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bstract

Monodisperse liquid foams consisting of equal-sized bubbles with diameters of a few hundred microns exhibit crystalline order, with a predom-
nance of the fcc structure. This is inferred from observations at both bottom (foam–water) and top (foam–air) interfaces, together with supporting
ay-tracing simulations. Diffusion of gas from the top layer into the atmosphere results in the formation of an ordered bidisperse top layer within
few minutes. In foam samples with a height of about 100 bubbles we have found a transition from mainly fcc packing at the (wet) bottom to the
bcc) Kelvin structure at the (dry) top. The issue of templating for the ordering in wet foams is addressed in soft sphere computer simulations.
 2006 Elsevier B.V. All rights reserved.
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. Introduction

It is a surprising property of equal-sized bubbles in wet foams
hat they order almost perfectly in 3D, when deposited onto a
ool of the surfactant solution from which they are made, as
hown in Fig. 1. This was first observed by Bragg and Nye
1] (but never pursued any further by them [2]), using equal-
ize bubbles of diameter 100–700 �m. This is well below the
apillary length l0, defined by

2
0 = γ

ρg
, (1)

here γ is the surface tension; ρ the density of the liquid; g is
he gravitational acceleration. For surfactant-based foams this
ength is about 1.6 mm. Foams consisting of such small bub-
les remain wet (i.e. have a liquid fraction exceeding 20%) for
considerable number of layers of bubbles, which can be esti-
ated as N � (l0/d)2 [3]. In the experiments described in this

aper, bubble diameters in the range from 250 �m to 400 �m
ere used, allowing us to create wet foams consisting of up to

5 layers of bubbles.

In wet foams the bubbles take on nearly spherical shapes,
o this raises the question whether other systems, consisting of
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articles of spherical shapes, also readily order. For macroscopic
ard spheres (where thermal motion is negligible) this is not the
ase, unless very particular and controlled packing methods are
sed [4–6]. This was shown by Bernal, who also determined the
acking fraction for a random close packed structure [7]. Hard
phere colloids (nanometer scale) are seen to readily order, but
nly at very long time-scales (days to weeks) [8,9]. When we
onsider foams or emulsions with bubbles larger than the cap-
llary length, they do not readily order unless tightly confined
10–12] and/or by manually placing each bubble in the correct
osition [13]. Very little appears to be known on the spontaneous
D ordering of macroscopic monodisperse emulsions, though
he creation of monodisperse emulsion crystals using shear has
epeatedly been reported [14,15] and might be of relevance here.

In the following we will first of all present a summary of
ecent results on the ordering of small bubbles in wet foams [3].

detailed statistical analysis shows that packing is mainly in
he fcc arrangement, consistent with the findings for some other
rdered systems in nature [9,16,17]. Further work concerns the
ffect of coarsening of the top layer of bubbles, which leads to
n intriguing sequence of topological transitions involving the
rst 2 layers. In tall columns of small bubbles, where the liquid

raction decreases with height due to gravitationally induced
rainage, we find a transition to the Kelvin structure for dry
oams. Finally we also present some preliminary computational
esults concerning the origin of the ordering in the wet limit.

mailto:vanderna@tcd.ie
dx.doi.org/10.1016/j.colsurfa.2006.11.056
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Fig. 2. Experimental set-up for the formation and imaging of monodisperse
microbubbles. (a) Nitrogen gas flows into the device from the top, surfactant
solution from the side. (b) At the orifice a co-flow of gas surrounded by water
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ig. 1. View of the top of a pool of equal-sized bubbles (diameter ∼250 �m),
enerated from aqueous detergent solution. This reveals different grains which
re ordered according to familiar crystalline structures.

. Formation and deposition of monodisperse
icrobubbles

In recent years an increased interest developed in the produc-
ion of monodisperse microbubbles [18–21] and microdroplets,
ith applications in inkjet printing, drug delivery, microfluidics-
ased lab-on-chip technologies, optical devices and new insula-
ion materials [19,22–27]. The favored technique, microfluidic
ow focusing, is based on creating a co-flow of gas and liquid
ocused through a small orifice. This creates a gas jet which be-
omes unstable and breaks up into monodisperse microbubbles.
he size of the bubbles is influenced by the characteristics of

he gas and liquid flow and the orifice size [19,24], which in
ur case is less than 450 �m in diameter. In Fig. 2 the device
sed by us is shown. We use nitrogen and an aqueous solution of
he commercial detergent Fairy Liquid® at 4% volume fraction
surface tension 28 mN/m).

When releasing the microbubbles directly from our foam gen-
rator onto a pool (diameter 13.5 cm), as shown in Fig. 2(b), we
bserve that they order easily into crystalline structures such
s hcp and fcc. In Fig. 1 the top view of a bubble pool is
hown, showing different crystal domains (grains) within the
oam sample. We can release microbubbles from above the liq-
id pool (5–10 cm), from below the water–foam interface, or
ven directly into the foam with the outlet slightly above it (0.5–
cm); in every case they form well ordered bubble crystals
ithin the foam sample. In this article, all data is from sam-
les created by releasing bubbles slightly above the foam sam-
le. The samples are observed with a microscope from the top
see Fig. 2(c)), and from bottom, with the use of transmitted
ight.

. Observations of order and defects
The observations of the top and the bottom of our foam sam-
les show a variety of interesting crystalline structures and de-
ects [3] of the type that can be found for example, in metal

O
g
f
s

ecomes unstable and breaks up into monodisperse bubbles. These are deposited
nto a pool of surfactant solution. (c) The sample is viewed from top with
ransmitted light from an overhead projector.

tructures. These may be identified by analysing several or-
ered layers of bubbles below the air–foam interface using
ay-tracing techniques. We compare the experimental images
ith rendered images from the commercial animation software
D Studio Max [28]. This software allows the user to input
sphere packing of a specified structure and in similar light

onditions as in the experiment. Using the geometrical laws of
ptics and Fresnel’s equations the software computes images of
he sphere packings that can be compared with our experimental
ata.

In particular these simulations show us that the prominent
lack circles for each bubble should not be considered as the
ctual bubble perimeter, as shown in Fig. 1. The circles have a
iameter slightly less than the bubble diameter, due to an optical
ffect [29].

The bubbles behave as divergent lenses refracting the pattern
f the layers below. The effect of several layers is to create a
ractal-like pattern as the final image. As is illustrated in Fig. 3,
y considering the contribution to the observed patterns from the
hird layer of bubbles, the distinction can be made between the
tackings ABC and ABA, which are consistent with the fcc(1 1 1)
nd hcp crystalline packings. The observed square patterns in
ig. 1 are consistent with an fcc(1 0 0) oriented crystalline struc-

ure.
Within the grains, we find imperfections such as stacking

aults and surface defects, e.g. vacancies and divacancies [3].
he grain boundaries seen in Fig. 1 can be disordered or ordered.
rdered or coherent grain boundaries are only found between

rains of two different oriented crystalline structures, in our case
cc(1 1 1) or hcp and fcc(1 0 0) oriented grains. Examples are
hown in Fig. 4.
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ig. 3. Bubbles behave as divergent lenses which diminish and deform images
BC (a and b) and ABA (c and d) packed layers. ABC is consistent with the fc
tudio Max [28] match well with the experimental observations.

Fig. 5 shows a view of the foam–water interface, where ter-
aces can be clearly observed [3]. Just as at the top of the foam
ample, one can see grain boundaries, stacking faults and dis-
ocations. Occasionally we can follow them clearly within an
xtended sequence of terraces, as shown in Fig. 6. The observa-

ions of these terraces are an indication of ordering in the bulk.

e analysed the terraces at the foam–water interface to obtain
tatistical data on the frequency of the occurrence of the different
rystalline structures (Section 4).

b
f
t
o

ig. 4. Observed coherent grain boundaries. (a)–(c) are coherent grain boundaries be
hree coherent grain boundaries, posing a considerable puzzle as to its continuation in
ers underneath them. The resulting pattern can be used to distinguish between
) crystalline structure and ABA with the hcp structure. The simulations of 3D

. Statistics of occurrence of crystalline structures

The bubbles of the lower layers contribute to the optical
atterns observed when viewing the sample from top. This en-
bles us to identify the ordering of the top three layers of bub-

les and to investigate the occurrence of apparent fcc(1 1 1),
cc(1 0 0), hcp and ‘other’ structures. We have identified the
ype of ordering of the bubbles in 202 randomly chosen regions
n the top of 28 different foam samples. Table 1 summarises

tween fcc(1 1 1) and fcc(1 0 0), known from metallurgy, (d) shows a junction of
to the bulk.
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Fig. 5. A view of the foam–water interface (taken from below the sample) reveals
terraces, which may be used to determine stacking sequences.

Table 1
Results for the structural analysis of 202 regions, chosen from random locations
in the top layer of 28 foam samples

Type of ordering Number of observations Fraction

fcc(1 1 1) (ABC) 107 0.53
fcc(1 0 0) 12 0.059
hcp (ABA) 63 0.31
Undefined 20 0.099

Total number of observations 202 1.0

Table 2
Structural analysis of the terraces (of four layers or more) at the foam–water
interface

Type of ordering Number of observations Fraction

fcc(1 1 1) 15 0.58
hcp 4 0.15
Other 7 0.27
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Fig. 6. Terraces, including a coherent grain boundary between fcc(1 0 0) and fcc(1 1
found as well in metals [37,38].
Total number of observations 26 1.0

ur results. A clear preference for fcc is found, with 65% of
he regions of well-defined ordering showing an fcc stacking
ABC).

The terraces at the bottom of the foam sample (at the foam–
ater interface) can be formed by both triangular layers of bub-
les (fcc, hcp or other) or square layers consistent with fcc(1 0 0).
e have analysed the stacking sequence of the triangular lay-

rs, comparing the positions of the bubble centres of successive
ayers. Random sampling is not applied here, as it is generally
uite difficult to find large terraces perfect enough for analysis
f the type shown in Fig. 5.

The advantage of the analysis of the terraces is that often more
han three successive layers can be analysed. In nine foam sam-
les, we analysed 43 terraces, of which 26 contained four layers
r more. The results of these 26 measurements are shown in
able 2. Here we made the distinction between stackings con-
istent with fcc (ABCABC), hcp (ABAB) and other possible
equences, ABAC, etc. We found that 58% of the terraces ex-
mined correspond to an fcc arrangement. We did not include
he fcc(1 0 0) in this terrace analysis, as random sampling was

ot applied, but its inclusion would make the preference for fcc
ven stronger.

1) and a dislocation at the foam–water interface. Note that such defects can be
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ig. 7. The modification of the fcc(1 0 0) crystal top surface, due to diffusion of
rdered bidisperse top layer is formed where the initial surface bubbles fit in th

. Self-organising rearrangements due to diffusion at
he foam–air interface

In our experiments we have observed that gas (nitrogen) dif-
usion leads to the elimination of surface layers of bubbles, such
hat crystalline order is preserved. However, this process pro-
eeds via the creation of a bidisperse top layer as shown in Figs.
and 8. The shrinkage of the bubbles in the top layer becomes

isible approximately 5 min. After deposition of the foam. It is
riven by the pressure difference between the top bubbles and the
tmosphere, which greatly exceeds the pressure difference be-
ween the bulk bubbles. The shrinkage of bubbles creates space
or the bubbles below to move upwards, driven by buoyancy.
nitially, this results in a seemingly disordered structure, how-
ver, eventually the initial top bubbles shrink so much that they
t into the sites between the bubbles of the original second layer.
urprisingly, in the case of the fcc(1 0 0) crystals the structure
orms a fully ordered bidisperse top layer at this stage, as can be
een in Fig. 7.

In the case of fcc(1 1 1) crystals, a bidisperse top layer is
ormed in the same manner as for the fcc(1 0 0), but since an
cc(1 1 1) layer has twice as many possible sites as bubbles, it is
ot possible to fill all the sites (Fig. 8). So for fcc(1 1 1) a fully
rdered bidisperse top layer can never be formed.

The process of reordering and elimination can continue in the
ame manner for up to five to six layers and again indicates order
n the bulk. The elimination of each layer takes approximately
min. This is much quicker compared with the coarsening of
single layer of bubbles on top of a liquid pool, where experi-

ents show that all bubbles are still present after 100 min. This

s presumably due to the upward pressure of the layers below,
hich lifts the bubbles out of the surface. This increases the film

rea of the top layer and therefore accelerates diffusion.

t
i
r
b

en to the surroundings. After a disordered intermediate stage (2–4 min), a fully
of the next layer (6 min).

A similar case of evolving bidispersity out of an initially
onodisperse foam was discovered recently in columns of foam,
hich were produced by continuous bubbling of air through

urfactant solution [30]. A full explanation of this still eludes
s.

. Drainage of ordered bubble crystals

Significant drainage occurs in a wet foam if its height exceeds
he capillary length [31]. Water flows out of the films and Plateau
orders causing the bubbles to eventually deform into polyhedral
hapes. For over 100 years it was thought that the most optimal
tructure for the packing of dry 3D monodisperse bubbles was
he Kelvin structure (bcc), in which each bubble is a tetrakaidec-
hedron, with six 4 sided faces and eight (slightly undulated)
exagonal faces [7]. In 1994 the Weaire–Phelan structure was
ound to have a slightly lower surface energy. It consists of two
ypes of cells with five and six sided faces [32]. Experimentally
nly a fragment of this structure has ever been observed [31].
everal layers of the Kelvin structure, however, can form close

o a boundary, when the bubbles are confined in a cylinder or be-
ween plates; such boundaries are consistent with a (1 1 0) plane
f the bcc crystal [10,13] and thus assist its formation.

The familiar bulk monodisperse dry foams that have been the
ubject of much research do not readily order, so it is interesting
o investigate the drainage of an ordered wet foam as a possible
oute to creating an ordered dry foam [33]. We have thus consid-
red the drainage of wet bubbles. For this purpose we have made
column of bubbles (diameter ∼400 �m) with a height greater
han the capillary length. The foam is confined in a cell consist-
ng of two parallel plates (1 cm × 5 cm) separated by 3 mm thick
ubber strips placed at the sides. The cell is partly open at the
ottom so that excess water can drain. The image shown in Fig.
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Fig. 8. The modification of the fcc(1 1 1) crystal top surface, driven by diffusion of nitrogen to the atmosphere. After a highly disordered intermediate stage (1–2 min)
a bidisperse top layer is formed in which the initial surface bubbles fit in the interstice
the bidispersity stage is not as obvious, since the bubbles of the initial top layer are a

Fig. 9. Drained bubbles in a Hele-Shaw cell (of diameter 400 �m). In the upper
section the bubbles are arranged in a Kelvin (bcc) packing, at the bottom they
are packed according to fcc(1 1 1). A notched ordered interface separates the
two crystals.
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s of the next layer (3–4 min). Compared with the fcc(1 0 0) coarsening (Fig. 7)
lready very small (see arrows) when the ordered stage is reached.

was taken at a height of 2.5 cm. At the top we can see Kelvin
ells while at the bottom the foam has an fcc(1 1 1) structure. In
uture work we will investigate the dynamics of the transition
rom the wet hcp or fcc structure to the dry Kelvin structure,
sing a high speed camera and image analysis.

In our confined system we can create dry foam composed of
n estimated six to eight layers of Kelvin cells in thickness. We
re currently investigating how this technique can be adapted to
reate a larger system of bulk Kelvin cells or indeed whether the
eaire–Phelan structure can be found.
The transition between bcc and fcc is a longstanding point

f interest [34]. The bcc structure becomes mechanically un-
table when the liquid fraction reaches about 10%. The reverse
ransition is much more problematic: certainly, extensive hys-
eresis is expected [31]. The present procedure seems to offer a
uitable experimental system for further investigation of these
ransitions; see also [33,10].

. Conclusions and outlook

We have extended the structural characteristics of the wet

ubble crystals first observed by Bragg and Nye [1]. By using
ray-tracing technique we can distinguish between ABC and
BA packings at the top surface. This method, together with

he analysis of terraces at the foam–water interface, was used to
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estimate the frequency of occurrence of the crystalline structures
of fcc and hcp, at least to the extent that the stacking sequence
is followed for several layers, with some corroborative evidence
for deeper order. The clear preference for an fcc structure is not
yet clearly understood.

We have indicated a particular effect of gas diffusion at the top
surface layer, where through a stage of a seemingly disordered
surface structure, finally a fully ordered bidisperse top layer for
fcc(1 0 0) emerges. The process repeats itself for consecutive
layers. We also showed preliminary results on the drainage of
the wet structures, raising some interesting questions with re-
gards the transition from dry to wet foam and vice versa, and the
possibility to search for the Weaire–Phelan structure.

The mechanism by which the bubble system orders is still un-
clear, but several possible factors have been identified. A strong
candidate would appear to be the influence of the extensive shear-
ing involved in the rapid extrusion of the bubbles from the outlet,
since shear induced ordering is well known to occur under cer-
tain circumstances in emulsions [14,15]. Shear could play a role
for the occurrence of fcc(1 0 0) at the gas–foam surface, together
with hydrodynamic effects.

Another possible explanation may be the natural presence of
a template of an ordered bubble layer at the gas-water interface.
This can stimulate order in the layers of bubbles that form under-
neath. Templates in colloids and bead systems have been shown
to readily induce order depending on the deposition rate [4,35].

In future experiments we will study this effects by artificially
imposing a disordered surface template. We will also consider
the effects of varying the surfactant concentration and viscosity,
in an attempt to isolate the key ingredients required to generate
the observed highly ordered crystal structures.

We have investigated the degree to which templating effects
can assist ordering in frictionless sphere systems, by performing
numerical simulations of the deposition of spheres onto both
triangularly packed and square packed surface layers. The
simulations consist of a simple “toy-model” in which we
perform a time integration of Newton’s equations of motion
with appropriate inter-sphere and sphere–liquid interactions.
Spheres introduced at the bottom of our simulation cell filled

Fig. 10. Simulation of the deposition (from below) of spheres onto a triangularly
packed surface layer. The ordering of the balls is controlled by the amount of
dissipation in the system. While for low dissipation a large number of defects
are generally observed (a), a perfect fcc ordering can be achieved if dissipation
is increased (b).
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ith liquid, rise due to buoyancy. Colliding spheres interact
ia the Hertz law. Dissipative effects are incorporated into
he simulations via the inclusion of velocity-dependent Stokes
orces and the consideration of viscoelastic dissipation in sphere
ollisions.

We find a very high degree of ordering in the bulk sphere
acking if we initialise the simulations by an ordered (triangular)
urface layer of spheres (Fig. 10) [36]. This occurs both for the
ase where spheres are released at random points at the bottom
f the simulation box or at just a single point. The ordering for
he latter scenario is generally more perfect.
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