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Abstract

X-ray microtomography and three-dimensional (3D) image analysis are used to quantify the structural evolution during cold isostatic compaction
of two irregularly shaped NaCl powders having different mean particle sizes (75 and 400 �m) and somewhat different aspect ratios. Varying the
compaction pressure to vary the powder packing density, the structure of the different packings is quantified in terms of the mean coordination
number and of the mean contact area between contacting particles. These parameters are extracted using a 3D image analysis algorithm that is
tested beforehand for consistency with compacted monosized sphere packings generated numerically. It is found that the mean area of contact
between the irregular particles, which have been studied here, varies, as a function of relative density, according to the same relationship as that
derived for spherical particles. The number of contacts, and hence the total contact area, per particle are on the other hand roughly 50% higher than

for compacted monomodal spheres.
© 2008 Elsevier Ltd. All rights reserved.
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. Introduction

Because of their ubiquity in industry and in the environ-
ent, powders are the subjects of a vast body of research. In

eramic materials engineering notably, powder processes are
he main production pathways. These processes are strongly
ependent on the geometry of particle compacts and its evo-
ution under the influence of applied pressure and/or at elevated
emperature. The physics of powder packing is, therefore, one
f the main elements of the science of powder densification
rocesses.1–7

In the theory of densification processes, powder particles are
enerally assimilated to spheres, most often of a single size.
or monomodal spherical powders, the coordination number
and contact area A have been measured using quantitative

etallography,8 and their evolution with the packing density
as predicted by Arzt1,9 whose model was later simplified by
elle et al.10 Since that time, several other authors have also

∗ Corresponding author. Tel.: +33 4 76 82 63 37; fax: +33 4 76 82 63 82.
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sed micromechanical analysis (e.g., 11) and experiment (e.g.,
2) to characterize these structural parameters.

Numerical methods have also been used to simulate the cold
ompaction of monosized particles, notably using the discrete
lement method (DEM).13–15 This method considers each par-
icle individually as an autonomous body that moves according
o given interaction laws. It enables the computation of relevant
tructural parameters for each particle, including its position,
ts coordination number and its contact area with neighbouring
articles.

A powerful new tool for the experimental characteriza-
ion of packed powder compacts is offered by high-resolution
-ray microtomography. For example, the radial density dis-

ribution function was computed for sandpile (359 granules)
n Ref. 16, a very accurate investigation of a random dense
acking containing 380 000 monosized spheres was performed
y Aste,17 and multisized glass sphere packings were inves-

igated for coordination number by Georghalli and Reuter. 18

ome three-dimensional (3D) measurements were also per-
ormed on sintered (uncompacted) spherical powders, of glass
9 or copper.20

mailto:christophe.martin@simap.grenoble-inp.fr
dx.doi.org/10.1016/j.jeurceramsoc.2008.03.041
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A far smaller body of work has been devoted to the
acking of non-spherical particles4,21,22; however, these are
eginning to be tackled using current modeling methods. 3D
ackings of prolate and oblate ellipsoids were simulated by
onev et al. and Chaikin et al.23,24 and the mean coordina-

ion number was extracted as a function of the particle aspect
atio. The authors confirmed their results with experiments for
ne aspect ratio. Several other authors have proposed models
ackling non-spherical particle shapes using discrete element

odels.15,25–27

To our knowledge there is little experimental 3D investiga-
ion of the influence of compaction on the coordination number
nd contact area of irregular particles. This is the aim of the
nvestigation reported here: we quantify, using computed micro-
omography, the structural evolution of sodium chloride particle
ackings during cold compaction. NaCl powders are used for
everal reasons. First, sodium chloride powders have an irregu-
ar shape: particles exhibit flat facets that are likely to influence
heir behaviour during packing and compaction. Secondly, NaCl
s a good model system for the compaction of ceramic powders.
inally, pressed NaCl powder compacts are used to produce
icrocellular aluminum by the replication technique.28,29

We begin by presenting the experimental methods used.
hese include the production, the 3D imaging by X-ray tomogra-
hy and the 3D image analysis methods, including the algorithm
hat was used to extract quantitative parameters of the irregu-
ar packings. We then present numerical simulation results of
he random dense packing of monosized spheres. Such numer-
cal packings, obtained with the DEM, have the advantage of
ossessing topological properties that are easily calculated. As
uch these offer a discriminating yardstick for the validity of our
mage analysis algorithm.30,31 Once validated on numerically
imulated sphere packings, we use our 3D image analysis algo-
ithm on experimental tomography data for irregularly shaped
aCl particles. As will be seen, there are differences between

rregularly shaped and spherical particle packings but the data
uggest that spheres should nonetheless be a good model for the
inetics and mechanics of powder densification.

. Experimental procedure

.1. Sample preparation and X-ray microtomography

Two series of sodium chloride powders were used: (i) a
fine” powder with an average particle size close to 75 �m (CP1,
alines de Bex, CH-Bex sieved between 63 and 90 �m meshes),
ii) a “coarse” powder, with an average particle size close to
00 �m (Fluka Chemie GmbH, Buchs Switzerland, sieved with
250 �m mesh).

Each powder was packed under applied vibration in a cylin-
rical silicone mould (internal dimensions: 30 mm in diameter,
nd 110 mm in length) and compacted by cold isostatic pressing.
ix pressures were used to produce samples with different pack-
ng densities. Small parallelepiped samples were then machined
ithin the resulting salt patterns for X-ray microtomography

1.5 mm2 section for the 75 �m salt, and 8 mm2 section for the
00 �m salt).

n
i
c
s
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X-ray microtomography was performed at ESRF (European
ynchrotron Radiation Facility, Grenoble, ID 19 beamline),
ith an optic of 1.9 �m for the fine salt and an optic of 10 �m

or the coarser salt and using an energy of 20 keV for both.
hese experimental conditions lead to a voxel size of 1.9 and
0 �m, respectively. In the process, 900 projections are taken
hile the sample is rotating over 0–180◦. Conventional back
rojection algorithms are then used to obtain the 3D volume of
he sample and images thereof. Finally, 3D image analysis is
erformed to extract quantitative parameters as a function of
he packing density.

.2. Numerical sphere packings

Monomodal packings of 400–4000 spherical particles are
enerated numerically in a periodic box using the dp3D DEM
ode.14,15 We have shown that 400 particles are sufficient to
ive statistically meaningful results when periodic boundary
onditions are used with monomodal packings. Contact forces
etween neighbouring particles are calculated and mechani-
al equilibrium of each individual particle is imposed using
dynamic scheme. Contact forces may be elastic or plastic

epending on the indentation at the contact and the imposed
lastic limit. The procedure for obtaining an initially random
ammed packing consists in using a gas of nonoverlapping
pheres located at random positions in the periodic box (result-
ng in a low packing fraction of approximately 0.32). This gas is
hen submitted to hydrostatic densification and elastic contacts
ppear between particles. As the densification proceeds, these
lastic contacts become more numerous and since the packing
ecome more jammed, the stress at the contacts increases. We
ave shown that for frictionless particles, and for a realistic elas-
ic limit (here set at 80 MPa), a first plastic contact appears at a
acking fraction close to the random close packing fraction of
.64.14 We choose this as the initial packing for further plastic
ompaction.

Cold isostatic compaction of this jammed packing is then sim-
lated, using a zero interparticle friction coefficient. The mean
oordination number and the mean contact area are computed
irectly from the simulation files, knowing the indentation level
f the particles and their plastic contact deformation law (perfect
lasticity is assumed here).

In order to validate the 3D image analysis developed in this
ork, the numerical packings are also digitized using a proce-
ure, described in Ref. 32, that generates a file similar to that
hich the tomograph would generate were it to characterize the

imulated structure. The mean coordination number and mean
ontact area are then measured using 3D image analysis and
ompared to DEM values (Section 3).

.3. 3D image analysis

Four parameters are measured on the 3D tomography images,

amely: (i) the aspect ratio, (ii) the volume, (iii) the connectiv-
ty Z of each particle, and (iv) the mean contact area A between
ontacting particles. To compute these parameters, it is neces-
ary to clearly distinguish each particle in the packing.18 This
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ig. 1. Method for separating the particles (2D cuts are displayed for sake of cl
n white), (b) distance map, (c) isolation of the basins, (d) separated particles, a

s not a trivial task with the irregularly shaped particles that
re studied here. To this end, particles were separated using 3D
orphological operations with the Aphelion software (Herou-

ille Saint-Clair, France). Fig. 1 illustrates how this 3D routine
roceeds, using two-dimensional (2D) sketches for clarity. A
istance map of the initial 3D image is first created: for every
white” (solid) voxel point of the input image a grey level is
ssigned: its value is the distance to the nearest “black” (void)
oxel. This leads to a picture composed of a continuum of
rey levels where voxels in each particle are at their lightest
t the particle centre and at their darkest on the borders, the
egions between the particles being black (Fig. 1(b)). If for
isual simplicity we consider this 2D sketch as a topograph-
cal relief map where the lightest voxels represent peaks, the
lack voxels are basins. These basins are then located using
local minima search routine and morphological dilations are
erformed in order to avoid an excessive number of basins. A
onventional 3D watershed routine is then employed,33 which
roduces particle surface separation surfaces (lines in a 2D
ketch), Fig. 1(c). The intersection of this last image and the
nitial image leads to a picture with the same particles now sep-
rated by a relatively flat surface along their contacts, Fig. 1(d).
he difference between Fig. 1(d) and (a) finally allows for
direct visualization of the contacts between the particles,

ig. 1(e).
Once all the particles are separated, each is tagged, i.e., is

iven a number. Excluding border particles, the volume of each
article is obtained using the marching cubes algorithm.34 The

rientation of each particle is then calculated. Shape information
s extracted by identifying the inertia matrix of each particle to
hat of a parallelepiped of sides having the three length values
, b and c (with a < b < c).

r
d
i
a

but the image treatment is performed in 3D): (a) binarized image (particles are
vizualisation of the contacts.

The mean coordination number Z within each packing is then
omputed directly, Fig. 1(e) and (d). The contact area of each
article is obtained through a dilation technique, and the inter-
ection with its contacts is insulated. These contacts are counted,
nd their surface S is computed using the “marching cubes”
lgorithm.34 The real total contact area is then computed as
= S/2 (a small error is introduced at the edges due to the finite

ontact thickness).
For both particle sizes, at least 700 particles were analyzed

n order to get meaningful statistical data. Visualizations of a
on-compacted packing of 400 �m particles (packing density:
.68) are given in the form of a two-dimensional cut of the
nitial packing in Fig. 2(a). The corresponding result of the 3D
eparation of the irregular particles is presented in Fig. 2(b) and
3D rendering of the entire packing with separated particles is

hown in Fig. 2(c).

. Validation of the image analysis method: simulated
ompacted monomodal spheres

Before the present 3D image analysis routine was used
n experimental tomography files, it was tested by confronta-
ion with DEM simulation files. Seven 3D sphere packings
ere thus digitized from the results of the DEM simulations
escribed in Section 2.2, thus creating seven computer-
enerated 3D image files that were processed using the present
mage analysis routine. Dimensions of the volumes were
00 voxel × 200 voxel × 200 voxel, and their relative densities

anged from 0.64 to 0.90 depending of the imposed compaction
uring the DEM simulations. Fig. 3 shows 3D renderings of an
nitial packing and of two corresponding compacted packings
fter digitization.
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Fig. 2. Initial, as-packed, powder bed structure (ΔE = 0.68): (a) 2D cut of the initial picture, (b) same after separation; area is about 5 mm2, and (c) 3D rendering.
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ig. 3. Example of 3D rendering of digitized compacted sphere packings produ

The results of the coordination parameter measurements
sing these digitized images together with the algorithm devel-
ped in the present work are shown as a function of the packing
ensity Δ in Fig. 4. These results can be compared, for valida-
ion, to those directly obtained from the DEM simulations (and

hus, giving the exact geometry of the numerical packing).

As shown in Fig. 4(a), the digitization algorithm leads to
ean coordination number values that slightly overestimate the
EM computations. Fig. 4(b) indicates that the measured mean

d
i
i
t

ig. 4. Comparison of coordination measurements on numerical sphere packings pro
ethod developed in the present work: evolution of (a) the mean coordination numbe

he square of the particle radius R.
y the discrete element method: (a) Δ = 0.64, (b) Δ = 0.76, and (c) Δ = 0.90.

ontact areas are also somewhat greater than those given by the
EM calculations. This discrepancy is due to the digitization
rocedure, which artificially increases the measured area some-
hat (because of the finite voxel volume), causing for example
nonzero area for a point-contact between two particles. The
iscrepancy between data from image analysis and simulation
s approximately constant and of the order of 0.1 R2, where R
s the particle radius. In what follows, therefore, we correct for
his slight discrepancy by imposing this shift to all measured

duced by DEM and by analysis of digitized images of these packings using the
r Z, and (b) the mean contact area A between touching particles normalized by
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F powders used in the present study: (a) coarse particles (400 �m in mean diameter),
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sion of the preform mass by its macroscopic volume (ΔE),
weight-based values being somewhat lower. We refer in what
ig. 5. Scanning electron microscope (SEM) micrographs of as-received NaCl
nd (b) fine particles (75 �m in mean diameter).

ata so as to correct for the influence of the finite voxel volume;
n doing so we implicitly assume that the influence of the con-
act area shape might have on this slight systematic error of the
mage analysis routine is negligible.

. Irregular powders: results and discussion

.1. Particle characteristics

Table 1 summarizes the values obtained from the 3D image
nalysis for the two irregular particle types. As seen, these par-
icles are not equiaxed, the 75 �m particles presenting higher
spect ratios than the 400 �m particles. This can also be inferred
y observation of particles on scanning electron microscope
SEM) micrographs in Fig. 5. Aspect ratio values furthermore
gree with measurements made, also using image analysis of
omputed X-ray tomography data, on pores of replicated alu-
inum foams produced from the same salt particles, Table 1 of
ef. 28- which of course is as should be.

The shape of the particles is also visually different, Fig. 5; the
00 �m particles are roughly cubical, whereas the 75 �m par-
icles are more irregular and angular; this difference betrays in
ll likelihood differences in the way the powders were produced
evaporation tends to produce cubical NaCl crystals, whereas
omminution tends to produce more irregular angular particles).

.2. Particle size distribution

The particle size distribution is obtained using the volume of
ach separated particle: it is somewhat narrower for the 75 �m
han for the 400 �m particles, Fig. 6. The main reason for

his is that 75 �m particles have been sieved between 63 and
0 �m meshes, whereas the 400 �m were sieved using only a
50 �m mesh sieve. We note that these size distributions are
omparatively narrow: the corresponding standard deviation on

able 1
ean aspect ratio of the particles indicated by the ratio of principal axis lengths,

howing that the present particles have aspect ratios of the type (γ−1, 1, γ)

article (�m) b/a c/a γ

00 1.22 1.49 1.22
75 1.43 1.97 1.38

f
p

T
I

P

4
7
S

Δ

i
a

ig. 6. Size distribution of the salt particles extracted from 3D measurements.

he particle diameter is roughly on the order of 20–30% of the
verage diameter.

.3. Initial particle packing

Packing density: Table 2 summarizes the main characteristics
f the initial (uncompacted) salt particle packings investigated in
he present study. Data include the packing density, the normal-
zed mean contact area between particles A/R2, and the mean
oordination number Z. Packing densities measured from the
omography images (ΔI) are close to values measured by divi-
ollows to values from image analysis as these pertain to the
recise sample volume that was analyzed for Z and A.

able 2
nitial powder packing characteristics

article ΔE ΔI A/R2 Z

00 �m 0.68 0.72 0.4 11.0
5 �m 0.63 0.64 0.12 10.0
pherical 0.64 0.64 0.0 6.8

E is the weighted density, ΔI density measured by image analysis, A/R2 the
nitial particle contact area A normalized by the square of the particle radius R,
nd Z the initial coordination number.
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Fig. 9 presents the influence of packing density on the coor-
dination number Z of powders that have been isostatically
cold-compacted above their tap density. Several conclusions can
be drawn from these data: (i) there is no discernible difference
Fig. 7. SEM micrographs of 400 �m salt particles compacted at 28

Table 2 indicates that the initial packing densities differ some-
hat between the two powders. The 75 �m powder exhibits an

nitial packing density similar to that of dense random packing
f monomodal spheres (0.64). The 400 �m powder packs to a
igher initial relative density (0.72).

The higher initial packing density of the 400 �m powder can
e explained by several factors, namely the somewhat greater
pread in particle size distribution (Fig. 6) and the particle shape.

An increase in particle size distribution generally (but not
lways) causes, all else equal, an increase in powder packing
ensity .4,21,35–40 With a standard deviation in particle diameters
n the order of 30% of the average particle diameter, compari-
on with simulation or experimental data in Refs. 4,35,36,41 for
he initial packing of continuously distributed particles indicates
hat this effect could account for an increase in packing density
n the order of only a few percent; hence, the spread in particle
ize can only explain part of the observed higher packing density
f the 400 �m particles over monosized spheres or the 75 �m
articles. That size distribution effects are not chiefly responsi-
le for the higher initial packing density of the 400 �m powder
ersus the 75 �m powder also agrees with the observation that,
f these two distributed powders are made spherical by melting
n a propane torch as described in Ref. 42, they pack to the same
ensity (near 65%; determined by weight and hence influenced
y solidification shrinkage porosity within the rounded NaCl
articles).43

This would thus lead to conclude that it is mainly the shape
f the 400 �m particles that causes them to pack to higher initial
ensities than the 75 �m particles (or monosized spheres). Gen-
rally, a departure from sphericity is found to cause a decrease
n initial packing density of spheres or powders4,21,44; however,
here are simulation results and experimental data showing that
he opposite effect, of increased packing density with decreasing
phericity, can be found with limited departures from a sphere,
articularly if powders are tapped when packed.4,21,23–25 Table 1
hows that the aspect ratio of the present salt particles is not far
rom being of the type (γ−1, 1, γ) that was simulated in Refs.
3,24 Using the data in Fig. 1 of Ref. 24, one finds that the pack-
ng density Δ should be near 0.73 for both γ = 1.22 and 1.38: this
alue in fact agrees well with that measured here for the coarser,
00 �m particles. That it does not for the 75 �m particles may

e caused by their greater roughness and angularity, Fig. 5 (an
xtreme analogy with “hairy” particles makes the effect clear).

Coordination: Table 2 shows that the average coordination
umber Z of the initial packing for both kinds of particles (Z = 10

F
a

Thin cracks are noticeable at contact points between the particles.

nd Z = 11) is significantly larger than for spherical particles
typically Z = 6 for random close packed spheres1,12–14,23,24).
his observation is not likely to be caused by the spread in
article size. There is indeed ample evidence, both theoretical
nd experimental,4,18,45–49 that packings of spheres exhibiting
oth discrete or continuous distributions in their size maintain
he same average coordination number Z = 6 characteristic of

onosized sphere packings. That the initial value of average
oordination with the salt particles is significantly above six is
herefore to be attributed to their shape. This is in agreement
ith data and simulations in Refs. 23,24, which show that Z

xhibits a cusp at γ = 1 (i.e., for spheres). The values measured
ith the present irregular particles are indeed relatively close to
alues calculated by Chaikin et al.24, namely Z = 11.5 and 10,
or γ = 1.38 and 1.22 (Table 1), respectively. A similar effect, of
ncreased coordination with departure from sphericity of packed
ear-spheroidal particles is also documented in Ref. 25.

.4. Cold-compacted powders

Figs. 7 and 8 give close-ups of particle/particle contact points
fter cold compaction. These micrographs show that the NaCl
articles densify during cold compaction by a combination of
lastic deformation (also visible in Fig. 7(f) of Ref. 42), with
ccasional particle fracture (illustrated in Fig. 8).
ig. 8. SEM micrograph of 75 �m salt particles compacted at 46 MPa, showing
n instance of a fully fractured particle.
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Fig. 9. Evolution of the mean coordination number Z with packing density:
experimental data from the present study 75 ( ) and 400 �m salt (�) and linear
fit ( ), compared with experimental data of isostatic compaction of sphere
packings from Fischmeister et al.8 (�) and Uri et al. 12 (�), predictions from the
d
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Fig. 10. Evolution of the mean interparticle contact area A normalized by the
square of the particle radius R with packing density: experimental data from the
present study 75 ( ) and 400 �m salt (�) and linear fit ( ), compared
with experimental data from Fischmeister et al.8 (�), predictions from the dis-
c
μ

f

(
p
d
n
a 50% higher coordination number Z, these irregular particles
show a normalized interparticle contact area that is, for all prac-
tical purposes, the same as that of spherical particles packed to
the same relative density. The only significant difference lies in
iscrete element simulations of this work without friction (©) and with friction
= 0.2 + no particle rotation (�), and analytical sphere packing model of Arzt

or cold-compaction ( )1.

etween the 75 and the 400 �m particles within the scatter of
xperimental data (despite their different initial packing den-
ities), and (ii) the coordination number Z is approximately
roportional to the powder compact density: the dotted line
hrough the data in Fig. 9 corresponds to Z = 15.8 Δ. Comparing
his line with the two curves for simulated sphere packings DEM,
nd with the Arzt model prediction for particle compaction
which as seen shows good agreement with the simulations, par-
icularly with an interparticle friction coefficient μ = 0.2 and no
article rotation), these compacted irregularly shaped packed
articles have roughly 50% more mutual contact points than
pheres. The fact that the two data sets superimpose despite the
ifference in initial packing density reinforces the suggestion
hat the initial difference is due to angularity and roughness along
he surface of the 75 �m particles: after compaction, sharp angles
nd roughness are simply erased at particle contact regions.

Fig. 10 plots the average particle contact area A normalized
y the square of the average particle radius R. Inspection of
ig. 10 shows that the initial contact area is not zero for both
article types: A/R2 is equal to 0.12 for the 0.75 �m particles
nd 0.4 for the 400 �m particles. This indicates that at least
ome of the contacts between the uncompressed particles are
ot point contacts. This observation has a simple explanation:
arallel particle facets touch spontaneously along a finite surface
rea. An example of such a contact can be seen in Fig. 11.

As was found for Z, the two data sets for A/R2 are close: the
00 �m particle data suggest a somewhat higher rate of increase

or A with increasing packing density than the 75 �m particles
ut the difference remains within the experimental uncertainty.
he data furthermore superimpose well with the curve for sim-
lated DEM sphere packings for realistic interparticle friction

F
a

rete element simulations of this work without friction (©) and with friction
= 0.2 + no particle rotation (�), and analytical sphere packing model of Arzt

or cold-compaction ( ) 1.

μ = 0.2) and no particle rotation (justified by the large size of the
lastic contacts), and also with the Arzt model prediction. Thus,
espite (i) the different initial packing density, (ii) the clearly
on-spherical shape of the particles (Figs. 2, 5 and 11), and (iii)
ig. 11. Large contact areas between flat facets of touching particles within the
s-packed (non-compacted) 75 �m particle bed.
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he initial value. As with Z, here too the present data can be
escribed by a simple linear fit:

A

R2 = 2.8(Δ − Δ0) +
(

A
R2

)
0

(1)

here (A/R2)0 = 0.12 and Δ0 = 0.63. The fact that A is approx-
mately the same for angular and spherical particles has
mplications since some properties of porous materials are dom-
nated by this parameter.

One such property is the permeability to viscous fluid flow
hrough open-pore metal foams produced by infiltration of such
aCl preforms. It was shown in Ref. 50 that this important
roperty of open-pore foams can quite accurately be predicted
nowing the size of windows between pores in the metal foam,
qual in replicated foams to the contact area A in the salt parti-
le preform from which the foam was made. Experiment shows
hat foams made from spherical and from irregular NaCl parti-
les of identical size have very similar permeabilities, see Fig. 4
f Ref. 50 This observation is consistent with the fact that (A/R2)
s identical for both particle types.

The rate of densification of the powder compacts is also gov-
rned by the relative size of interparticle necks. Sphere-based
odels of densification furthermore show that the rate of pre-

orm densification (for time-dependent processes) or the extent
f densification (for time-independent processes such as cold-
ompaction) at given Δ is a relatively weak function of Z1,3,10

hile it depends strongly on the instantaneous value of A/R2.
he present results show that the difference in Z between packed
pheres and irregular particles is on the order of 50% while the
elative size of interparticle necks (A/R2) is essentially the same.
iven the uncertainty that exists in many of the parameters that
overn densification (these include surface energies, diffusion
onstants or creep laws), the error introduced in applying den-
ification laws derived for spheres to angular particle preforms
hould therefore, be quite small.

The present data thus help explain why models derived for
tage I densification of monomodal spherical particles have
ood predictive power even when applied to the densification
f clearly non-spherical particle preforms.1–3,51

. Conclusion

3D image analysis methods are developed to measure the evo-
ution of particle coordination and average contact area during
he cold-compaction of irregular NaCl powder particles. These

ethods are validated using digitized numerical sphere packings
roduced by the DEM.

It is shown that initial packings of the irregular salt particles
isplay (i) a higher initial coordination number than spheres, and
ii) a somewhat variable initial packing fraction. These effects
an at least in part be ascribed to the non-unity aspect ratio of the
articles, with a possible additional effect on the initial packing

ensity of particle surface roughness and of the finite spread in
article size. Uncompacted NaCl powder preforms also show a
nite average particle contact area; this is explained by mutual
ontact of flat facets on the virgin particles.
Ceramic Society 28 (2008) 2441–2449

Data for the average coordination number and average nor-
alized contact area of cold isostatically compacted preforms

lotted as a function of relative density superimpose approxi-
ately despite the difference in shape of the two types of particle

xplored here. The average coordination number of irregular par-
icles remains higher than for spheres, by roughly 50% over the
ntire range explored, and varies proportionally with the relative
ensity. The average contact area between cold-compacted irreg-
lar particles on the other hand superimposes on both data and
odel predictions for spherical particles over the entire range

xplored. It should be clear that the present results are limited to
ne particular type of irregular particles (cuboid-like) and that
q. (1) may not hold for other morphologies in its present sim-
listic form. Also, the fact that the powders were vibrated before
ompaction is likely to have influenced the geometric configu-
ation of the packing. Rotations and particle rearrangements,
riggered by vibrations, may explain in part the high initial
oordination number observed with irregular particles packings;
urther research would be needed to quantify the effect. Finally
e note that the observation that the contact area is not affected

trongly by particle shape in the present preforms suggests that
odels derived assuming monomodal spheres are good predic-

ors for their densification, even though these particles are clearly
ot spherical.

. Summary of conclusions

The present observations show that models derived assuming
onomodal spheres can be good predictors for the densification

f powders even when particles are clearly not spherical.
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