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Influence of adhesion and friction on the geometry of packings of spherical particles
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We study the effect of both adhesion and friction on the geometry of monosized packings of spheres by
means of discrete element simulations. We use elastic properties that are characteristic of materials typically
used for particulate processing (Young’s modulus in the range 20-200 GPa). The geometrical features, both
global and local, of the packings are studied using a variety of approaches in order to investigate their ability
to quantify the effect of adhesion and/or friction. We show that both adhesion and friction interaction decrease
the packing fraction. The very localized ordering that adhesion triggers is particularly investigated by use of the
radial distribution function, the ordering parameter Qg, and four triclinic cells that allow a description of the
microstructure at the local level. We show that the probability of occurrence of these triclinic cells is approxi-
mately proportional to their degree of freedom when neither adhesion nor friction plays a role. We find that the
introduction of adhesive interactions increases the probability of occurrence of those cells that have the lowest

degree of freedom.
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I. INTRODUCTION

Random packings of spherical particles are useful models
of simple liquids, metallic glasses, granular materials, and
engineering powders [1-3]. The highly complex topological
features associated with disorder in such systems can be de-
scribed in simple geometric terms, through the radius and
position of each sphere. Much progress has been made in the
last 20 years in the study of such random packings with
particular attention to random close packings (RCPs). The
quantification of the degree of order (or disorder) in such
packings has led to the questioning of the validity of the RCP
definition because its packing fraction depends on the prepa-
ration protocol [4]. Also, the concepts of randomness and
close packing are somewhat contradictory when these pack-
ings are built. Indeed, it appears that there exists a trade-off
between the packing fraction and order since an amorphous
packing can be made slightly more dense by introducing
small amounts of crystallinity [5-10]. In this context, the
better-defined concept of the maximally random jammed
state has been introduced [7]. Detailed studies have also been
carried out on the geometric features that characterize dense
packings [11].

The above numerical studies deal with ideal packings of
hard spheres that are good model systems for studying
liquid-solid phase transitions. This paper is more concerned
with the properties of real granular packings. Granular ma-
terials differ from frictionless and nonadhesive sphere pack-
ings and their physical properties may not be deduced simply
from hard sphere systems. The behavior of such dense and
dilute granular media has been simulated with applications in
various fields of science and engineering [12-15]. In these
simulations, interparticle friction is removed to prepare
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dense samples, and adhesion is not introduced. The aim of
this work is to use the tools developed for studying ideal
systems to gain more insight into the structure of real granu-
lar packings by incorporating adhesive and frictional forces
in computer simulations during the preparation stage. These
two effects are key to generating realistic granular packings.

Friction effects alone have been introduced to investigate,
in particular, how the coordination number decreases from
z=6 as friction increases [15]. On the other hand, adhesive
forces become non-negligible for sufficiently small or suffi-
ciently compliant particles and play an important role in the
numerous powder processes for which particle size is under
10 um [16]. Discrete simulations on cohesive powders have
been reported recently in two dimensions (2D) [17], and 3D
simulations were also conducted for packings of very soft
fine particles (Young’s modulus E=0.01 GPa) with long-
range cohesive forces of van der Waals type under gravity
[18,19]. In any case, these numerical studies lead to highly
porous packings that collapse under small pressure [20]. It is
not clear if the resulting packings retain some signature of
the adhesive and frictional forces that are present at the con-
tact level.

We thus introduce both friction and adhesive forces in
order to model realistic 3D granular systems that are sub-
jected to small pressures. Practitioners define the packing
density of such packings as the tap density and consider this
microstructure as the starting one, prior to compaction or
sintering. Hence, we study the specific geometrical features
that adhesive and frictional forces bring to these dense pack-
ings. In particular, we show that the tensile adhesive forces
that act at the contact level between particles generate pecu-
liar geometric features that have not been reported earlier.
Although we focus on particles with elastic properties that
are characteristics of hard polymers (Young’s modulus E
=20 GPa), we have also studied particles with higher elastic
properties (E=200 GPa) that are more representative of ce-
ramics.
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TABLE 1. Material parameters.

Young’s Poisson’s Surface Friction  Particle
modulus £ coefficient v energy y coefficient  size
20-200 GPa 0.3 0.0-1.0 Jm2 0.0-02 1 um

II. GENERATION OF SPHERE PACKINGS
WITH ADHESION AND FRICTION

We rely on discrete element simulations to generate a rep-
resentative set of packings made of 1000-8000 identical
spheres of radius R in a simulation box [21]. Periodic bound-
ary conditions are used on all three axes such that, when a
particle protrudes outside the periodic cell through a given
face, it interacts with the particles on the opposite face. Par-
ticles are treated as deformable (although very stiff) elastic

spheres (E*: 2(132)). The introduction of adhesion (work of

adhesion w=2v with 7y the surface energy) may be accounted
for by the Johnson-Kendall-Roberts (JKR) model [22] or the
Derjaguin-Muller-Toporov (DMT) model [23], which apply
to opposite ends of the spectrum of contact behavior. The
limit of validity of each model is given by Tabor’s parameter

[24]
R*Wz 1/3
== . |
M (E*zZ(S)) (1)

where 7 is the range of surface forces and R*=R/2 is the
contact equivalent radius. The DMT theory is more appro-
priate for low values of w (“small hard” particles) while the
JKR theory applies to large values of u (“large compliant”
particles). However, it has been shown that the JKR equa-
tions are valid in conditions well outside the expected JKR
zone [25,26] while the DMT condition of a large cohesive
zone size is met only for very stiff nanoscale contacts [16].
The exact value of z; is difficult to ascertain but taken gen-
erally as one atomic radius [25]. The material parameters
used in the simulations (see Table I) may lead to either the
JKR or DMT limits (or to cases in between). We have thus
implemented both models to study their impact on our re-
sults.

Depending on the model used, the normal force N is given
by the DMT or JKR equation:

AE*a? ——
NKR = 3R 2\2mwE*a®,
DMT AE*a? .
NPV = R - 27wR", (2)

where a is the contact radius. The Hertz theory leads to the
exact value of a for the DMT model while it is only an
approximation in the JKR model:

a’>=R*h, (3)

where £ is the indentation between the two particles.
Tensile forces are thus included in the model and decohe-
sion occurs for the pull-off force N,:
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KR
Ni =— —mTwR",

NMT = — 27mwR*, (4)

The tangential force model is of the Hertz-Mindlin type in
the sticking mode, while the norm of the tangential force is
limited during sliding by Coulomb friction (friction coeffi-
cient w). Rotations are fully included in the simulations
while no rotational resistance is introduced. Material param-
eters chosen for the present simulations are summarized in
Table 1. Effective surface energy and particle size have been
chosen such that adhesive forces play a significant although
realistic role in the packing.

The procedure for obtaining random jammed packing
consist in first generating a gas of nonoverlapping spheres
located at random positions in the periodic simulation box.
This leads to an initial packing fraction ¢»=0.32. The packing
is then subjected to a stress-controlled hydrostatic densifica-
tion. Contact forces appear in the box and kinetic energy is
dissipated by viscous forces that are introduced at the contact
level. The macroscopic pressure P is calculated from Love’s

formulation [27]. Starting from I'y=10"* s~!, the hydrostatic

densification rate I is calculated, as densification proceeds,
with a simple proportional controller [13]

. . P-P

el I (5)

c

where P, is the control pressure. Note that the simulation
box may expand if P> P.. With such a scheme, a maximum
packing fraction is asymptotically approached while the
pressure tends toward the control pressure, which has been
chosen to be small in comparison to the material properties
(P.=0.02 MPa has been used here). In particular, the ratio
P.R*/|N,| is small in our simulations (<0.025) [17].

The densification scheme described above allows particles
to overlap each other to generate contact forces. When adhe-
sion is not included for softer particles (E=20 GPa), the
maximum normalized overlap between particles, h/2R, is
less than 5X 107 with P.=0.02 MPa. Stiffer particles (E
=200 GPa) lead to smaller overlaps (h/2R<107*). When
adhesion is included, the indentation is of course much larger
due to the tensile nature of adhesive forces. In that case, we
observed /2R to be in the range 0.02<<h/2R <0.025 for the
softer material.

III. PACKING CHARACTERISTICS

Four different cases have been investigated depending on
the presence of adhesion and/or friction. Each case has been
treated with both the JKR and the DMT models. The typical
evolution of the densification rates is illustrated in Fig. 1 for
these various cases for the softer material with the JKR
model. The densification process is stopped when the densi-

fication rate attains very low values (<10 0)- At this

point, we consider that further densification is prevented by
the jamming of the particle assembly. We observed that the
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FIG. 1. (Color online) Evolution of the densification rate for
four different packings with the softer elastic properties (E
=20 GPa) and the JKR contact model. The densification protocol is
given by Eq. (5) with a control macroscopic pressure P,
=0.02 MPa.

maximum packing fraction attained with this algorithm does
not depend on the size of the system for packings made of
more than 1000 spheres (using periodic conditions). What-
ever the type of interaction, a few particles with fewer than
four contacts were observed (from 1% to 7%). We also
checked that, apart from these rattler particles, all other par-
ticles cannot be displaced without generating an increase in
contact forces with neighboring particles. This property
qualifies the packings as locally jammed as defined by
Torquato and Stillinger [28]. We further checked that the net
forces F on nonrattler particles are very small, thus leading
to quasistatic equilibrium (F<<107*P,).

Each condition was repeated at least five times with dif-
ferent initial random seeds for the generation of the initial
gas of particles for the softer material. The four conditions
for the packings with the particles with the highest Young’s
modulus (E=200 GPa) were tested only once per adhesive
contact model (JKR and DMT). This is because the stiffer
particles lead to much larger CPU times (smaller time step)
that do not allow for such duplications (thus we are not able
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to give error estimates for these stiff particle packings). In
the remainder of the paper, unless stated otherwise, all simu-
lation results relate to the softer material parameters (E
=20 GPa).

The average packing fraction of packings densified with
neither adhesive nor friction forces is ®=0.6349. This value
is close to the value of the traditionally termed random close
packed state. The coordination number of these packings is
6.04. Here we define the coordination number as the number
of contacts per particle that transmit force (true geometrical
contact).

Figure 1 indicates clearly that, under our protocol, friction
forces decrease the maximum attainable packing fraction.
The average packing fraction is ®=0.598 for packings pre-
pared with a friction coefficient of 0.2 and no adhesion. We
have observed that friction decreases the mean coordination
number as compared to packings without friction (see Table
II). This is in agreement with other results on elastic pack-
ings that show that friction acts primarily as a kinematic
constraint [13,29]. A larger friction coefficient is associated
with a reduced number of contacts required to achieve a
stable configuration [29,30]. However, the introduction of a
limited friction (here u=0.2) does not lead to the theoretical
limit of four contacts. We have tested larger friction coeffi-
cients (up to ©=0.5) and found, in accordance with Silbert er
al. [15] and Yang er al. [19], that increasing the friction
coefficient leads to only a gradual decrease of the coordina-
tion number.

Adhesion also decreases the maximum attainable packing
fraction. However, when friction is not included, it is asso-
ciated with a larger coordination number caused by tensile
adhesive forces (between 6.07 and 6.11 depending on the
contact model for adhesion). Adhesion generates denser clus-
ters of particles that are difficult to break apart due to the
tensile force involved [Eq. (4)]. These clusters hinder rear-
rangements, thus lowering the final packing fraction. The
characteristics of these clusters will be studied in the follow-
ing sections.

Packings with adhesion and friction have approximately
the same maximum packing fraction as packings with adhe-
sion only. However, the coordination number associated with
these packings is lower than the coordination number of the
packings with adhesion only. For these packings, friction and
adhesion have opposite effects on the mean coordination

TABLE II. Characteristics of packings with JKR and DMT adhesive models.

Surface energy Friction Packing fraction ® Coordination number Z
v (Im™) coefficient JKR DMT JKR DMT
E=20 GPa 0.0 0.0 0.6349 = 0.0004 6.04+0.02
(five packings) 0.0 0.2 0.598 £0.002 5.360.02
1.0 0.0 0.579£0.002 0.570£0.002 6.11%=0.03 6.07=*=0.01
1.0 0.2 0.574%£0.005 0.564%0.002 5.8%0.1 5.9%0.1
E=200 GPa 0.0 0.0 0.631 5.90
(one packing) 0.0 0.2 0.597 5.22
1.0 0.0 0.572 0.563 6.13 6.03
1.0 0.2 0.569 0.558 6.09 5.98
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FIG. 2. (Color online) Probability distribution of the coordina-
tion number for the four packings described in Fig. 1.

number, resulting in coordination characteristics that share
some aspects of adhesive-only and friction-only packings.

Increasing the stiffness of the particles from 20 to 200
GPa consistently decreases the packing fraction by a small
amount as shown in Table II. The coordination number is
also somewhat decreased for the case where adhesion is not
introduced. However, it is interesting to note that adhesion
increases the coordination number of stiff particles at least as
much as it does for softer particles. Generally, it is believed
that adhesion affects only soft small particles [16,25]. Here
we show that the packings made of small stiff particles such
as ceramics may also be affected by adhesion.

The effect of the adhesive model (JKR or DMT) can be
seen in Table II. The DMT model consistently leads to a
slightly lower packing fraction. This may be understood by
inspection of Eq. (4), which shows that the pull-off force in
the DMT model is slightly larger (by a 4/3 factor) than the
JKR pull-off force. Clusters of particles are thus somewhat
less prone to rearrangements in the DMT model. In any case,
although these two models apply to opposite ends of the
adhesive contact behavior, they lead to very similar macro-
scopic packings. In the remainder of the paper, unless stated
otherwise, we have chosen to show simulation results from
the JKR model only since the two models lead to the same
qualitative results.

Figure 2 shows the distribution of coordination numbers
for the four types of packing studied here with E=20 GPa
and the JKR model. The distributions exhibit a Gaussian
shape when the particles with low coordination number are
excluded (Z<4). Although the four packings show the same
type of distribution, important differences arise depending on
the introduction of friction and/or adhesion. Friction trans-
lates the peak of P(Z) toward smaller coordination values (at
Z=5 instead of 6). Also, friction enables a larger number of
rattlers (Z<3, 7% instead of 1%) to remain. Conversely, the
introduction of adhesion shifts the distribution toward larger
coordination numbers. However, adhesion does not inhibit
rattlers, nor does it promote the appearance of particles with
a very large number of contacts (Z>10) which would indi-
cate some crystallization. Finally, it should be clear that, be-
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FIG. 3. (Color online) Radial distribution function for the four
packings whose densification is described in Fig. 1. The contribu-
tions of certain motifs to g(r) are indicated. Bottom, packings with-
out friction, E=20 GPa; O, no adhesion; 2, adhesion. The dotted
curve relates to the DMT adhesive model; all other curves with
adhesion are obtained with the JKR model. Middle, packings with
friction E=20 GPa; [], no adhesion; <, adhesion. Top, same as
bottom figure for the stiffer particles (E=200 GPa).

cause gravity is not introduced in these simulations, the
probability distribution of the case with friction and no ad-
hesion may not reflect realistically the case of large particles
with friction.

IV. RADIAL DISTRIBUTION FUNCTION

In order to gain some more insight into the microstructure
of the packings generated in the previous section, we first
consider the radial distribution function g(r) (or pair-
correlation function) which may indicate structural changes
when small shoulders or maxima appear [31]. Also, g(r)
gives information about long-range interparticle correlations
and their organization. Figure 3 shows the g(r) functions for
the various packings studied here.

The g(r) curve associated with the packings without ad-
hesion or friction is very similar to those reported earlier on
3D numerical packings [7,10,18] or on real packings ob-
served by x-ray tomography [32]. Note, in particular, the two
typical peaks at r/2R=13 and 2 which relate to specific con-
figurations and the abrupt decrease after the r/2R=2 peak.
Also, note the absence of any peak at r/2R=v2 and \5
~2.236, which would indicate a crystallization of the pack-
ing.

The g(r) curve that characterizes the packings that have
been prepared with adhesion and no friction also exhibits
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two peaks around r/2R= V3 and 2 but of a smaller amplitude
and the peaks are translated to smaller values (1.71 and 1.96,
respectively). The translation to lower r/2R values is, of
course, due to the increased indentation that characterize ad-
hesive particles (0.02<<h/2R<0.025 with the material data
of Table I). Adhesion does not bring detectable crystalliza-
tion as shown by the absence of a peak at »/2R=2 or V5.

The most striking feature of this curve arises in the vicin-
ity of the true contact (r/2R>1) where a deep well exists.
This well is linked to the larger coordination number that
characterizes the adhesive packings (6.07 to 6.11 contacts
per particle depending on the adhesive model) as compared
to the nonadhesive ones (6.04). Adhesive particles that hap-
pen to be close to each other will stick together after a col-
lision and form a true contact which is more likely to survive
further densification, thus depleting the immediate /2R > 1
domain. Accordingly, we also observed a well in the distri-
bution of contact pair angles in the vicinity of 77/3. It should
be clear that this well is not due to the increased value of the
indentation for adhesive particles but is due to the tensile
nature of adhesion forces. A similar well was observed on the
radial distribution function for highly porous packings of fine
adhesive particles [18] and for colloids with Baxter’s adhe-
sive hard sphere model [33].

The main features of the two g(r) curves associated with
the packings prepared with friction are similar to those asso-
ciated with the packings prepared without friction. However,
the peaks for the packings with friction only are less marked
as reported in [15]. The well close to r/2R=1 that character-
izes adhesive packings is also less marked when friction is
introduced.

We have observed that stiffer particle packings exhibit
very similar g(r) curves as compared to the softer ones. For
example, Fig. 3 shows that the packings made of stiff or soft
particles exhibit the same characteristic features. In particu-
lar, the well in the vicinity of the true contact appears nearly
as sharply for the stiff adhesive particles. Hence, in the range
of Young’s modulus (20-200 GPa) that we have studied, the
packing characteristics do not depend on the stiffness of the
particles.

Also, we have verified that the adhesive contact model
does not play any significant role in the g(r) curves associ-
ated with the packings prepared with adhesion (see dotted
curve in bottom panel of Fig. 3).

V. BOND-ORIENTATIONAL ORDER Qg

The preceding section has shown that the introduction of
adhesion modifies quite drastically the radial distribution
function of jammed packings. In this section, we investigate
the effect of adhesion and friction on the crystallinity of the
prepared packings. We use the bond-orientational order met-
ric Qg defined by Steinhardt, Nelson, and Ronchetti [34]
based on the spherical harmonics Y,,(6, ¢):

dar 6 1/2
Q6=(E > <Y6m(a,qo)>2) : (6)
m=—6

where 6, and ¢ are the polar and azimuthal angles of bond
k. Here, a bond is defined as a true contact transmitting force.
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FIG. 4. (Color online) Distribution of Q" with and without
adhesion. Straight broken lines give averages. Bottom, packings
without friction, A, O. Top, packings with friction, [], <.

We have relaxed this bond definition to include nearest
neighbors that are not truly in contact [up to 1.2(2R)] without
observing significant differences in the value of Q¢. Averag-
ing in Eq. (6) may be performed over all bonds. In that case,
it represents the global measure of crystallization (Q&°")
and tends to zero for disordered packings. Q£°" reaches its
maximum for a fcc lattice at 0.574 52. If the averaging in Eq.
(6) is performed for each particle, it represents the local mea-
sure of order (Q16°Cal .

The values of Q" for all our packings are very small
(<0.1), whatever the adhesion and friction conditions. Fur-
thermore, no noticeable difference was observed between the
four types of packings studied here.

We then turn our attention to QF" that should be more
appropriate to detect local measure of order in our packings.
Figure 4 shows the distribution of QI for the four types of
packing. Curves for the nonadhesive particles show a Gauss-

ian shape. The shape and average values of these distribu-

FIG. 5. (Color online) Four particles forming a triclinic cell with
angles (¢=0.635) («, B, 7).
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tions are very similar to those already observed for noncrys-
tallized packings [8,10]. One may observe that the curves
relating to the adhesive packings exhibit a sharper maximum
with shoulders on both sides. The most noticeable feature of
the curve related to adhesive packings is its asymmetry as
compared to nonadhesive packings. It is difficult to ascribe a
clear significance to these features.

The calculation of the Qg’cal distribution is not able to
discriminate clearly the effect of adhesion on the structure of
packings. This means that the very local ordering that may
come with the introduction of adhesion is not sufficient to
trigger higher values of QK. Other tools like the radial
distribution function g(r) described in the preceding section
are better suited for describing the effect of adhesive forces.

VI. TRICLINIC CELLS

We seek to characterize more precisely the above gener-
ated jammed packings by defining various primitive geomet-
ric cells or geometric motifs that give more useful informa-
tion on the microstructure than the radial distribution
function and the Q4 order measures. In 3D, these primitive
unit cells are triclinic and are characterized by three angles
a, B, and 7y (Fig. 5). The solid volume of each cell is equal to
the volume of a sphere. Using the approach presented in
[35], we define four subsets of possible cells depending on
the values of the triplet (a, 8, 7).

The first primitive cell is the densest and characterizes a
face centered cubic packing (fcc). In that case all three
angles are equal to ’3—7 and no further densification of the cell
is possible, i.e., any motion of the spheres in the cell will
lead to dilation. We define this cell as having no degree of
freedom for further packing.

The second subset relaxes one angle. For example, (;—T
<as§, ,8:’57, y= 73—7) leads to the loss of the contact be-
tween spheres 2 and 3 but keeps two sets of planes close
packed. The densification of this primitive cell is possible
only by decreasing «, thus leading to a primitive cell with
one degree of freedom.

The third subset relaxes two angles. For example, (’gf
<a=7, 3<B=73, y= 73—7) leads to the loss of the contact
between spheres 2 and 3 and between spheres 3 and 4 and
keeps only one plane close packed. This primitive cell has
two degrees of freedom for further packing.

The fourth cell relaxes all three angles and leaves no close
packed plane. This cell has three degrees of freedom for
further packing. Note that we include in the definition of this
fourth cell those which only form cells with one or more
angles that are smaller than 7. Typically, rattlers are part of
this fourth type of cell.

Figure 6 illustrates the existence of fcc type of cells for
various packings (white particles pertain to a fcc cell).
Clearly, adhesion triggers the appearance of a number of
localized fcc cells [Fig. 6(b)]. Such cells are approximately
five times more likely with adhesion as compared to the case
without adhesion. The packing prepared with friction exhib-
ited very few fcc cells as illustrated in Fig. 6(c), for which
only one fcc cell is seen.
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FIG. 6. (Color online) Three packings with 2000 particles, pe-
riodic conditions. White particles pertain to a triclinic cell of fcc
type. (a) Packing without adhesion or friction. (b) Packing with
adhesion and no friction (¢=0.579). (c) Packing without adhesion
and with friction (¢$=0.598).

The probability of occurrence x; of the four types of cell
that have been defined above has been calculated. Figure 7
shows these probabilities as a function of the degree of free-
dom of each cell. Error bars have been included to take into
account the five simulations carried out for each type of
packing. The line that gives a linear relation between x; and
the degree of freedom is also shown in Fig. 7 for comparison
(x;=0/6, 1/6, 2/6, 3/6).
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FIG. 7. (Color online) Probability distribution of the four tri-
clinic cells for packings with and without adhesion. The line (---)
assumes that x; is proportional to the degree of freedom of the cell
[35]. Bottom, packings without friction, A, O. Top, packings with
friction, [], ©.

Not surprisingly, the packing prepared without adhesion
exhibits an increasing probability x; as the degree of freedom
of the cell increases. Additionally, it is interesting to note that
for such a packing, x; is approximately proportional to the
degree of freedom of the cell as conjectured in [35]. We
observed however that the angles «, B, and 7 are not evenly
distributed in the [3 , 2] interval. Instead, and as already ob-
served by Donev et al. [11], the angles show a divergence
(maximum) close t0 %T with a minimum located close to ’2—7
The divergence at 5 is of course related to the shape of the
radial distribution function g(r) close to r=2R (Fig. 3).

Adhesion increases the probability of occurrence of fcc
cells (as depicted graphically in Fig. 6) and of triclinic cells
for which only one angle is not equal to 7/3. Thus, there is
a clear shift of the microstructure toward triclinic cells that
exhibit lower degrees of freedom. The development of such
localized dense cells is not accompanied by an increase in
packing fraction. On the contrary, as pointed out in Sec. III,
adhesion lowers the macroscopic packing fraction. This is
because adhesion between particles hinders local rearrange-
ments by introducing a critical tensile force for separation at
contacts [Eq. (4)]. Friction has the opposite effect on the
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microstructure as compared to adhesion. Triclinic cells with
three degrees of freedom are much more numerous as com-
pared to the case without friction.

VII. CONCLUSIONS

In this study, the effect of adhesion and/or friction on the
global and local geometry of monosized particle packing has
been investigated. Some of the important observations are
highlighted in this section. It is generally observed that an
increase of ordering results in denser packings at the macro-
scopic level [5-7,9,10,36,37]. The simulations presented
here, which use realistic elastic properties for adhesive par-
ticles, show that this may not always be the case. Indeed,
when the ordering is triggered by adhesion at the scale of a
few particles, it decreases the overall packing fraction. Such
particle ordering is felt only at the very local level when
adhesion plays a role in the packings studied here. This is
likely the reason for the failure of the Q4 order parameter to
clearly detect some difference between adhesive and nonad-
hesive packings. It is interesting to note that the simple and
venerable radial distribution function g(r) is better suited to
detect such localized ordering.

We believe that the classification that we have introduced,
using four triclinic cells, offers a simple yet powerful tool to
describe the existence of localized order (at the scale of a
few particles). In particular, we have shown that, for pack-
ings that are not influenced by adhesion or friction, the prob-
ability of finding a given cell is approximately proportional
to the degree of freedom of the cell. This shows that some
localized order may be observed in so-called random close
packings. Introducing adhesion increases the probability of
occurrence of cells with lower degrees of freedom whereas
friction has the reverse effect. Although adhesion and friction
have opposite effects on the local microstructure of the pack-
ing, both interactions tend to lower the packing fraction at
the macroscopic level.

Finally, we have shown here that the local microstructure
of very stiff particle packings (typically ceramics) may also
be affected by adhesion.
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