i c a l l y  p re s sed  powder compacts (Fig. 31, 
where no die wall f r i c t i o n a l  f o r c e s  are present ,  sugges t ing  t h a t  
i n t e r p a r t i c l e  f r i c t i o n a l  f o r c e s  do indeed p l ay  a n  important r o l e  
i n  t h e  compaction process  .24 

-I 

It has been p o s t u l a t e d  t h a t  a comprehensive cpmpaction model 
requires an a n a l y t i c a l  equation of s t a t e  t o  r e l a t e  t h e  volume of a 
powder compact t o  forming p res su re .  The development of such an 
e q u a t i o n  r e q u i r e s  i n f o r m a t i o n  on t h e  mechanisms of powder 
compaction and in fo rma t ion  on how i n d i v i d u a l  g ranu le s  deform 
r e l a t i v e  t o  t h e  p a r t i c u l a t e  assembly du r ing  compaction. Sandia 
s c i e n t i s t s  are c u r r e n t l y  explor ing  these i s s u e s .  Because of t h e  
complexity of a model t h a t  must keep t r a c k  of l a r g e  numbers of 
granules,  computers t h a t  have t h e  c a p a b i l i t y  t o  per€onn p a r a l l e l  
processing are necessary. W e  have begun t o  u t i l i z e  t h i s  c a p a b i l i t y  
t o  model compaction. Our f i rs t  s imula t ions  have included dropping 
l e a d  spheres i n t o  a square  c r o s s  s e c t i o n  container,  al lowing them 
t o  bounce and r o l l  u n t i l  reaching t h e i r  equi l ibr ium configuration, 
and then  compacting them. Simulations w e r e  run wi th  1 6  and 125 
l e a d  p a r t i c l e s ;  t h e  r e s u l t s  f o r  t h e  smaller number of p a r t i c l e s  
are shown i n  Fig. 4 .  Admittedly, t h i s  smal l  number of p a r t i c l e s  is  
not  r ep resen ta t ive  of a production compaction process; however, it 
does provide a s t a r t i n g  po in t  f o r  simulation code modifications.  
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Fig. 3 Density a s  a funct ion of r a d i a l  d i s tance  f o r  a d i sk  cut  
from a un iax ia l ly  pressed cy l ind r i ca l  compact of spray 
dried alumina. 
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Fig. 4 A discrete element model simulation of t h e  f i l l i n g  and 
compaction of l ead  spheres i n  a square cross sect ion die. 

The compaction process i s  fu r the r  complicated by t h e  s t a t i s t i c a l  
na tu re  of t h e  packing and t h e  p r o p e r t i e s  of t h e  granules  
t h e p e l v e s  (discussed i n  next sect ion and Ref. 28 ) .  Our research 
ind ica t e s  t h a t  granule  deformation i s  a s t a t i s t i c a l  process, 
suggesting t h a t  it may be poss ib le  t o  more accura te ly  pred ic t  



ceramic powder compaction using probabilistic models. These 
results are intriguing as volume-based probabilistic processes 
have been used with some success previously to model powder 
compaction.29 Further support for a probabilistic modeling 
approach has come from a recent collaborative effort between 
scientists from Sandia and the University of New Mexico. A volume- 
based statistical mechanics model for ceramic powder compaction 
has been developed whose predictions compare favorably with 
experimental results of density vs. compaction pressure.30 
Ultimately a realistic model for compaction will need to account 
for both discrete particle interactions and for the statistical 
variation in granule properties. 

COMPACTION EXPERIMENTS 

Although pressure-density relationships are only valid for the 
average density of the compact, they can still be useful for 
evaluating macroscopic compaction parameters such as the density 
after pressing to a specific pressure. To evaluate powder 
compaction, spray dried alumina powder was poured into a 
cylindrical die and uniaxially pressed to 138 MPa.' Measured 
displacement and the mass of powder were converted to percent 
theoretical density and plotted as a function of the compaction 
pressure. Corrections due to load-frame and die compliance were 
made.31 The initial aspect ratio, Hi/D (where H=height and D=die 
diameter), was varied between .0.15 and 5.0. Die diameter was 
varied between 3.2-25.4 mm (1/8 and 1"). Tests were conducted with 
a displacement rate of 0.5 mm/min. No die lubrication was used. 
The general shape of the compaction curve is shown in Fig. 5 .  The 
results for various die diameters are shown as green density vs. 
aspect ratio in Fig. 6. 

s 

Compaction Pressure (MPa) 
a. 

6 5  1 

25  I 
10'' Id" 1 0' 

Compaction Pressure (MPa) 
b. 

Fig. 5 a. Relative density vs. compaction pressure for spray 
dried alumina granules. 
b. Relative density vs. log compaction pressure for spray 
dried alumina granules. 
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Fig. 6 Green compact density vs. aspect ratio for different die 

diameters. 

The largest die diameter shows no effect of aspect ratio on 
compaction. For the smaller dies, compact density increases as the 
aspect ratio increases, with the smallest die producing the lowest 
density at a given aspect ratio. There are two results to explain: 
why is the density significantly lower for the smaller diameter 
die and why does density increase with aspect ratio? 

The fill density (prior to compaction) -vs. the aspect ratio shows 
again, that there is no effect of aspect ratio for the largest die 
(Fig. 7 ) ;  however, the fill density increases with aspect ratio 

; for the smaller dies. Similar results were obtained in a study by 
Bocchini.32 Clearly there is an effect of die filling that 
produces lower densities for smaller die diameters. This effect is 
likely related to the size of the granules relative to the die 
diameter, and the low packing density at the die wall relative to 
the body of the compact (Fig. 8). The effect of the die wall is 
more pronounced. with smaller die diameters because the volume 
fraction of particles in the die wall region is larger for smaller 
dies. 

Higher aspect ratios likely produce higher densities because the 
mass of the granules themselves increases packing density. Despite 
the fact that compaction forming pressures are significantly 
larger than the pressure due to the mass of the powder, the 
influence of filling density persists throughout the compaction 
process. That is high green densities are achieved with higher 



fill densities. This effect may be due to the fact that there is a 
distribution of particle (granule) sizes, and smaller granules 
have an opportunity to fill the interstices between larger 
granules during filling; however, once compaction begins granule 
rearrangement becomes severely limited. As such lower densities 
that are introduced during filling persist throughout compaction. 

Increasing ~-*0.500” - 
die diameter - 6-0.250’’ - 

0.125’’ - ... . .o.. .. I 

Fig. 7 .e diameter S. 

--t 
Lower 

Fig. 8 

4 4- 

density density 
wall zones wall zones 

Schematic of effect of granule size vs. die diameter. 
Lower densities measured for smaller diameter dies reflect 
the fact that a greater volume fraction of the compact is 
made up of the more loosely packed particles along the die 
walls. 



The observation that density gradients introduced during filling 
persist throughout the compaction process may also explain why 
ultrasound results show noticeable differences in regions that 
should have been the same density based on die symmetry. These 
density gradients were likely introduced during die filling. This 
result highlights, the importance of accounting for the discrete 
particle interactions, both in terms of their size relative to the 
die diameter, and their ability to rearrange prior to compaction. 

CHARACTERIZATION OF INDIVIDUAL GRANULES 

Producing a compaction model that accounts for the discretehess of 
the particles requires a knowledge of how the individual granules 
deform, and an understanding of the mechanisms of compaction 
(rearrangement only, deformation/fracture in conjunction with 
further rearrangement, removal of intragranular porosity, etc.) . 
To obtain this information, experiments have been conducted on a 
model granule that is a solid glass sphere with a uniform 210 pm 
diameter.* Use of this model granule allows us to eliminate the 
effects of granule shape and size distribution inherent in 
compaction experiments on an assembly of spray dried granules. 
Although the glass spheres are harder and stronger than typical 
spray dried granules, they represent one of the extremes of 
ceramic granule behavior: that is the case where the binder is 
very hard and the amount of plastic deformation that occurs, 
especially at relatively low compaction pressures, is extremely 
limited. 

Compaction of model granules produced the compaction response 
diagram shown in Fig. 9. Although there is some question as to 
whether the apparent linear regimes observed in Fig. 9 represent 
distinct mechanisms of compaction, .our results indicate that there 
is very limited granule fracture in the first linear regime. We 
have also observed that the apparent "breakpoint" in the 
compaction curve does indeed scale with the fracture strength of 

, I  individual granules (as measured in diametral compression tests), 
and that it appears to be more representative of the low end of 
the strength distribution.28 Thus the breakpoint is at least a 
scaling factor, and stronger granules will shift the compaction 
curve to higher pressures, producing a higher apparent breakpoint. 
Higher breakpoints mean that granules can undergo rearrangement at 
higher compaction pressures to increase their packing uniformity 
prior to deformation and fracture, thereby minimizing filling and 
packing inhomogeneities. Onoda demonstrated that under conditions 
where die filling is non-uniform on a macroscopic scale (i.e., 
convex die filling), a granule that is strong enough to allow 
significant rearrangement prior to deformation/fracture may be 

* Cataphote Inc.TM Microbeads, Jackson, Mississippi, 39226. 



most d e s i r a b l e  f o r  c o n t r o l l e d  uniform compaction.33 S i m i l a r  l o g i c  
may be a p p l i c a b l e  t o  t h e  case  where par t ic le  packing i s  non- 
uniform on a microscopic sca l e .  Note t h a t  t h e  macroscopic d e n s i t y  
increase  t h a t  occurs dur ing  "rearrangement" i s  normally only a f e w  
percent ;  however, on a microsca le  t h e r e  may be a ve ry  l a r g e  
i n c r e a s e  i n  d e n s i t y  i f  a l a r g e  p o r e  o r  pack ing  defect i s  
eliminated. 
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Fig. 9 Compact d e n s i t y  vs .  l o g  compaction p r e s s u r e  f o r  210 p 
diameter g l a s s  spheres. 

. Resu l t s  from experiments on g l a s s  sphe res  a l s o  i n d i c a t e  t h a t  
{ p a r t i c l e  bridging, which has been p o s t u l a t e d  as a mechanism f o r  

producing dens i ty  g r a d i e n t s  i n  i s o s t a t i c  p re s s ing ,  occurs du r ing  
compaction. Bridges are networks of g ranu le s  o r  g ranu le  t h a t  
s u p p o r t  p r e s s u r e s  h i g h e r  t h a n  t h e  a p p l i e d  p r e s s u r e  ( t h e  
impl ica t ion  being t h a t  t h e r e  a r e  a l s o  regions between t h e  bridges 
t h a t  are supporting less than  t h e  a p p l i e d  p r e s s u r e  and are t h u s  
being sh ie lded )  . Simulations us ing  discrete element models have 
a l s o  i n d i c a t e d  t h e  formation of br idges  dur ing  compaction.34*35 I n  
t h e  compaction of glass spheres, a bridge suppor ts  high stresses 
u n t i l  a sphere  f r a c t u r e s  o r  pops ou t  of i t s  p o s i t i o n ,  a l lowing  
f u r t h e r  rearrangement t o  occur. T h i s  s t i c k - s l i p  behavior can be 
seen i n  t h e  blowup of t h e  compaction response diagram i n  F ig .  9 .  
When a b r idge  co l l apses  there is  a s i g n i f i c a n t  drop i n  p r e s s u r e  
accompanied by a jump i n  dens i ty .  T h i s  behavior  a l s o  p rov ides  
compelling support f o r  us ing  discrete element methods t o  model 
compaction. 
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Fig. 10 shows a Weibull plot obtained from strength distributions 
measured for the model granules. The very low Weibull modulus 
(obtained from the slope of the Weibull plot), indicates a very 
wide strength distribution. This data supports the use of a 
statistical mechanics approach in conjunction with discrete 
particle methods to develop a comprehensive model for compaction. 
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Fig. 10 Weibull plot for 210 p diameter glass spheres broken in 
diametral compression. 

CONCLUSIONS 

There are two scales of density variation that are important in ,' ceramic powder compaction: 1) macroscopic density gradients 
produced by non-uniform die filling and pressure gradients during 
compaction; and 2) microscopic variations due to poor granule 
packing in conjunction with limited rearrangement and incomplete 
deformation of granules during pressing. Our results support the 
philosophy that, under conditions where die filling or particle 
packing is non-uniform, a granule that is strong enough,to allow 
significant rearrangement prior to deformation/fracture XMY be 
most desirable for controlled uniform compaction. 

Discrete element modeling provides the potential to: 1) identify 
which material and physical parameters are likely to be important 
for compaction; and 2) obtain accurate predictions of compaction 
behavior. Experiments on individual granules support the use of a 
combined discrete element and statistical mechanics approach that 

. 



accounts for the bridging behavior and the inherent variability in 
the mechanical response of the granules. Ultimately a useful 
predictive model of compaction will require a balance between 
computing resources and the inclusion of sufficient detail. The 
model will need to incorporate parameters that are measurable in a 
typical industrial lab setting, to provide a realistic 
representation of a very complex, dynamic process. The use of 
computers with parallel processing capabilities should allow us to 
identify the parameters and the level of detail that should be 
included in a desk-top, user-friendly computer model for powder 
compaction. 

Application of a compaction process model in the manufacturing 
environment is expected to lead to cost savings through higher 
yields and the minimization of costly machining operations. 
Significant cost and time savings could also be realized through 
faster and more reliable component design (i.e., eliminating 
prototypes), shorter process development schedules, and the 
production of more reliable materials with improved performance. 
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