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Protein and surfactant foams: linear rheology and dilatancy effect
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Abstract

We report results on the dependence of foam rheology on the nature of its components (gas, liquid and surfactant). We have varied the
liquid bulk properties, the gas–liquid interfacial properties, which implies also different thin liquid films properties, and the gas. Microscopic
characterizations are also performed to find correlations between the different length scales, and to interpret the macroscopic rheological
behavior (oscillations and creep). We have found that the elastic modulusG′, once normalized by the Laplace pressure, does not depend on the
foam components, whereas the loss modulusG′′ shows some dependence with the interfacial properties. We show that the gas is an important
factor for these moduli because of its role in the foam aging, via coarsening. We have also evidenced a dilatancy effect taking place under
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ontinuous shear, by using a special foam sample shape, in which only a foam band is subjected to shear. We have observed and
ncrease of the liquid volume fractionε in that band.

2005 Elsevier B.V. All rights reserved.
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. Introduction

An aqueous foam can support small shear forces as a solid
1,2]. The elastic behavior comes from the distortion and the
acking of the bubbles in the foam, meaning that an osmotic
ressure is actually exerted on the bubbles and that some
urface energy is stored in their interfaces. Applying a shear
eformation creates additional surface area and gives rise to
restoring force, hence an elastic modulus. The scale of this
odulus is set by the pressure,σ/R′, whereσ is the gas–liquid

urface tension andR′ an average bubble dimension (more
recisely, simulations tend to show that the relevant quantity

s the Sauter mean radiusR32 – the ratio between the third
nd the second moments of the size distribution – rather than

he mean radiusR [2,3]). Both theoretical[3–13]and exper-
mental works (often done on emulsions)[14–20]have been
erformed in order to elucidate the dependence of the shear
odulus with the different parameters, especially the liquid

ractionε (or the gas fraction,φ, with φ = 1− ε). This param-

∗ Corresponding author. Tel.: +33 1 69 15 69 60; fax: +33 1 69 15 60 86.

eterε (or φ) describes the amount of packing and distor
of the bubbles. While the theoretical works mainly deal w
the limit of the perfectly dry foam (φ = 1) and with 2D sys
tems, experimental results on 3D foams and emulsions
to show that there is a simple scaling law for the elastic m
ulus, depending only on the liquid fraction, once the sur
tension and the bubble size are taken into account (thou
is still not clear if the modulus scales withR or R32, which
can be slightly different in the case of polydisperse syste
[14–16,20].

However, recent experiments with emulsions (stabil
by proteins, or solid particles[21–23]) show unexpected
high values of the elastic modulus, which can be up t
times bigger than what the scaling law predicts (and w
definitively cannot be explained by differences betweeR
andR32). An important issue is thus to know if these sa
unexpected high values can also be found for foams
if so what are their origins. This means one has to fi
out which new parameters have to be added to explai
complete elastic behavior. For foams, it is often found
the macroscopic behavior is the result of different cou
E-mail address:saint-jalmes@lps.u-psud.fr (A. Saint-Jalmes). effects acting at all the internal length scales. For instance,
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regarding foam drainage, recent results have shown that one
has to include in the data interpretation the surface shear
viscosity, a non-trivial ingredient related to the microscopic
scale of the gas–liquid interface[24–25].

In a more general view, it is important to understand how
the whole rheology (both in terms of elastic, loss moduli and
steady flow properties) depends on the microscopic param-
eters, and thus on the foam components (surfactant, liquid
and gas). Changing the surfactants has an impact not only
on the surface tensionσ, but also on the gas–liquid interfa-
cial properties (both the dilatational and shear contributions).
The nature of the surfactant also modifies the properties of
the thin liquid films which separate the bubbles. The bulk liq-
uid characteristics (shear or elongational viscosities, possible
dependence on the shear rate) may also be important param-
eters, as well as the properties of the gas. Above a yield stress
[1], foams flow irreversibly: here again, it is important to de-
termine if the foam components may play a role on the flow
properties as the viscosity, on the type of flow (uniformity of
shear, or shear localization, wall slip, etc.).

In this paper, we report rheological studies and compar-
isons between foams having well-characterized and different
microscopic properties. We also report results on the shear
localization issues and give evidences of a dilatancy effect
occurring in foams.
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– is used as a bulk viscosifier. Carbopol is used as received,
added to a SDS solution atcSDS= 6 g/L, with concentrations
ranging from 0.5 to 3 g/L. The resulting solutions are slightly
shear thinning, and for a typical shear rate of 1 s−1, the
bulk viscosity varies from 1 to 103 mPa s. Note that the pure
aqueous Carbopol solutions have much higher viscosities
and stronger shear-thinning behavior than the mixtures:
there is a strong complexation in bulk of SDS and Carbopol
providing a change in the microstructure of the Carbopol mi-
crogels. However, at the interfaces, the presence of Carbopol
has only a tiny effect, at any concentrations (evidenced by
surface tensions lowered by 1 or 2 mN/m, and by a similar
increase of the interfacial viscoelastic moduli). Thus the
addition of Carbopol has only small effects on the interfaces
and on the thin films, but strongly changes the bulk liquid
viscosity (contained in the network of Plateau Borders and
nodes[1]).

For the gas, we used nitrogen N2 and hexafluoroethane
C2F6: the fluorinated gas has much lower diffusion and sol-
ubility constants. The characteristic coarsening timetc, as
defined in[31], is given bytc = d2

0h/2KgeoKgasγ f (ε), with
Kgeo is a geometrical constant (reflecting the bubble geome-
try), Kgas a gas constant (including the diffusivity and solu-
bility constant),f(ε) a function of the liquid content,h the thin
film thickness,d0 the initial mean bubble diameter andγ the
surface tension. Experimentally, we have measured that the
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. Materials, samples and microscopic
haracterization

We have selected two different types of surface-ac
gents, in order to obtain foams for which the interfa
nd thin film behaviors are different. In one hand, we us
mall classical surfactant, SDS (sodium dodecyl sulfate)
n the other hand we used casein (the principal milk pro
nd which can be considered as a long random copoly
oth chemicals are purchased from Sigma, and used
eived. For the pure SDS and casein solutions, the co
rations used are, respectively,csds= 6 g/L andccas= 4.5 g/L.
he later is brought at pH 5.6 by adding a phosphate buf
0 mM, and then placed in an ultrasonic bath for 30 min
s to prevent casein from aggregating during the dissolu
e also prepared SDS/casein mixture solutions, wher

asein concentration is fixed atccas= 4.5 g/L, and the amou
f SDS added is varied from 0.3 to 3 g/L.

The casein molecules adsorb at the gas/solution interf
nd form much more elastic and rigid surfaces than the
nes[26,27]. Also, the thin liquid films are quite differe

28–30]: flat, homogeneous and very thin for SDS (as
sual surfactant, with typical thickness of a few tens of n
hile the films are thick for casein, with aggregates confi

n a jellified matrix, making the film quite non-uniform
exture and thickness. Typical mean thickness for these c
lms is of the order of a few hundreds of nanometers[29,30].

Beside the different surface-active agents, a polyac
ranched homopolymer – Carbopol 911 from BF/Good
ypical coarsening times for an SDS foam are 150 s with2
nd 4500 s with C2F6, at a constant liquid fraction ofε = 0.15

28,30].
The foams are produced by a home-made apparatus

he turbulent mixer, and described in[32], allowing to make
omogeneous foams of any desired liquid fractions betw
.03 to 0.3. The mean bubble diameter (initially, just a

he foam production), measured by microscopy at the
ace of a 3D sample, is 0.10 mm for pure casein foam,
ends to be a bit larger for pure SDS foam (up to 0.14 m
ote that the foams are polydisperse[32], and that the poly
ispersity and the initial mean bubble size do not depen

he gas used. For all the foams studied here, even if the
ubble sizes can be a bit different, the size distribution
ll these foams strongly overlap: there are basically no
mall (D< 0.04 mm), nor very large bubbles (D> 0.25 mm).

For each solution the surface tension is measured usin
rop method (here, in the inversed configuration, with a ri
ubble immerged in the solution). For a protein solutio

ow concentrations, slow adsorption dynamics are usuall
erved, with no final equilibrium value (the surface ten
lways decreases with time). However, for the high ca
oncentrations used here, the adsorption is relatively fas
he surface tensions do not vary more than 5% betwee
nitial value, and a plateau value obtained after a few min

e thus use here a typical value found after 3 min. This g
= 46 mN/m for pure casein,σ = 36 mN/m for pure SDS, an

ntermediate values for the mixtures (note that the add
f a small amount of SDS, 0.05 g/L, already drops the

ace tension down toσ = 40 mN/m). It thus turns out that th
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surface tension is a parameter that does not vary much with
the interfacial components. The same bubble method is used
to measure the interfacial viscoelastic properties of the inter-
faces (via controlled oscillation of the bubble volume). Note
that such measurements only reflect the intrinsic elastic and
viscous effects within the air–liquid interface, and not within
a thin liquid film. In all the cases, the dilatational elastic mod-
ulusεr is a few times higher than the viscous one,εi . As ex-
pected, both moduli are maximum for the interfaces covered
by caseins (εr ≈ 10+/−0.2 mN/m andεi ≈ 2.5+/−0.3 mN/m,
after 3 min of adsorption). Adding SDS (in the concen-
tration range investigated here) reduces continuously these
moduli down to 1.5+/−0.3 mN/m (εr ≈ 1.9+/−0.3 mN/m and
εi ≈ 0.7+/−0.3 mN/m, for the pure SDS). Note finally that the
viscoelastic properties of these interfaces depend on the fre-
quency, and that here the measurements are made at 0.1 Hz.

3. Macroscopic rheological experiments: small
deformations and linear regime

The rheological measurements are done with a rheome-
ter MCR 300 from Paar Physica. For the liquid solutions, a
Couette cell with a double gap is used. For foams, the mea-
surement device is a homemade cone-plate system, machined
from bulk Plexiglas, and cover with sand grains to avoid slips
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due to drainage effects, only rather fast measurements can
be performed on fresh foams (within the first minutes af-
ter the production). In order to test the effect of the foam
components onG′ andG′′, the liquid fraction is fixed in the
following at an intermediate valueε = 0.15, corresponding to
a good compromise for which neither drainage or coarsening
are too quick.

3.1. Bulk viscosity effects on viscoelastic moduli

Experiments with the different amount of Carbopol added
to a surfactant solution clearly show that a same elastic mod-
ulusG′ (with G′

0 = 140 Pa) is perfectly recovered for all the
bulk viscosities. The loss modulus shows a slight increase
with the bulk viscosity, but it varies only by a few percents
whereas the bulk viscosity is varied by more than three or-
ders of magnitude. It thus appears that the linear viscoelas-
tic properties of foams are almost independent of the bulk
viscosity (at least in the range studied here, which covers
the typical liquid viscosities used in most industrial applica-
tions).

3.2. Interfacial effects on viscoelastic moduli

The viscoelastic moduli of SDS, casein and SDS/casein
m h
C
a clas-
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c ure
σ
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S ound
a ul-
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γ ed
f

t the walls. The cone angle is 10◦ and both cone and pla
ave a diameter of 175 mm. The foam is directly injec

rom the turbulent mixer inside the cell, from the cente
he bottom plate, and the cell is filled with no gap or hole
few seconds.
Amplitude sweep experiments (oscillations at a fixed

uencyω = 1 rad s−1 and with a strain amplitudeγ varied
rom 10−4 to 1) allow to measure the storage and loss mo
G′ andG′′), and to determine the range of linear respo
nd the foam yielding[33]. Creep experiments have also b
erformed: the foam is subjected to a constant stressΣ and

he resulting strainγ, and complianceJ (J=γ/Σ) [33], are
easured versus time.
We first performed some amplitude sweep measurem

ith a simple surfactant (SDS) foam, made with C2F6 (to
educe coarsening as much as possible). We have reco
he classical curves forG′ andG′′ as a function of the stra
14,15,20]: at low strains, plateau value forG′ (namedG′

0
n the following), and almost no variations forG′′ (also al-
owing to define a strain-independent valueG′′

0); and at high
trains, both moduli decreases drastically, as a signatu
he foam yielding (the yield strain and stresses, define
he values for which the relation between stress and s
s no longer linear, occurs slightly before the bump inG′′
20]). Our results are consistent with previous ones on fo
17–20]. Moreover, when the liquid fractionε is varied, we
nd a dependence ofG′

0/(σ/R) which follows the previousl
ound law (expressed more practically with the gas fractioφ,

′
0/(σ/R) ∼ φ(φ − φc) [14–15]). Note that the whole rang
f liquid fraction cannot be thoroughly studied on grou
ixtures foams are displayed on theFig. 1(foams made wit
2F6, and atε = 0.15). We first discuss the behavior ofG′. For
ll the foams, the amplitude sweep curves keep the same
ical shape with only small variations for the plateau va
′
0. A more accurate comparison between the different fo

an be done onceG′
0 is normalized by the Laplace press

/R (here, we chooseR as the mean bubble radius)[14,15].
n Fig. 2, G′

0/(σ/R) is plotted as a function of the amount
DS added in the casein solution, together with values f
t the same liquid volume fraction in other studies on em

ig. 1. G′ (full lines) andG′′ (dotted lines) as a function of the applied str
, for various C2F6 foams, with initial liquid fractions of 0.15, and at a fix

requencyω = 1 rad s−1.
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sions stabilized either by surfactants (PDMS silicone oil in
water with SDS at 10 mM[14]), proteins (hexadecane oil in
water with bovine serum albumin[21], soybean oil in water
with sodium caseinate as a stabilizer[22]), or solid particles
(PDMS silicone oil in water with partially hydrophobized sil-
ica particles[23]). The value found for our pure SDS foams
is indicated by a dedicated symbol and the arrow, and the
dashed line corresponds toG′

0/(σ/R) = 0.25, which is the mea-
sured value for surfactant monodisperse emulsions atε = 0.15
[14].

For our foams,G′
0/(σ/R) turns out to be almost constant

and independent of the chemicals used: no huge differences
are found between protein and surfactant foams, in opposi-
tion to results for emulsions. Moreover, for all our measure-
ments the ratioG′

0/(σ/R) is very close to 0.25. In fact, and
in contrary to emulsions, we have found that the normal-
ized moduli for the protein foams and mixtures are even a
bit smaller than the expected value (especially for the mix-
tures). It is difficult to know if this is a significant effect, or
if it may come from the normalization byσ/R: with possible
different in situ surface tension, for instance; or in relation
with the scaling byR rather than by the radiusR32. Note,
however, that we believe that the ratioR/R32 is constant for
all our foams (since from microscopic observations the poly-
dispersity is not changing): thus the relative evolution seen
in Fig. 2 as SDS is added is meaningful, and remains the
s lly, a
s d
a out
t tedly
h face
t gher
t rom
t fact,
a uli in

F e
a esults
f the
r

Fig. 3. G′′
0 as a function of the amount of SDS added in a pure casein solution.

The arrow and the open square stand for the pure SDS value (all foams at
ε = 0.15).

agreement or not with the scaling law have been found, de-
pending on the oil used, thus on the oil–water surface tensions
[21,22].

The behavior of the loss moduliG′′
0 is reported inFig. 3

(without any normalization). Here some significant differ-
ences are found between the pure casein foams and the sur-
factant ones:G′′

0 is roughly 4–5 times bigger for the casein
foams than for the SDS ones. Nevertheless, as soon as a small
amount of SDS is added, the modulus decreases down to the
value obtained for a pure SDS foam (indicated by the arrow
on the right). It thus seems that some extra dissipation oc-
curs for the protein foams either coming from the viscous
contributions within the interfaces and/or from the thin films
(with their thick and jellified texture, and confined aggre-
gates). Note here again that, for the mixtures, a same trend as
for G′

0 is observed: for both moduli, a minimum is found for
the intermediate mixtures, showing that the mixing is prob-
ably not a simple process, which does not follow a simple
linear curve between the two limits.

Note that our measurements were made at a constant fre-
quency,ω = 1 rad s−1. However, the viscoelastic moduli de-
pend on a complex manner on that frequency[18–20,34].
For every foam, there is nevertheless always a range of inter-
mediate frequenciesω (here for our systems, typically from
0.1 to 5 rad s−1) where the moduli are almost frequency-
independent, and it is inside this range that we have per-
f re are
r ul to
c ies is
a tud-
i int
o
i to be
s
r

ame whatever the radius used in the scaling. Physica
maller value ofG′

0/(σ/R), for a given liquid fraction, coul
lso come from a lower effective compaction. So it turns

hat for the casein foams we have not found unexpec
igh elastic modulus as for protein emulsions: the sur

ension in foams remains actually much too high (and hi
han in emulsions) so that all other elastic contributions f
he interfaces are comparatively smaller and hidden. In
lso for emulsions stabilized by casein molecules, mod

ig. 2. G′
0 normalized by the Laplace pressure (σ/R) as a function of th

mount of SDS added in a pure casein solution. Arrows represent r
rom other studies, all atε = 0.15. The arrow and the open square on
ight, stand for the pure SDS value.
ormed our measurements. So the results discussed he
epresentative of that regime, and it is thus meaningf
ompare them. Studies and comparisons at all frequenc
n ongoing work (the low-frequency range is partially s

ed in Section3.4). As another remark, we also want to po
ut that for the casein foams, even though theG′

0/(σ/R) is
dentical to the one for SDS foams, the yielding seems
lightly different (the yield strain is smaller,Fig. 1), and this
emains to be completely explained.
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Fig. 4. G′ andG′′, measured at fixed frequencyω = 1 rad s−1 and strain
γ = 0.005, as a function of the foam age. Casein foams with different gases,
at ε = 0.15.

3.3. Gas effects on viscoelastic moduli

To investigate the effect of the gas, we studied pure ca-
sein foams, made either of C2F6 or N2. Within the linear
regime (constant strain of 0.5% andω = 1 rad s−1), we have
measured the viscoelastic properties, as well as their time
evolution (Fig. 4). At time zero, the elastic modulus is almost
independent of the gas used (small variations may come from
different initial bubble sizes). Initially, the loss modulus de-
pends slightly on the gas, and the observed variations are up to
now difficult to understand. Non-aging materials would give
constant values forG′ andG′′ over time. Foams are however
out of equilibrium systems, and age mainly via drainage and
coarsening. Both phenomena are expected to affect the elas
tic properties as they respectively change the liquid fraction
and the bubble size. RegardingG′, two opposite behaviors are
indeed found. For C2F6, we know that almost no coarsening
occurs (for casein, the coarsening time at constantε = 0.15
is tc ≈ 2× 104 s [28,30]). However the foam drains: as the
foam gets dryer in a large part of the sample, the bubbles get
more packed and the modulus increases. The decrease ofG′

0
for N2 is explained by the opposite situation: the domina-
tion of coarsening (the coarsening time at constantε = 15%
is tc ≈ 850 s[28,30]) over drainage. Obviously, both effects
occur in the foam as they are always coupled: here, variations
of the bubble size due to coarsening (which is moreover en-
h ones
d e the
b us the
t

d as
t case
w as
G ould
t le
p

and for foams in[19] (though this remains surprising as such
Laplace pressure should only be relevant for describing the
elastic contribution).

3.4. Creep measurements

Creep experiments allow a complementary study of the
interfaces and gas contributions to foam linear rheology
[33,35]. Measurements of the complianceJ(t), linked to those
of G*(ω) by a Laplace transform[33], can be used to ver-
ify and implement the oscillatory measurements. Here, we
only present preliminary creep results and qualitative anal-
ysis. The complete quantitative and comparative analysis of
the creep experiments, in terms of fitting parameters as a
function of the foam parameters – liquid fraction, nature
of the gas and surfactant – as well as the relation between
these results and the interfacial viscoelasticity[35,36] is un-
der progress, and will be reported in a future dedicated ar-
ticle. Creep curves are presented in theFig. 5 for foams
made of different combinations of gas and interfacial com-
ponents. All the curves share the same shape: a first instan-
taneous increase is followed by a curved transient part, and
then a final regime with a linear slope is observed (corre-
sponding to a steady-state deformation). Actually, such creep
curves, as proposed for the first time in[35], can be fit-
t re-
l
t of the
c d
t ein)
s
t
d d a bit
s and
q
p -state
s -

F es,
a curves,
a

anced as the foam drains) are larger that liquid fraction
ue to drainage. So, changing the gas allows to chang
alance between drainage and coarsening times and th

ime evolution of the foam rheological measurements.
For G′′

0, the same dynamical behaviors are observe
he gas is changed. This is especially interesting for the
ith N2: this means thatG′′

0 may depends the same way
′
0 on the foam aging, and thus on bubble size. One c

hen even wonder ifG′′
0 could be also scaled by a simp

ressure termσ/R′, as reported for emulsions systems in[16]
-

ed throughout the available experimental times, by a
ationship J(t) = 1/G0 + 1/G1(1− exp(G1t/η1)) + t/η0, where
he three terms, respectively, represent the three parts
urves describes above. For a fixed gas (C2F6), we have foun
hat the variation of the interfacial properties (SDS or cas
lightly changes the exponential parametersG1 andη1, and
he associated characteristic timescaleτ1 =η1/G1 (of the or-
er of 10–20 s). For the casein foams, this decay is indee
lower, indicating more viscous dissipative contributions,
ualitatively confirming the differences seen forG′′ between
ure casein and SDS foams. At long times, the steady
lope strongly depends on the gas used (Fig. 5). Such spe

ig. 5. Creep curves (complianceJ vs. time) for three solution/gas coupl
tε = 0.15. Symbols represent the data, and the lines are the adjusted
s discussed in the text.
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cific flow behaviors at long times are due to the coarsening
process, as reported in[35], and in[34] (where relaxation ex-
periments were performed). In fact, at long times, the stresses
are relaxed by coarsening-induced events, and coarsening un-
jams the foam, which then flows like a classical liquid, at a
viscosityη0 depending on the gas[34,35]. Here we confirm
these ideas, and find that the viscosityη0 is indeed much
bigger for the low coarsening foam (with C2F6) than for the
fast coarsening one (with N2). Moreover, we also evidence
here the effect of the interfacial components on coarsening: a
higherη0 (meaning lower coarsening) is found for the casein
foams (while keeping the same gas, C2F6). This can in fact be
explained by the differences in the thin film thicknessh: the
coarsening times and rates are indeed directly proportional
to h, and the difference of thickness between SDS and ca-
sein foams can be estimated around 5[30]. Note finally that
for the long times behavior, the linear slope is only valid for
relatively short time period, and should not remain over long
period of time, as the coarsening rate is actually not constant
with time.

4. Steady flow and dilatancy effects

Foams can also be sheared continuously, at constant rates,
providing measurements of viscosity and viscous stresses.
T be-
t well
c t, for
s
s ment
i
I ple,

the possibility of slip at the cell walls has also to be taken into
account, and such effects also strongly affect the macroscopic
rheological measurements. The difficulty to clarify these is-
sues in 3D foams comes from the fact that the uniformity of
the shear is not easy to test or to measure. The optical prop-
erties of foams only allow to follow the bubble motion at the
edge of a sample.

We decided to investigate this problem of possible shear
localization by a different way: creating on purpose a perma-
nent and controlled shear localization inside a foam sample,
and looking at its properties, and what this phenomenon im-
plies. In order to localize the shear in a dedicated part of
the foam, we have used a thick SDS foam sample (made
with C2F6) confined and sheared between a fixed plate and
a rotating one. At rest the sample has a hourglass shape, cre-
ated by separating the plates from a smaller sample thickness
(1 cm) up to the final one (7 cm). The smaller radius is then in
the middle height (Fig. 6). Under rotation of the top plate, a
thick part of foam turns as a solid body together with the top
plate; while at the bottom, another thick part remains still.
All the shear is then localized within an middle region of a
few bubble thickness.

In the sheared region, visual observations show that the
bubbles finally get a more spherical shape, different from
the quite packed and polyhedral one of the upper and lower
part. This also results in a different light reflection pattern
( orted
i and
c It is
p hen
t with
n imi-
l s

F tation a onl
i stable
he interpretation of the flow curves and comparisons
ween samples are only valid if the deformation is always
ontrolled and uniform. Recent results have shown tha
ome cases and systems, shear localizations occur[37–39]re-
ulting to shear bands in the samples. Previous measure
n foams however tend to show that the shear is uniform[40].
n addition to these non-uniform effects within the sam

ig. 6. Picture of the foam taken 17 s after the start of the top plate ro
n the central part, and this results in liquid transport and creation of a
s

Fig. 6). This means that some liquid seems to be transp
nto the sheared band. Visually, the effect is rather fast
omes to an equilibrium situation after a few seconds.
erfectly reproducible, and even perfectly reversible: w

he rotation stops, the foam gets back to its initial state,
o more differences within the sample. Note that rather s

ar observations are reported in[41], though interpreted a

nd corresponding velocity profiles along the vertical axis. The sheary occurs
liquid fraction gradient (initial liquid fraction,ε = 0.10).
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Fig. 7. Relative evolution of the amount of liquid within, below and above
the controlled shear band, normalized by the value att= 0 s (initial uniform
liquid fraction,ε = 0.07).

a shear-induced size segregation. In fact, we can exclude
this mechanism in our studies: our observations show this
is the same bubbles which remain inside the central part (be-
fore, and during the shear). There are no exchanges or bubble
shifts, evidencing that new bubbles with a different size may
be brought inside the sheared part. Moreover, when the shear
is stopped, the bubbles instantaneously stop, and as the liq-
uid re-distributes evenly by capillarity inside the foam, the
previously sheared bubbles finally look back exactly as the
other unsheared ones (the visual observation and aspects o
bubbles of equal volumes actually depends on the foam liquid
fraction).

To verify the direct observations, we performed electri-
cal conductimetry measurements at different positions in the
foam [1]. Diametrically opposed couples of electrodes are
placed at, below and above the shear band height. Normal-
ized conductances, directly proportional to the liquid content,
are reported inFig. 7: the measurements confirm the liquid
fraction increase in the sheared region. The first investiga-
tions show that this increase can be quite significant, and up
to 50% when starting with a foam having a homogeneous liq-
uid fraction of typically 0.1. Measurements on the two other
electrodes show a constant value or a slight decrease, but no
of the same amplitude of the increase in the sheared band: in
this first setup, the electrodes were probably too close to the
sheared part (a few bubbles apart), and the measurement is
t More
m seen
a file.

ange
t can
b ntact-
i tion
a ther,
i alled

dilatancy, meaning that a material increases its volume under
shear. Though it is a well-known effect for granular materi-
als, it has just recently been discussed in the framework of
aqueous foams[43]. Note that here we are discussing about
the dynamic dilatancy (or Bagnold’s dilatancy[44]) corre-
sponding to the case of continuous applied shear, and not in
the quasistatic state.

The results tend to show that shear localization (or shear
banding) and liquid gradients are strongly connected. As soon
as the shear is not uniform, the liquid fraction could also
becomes non-uniform, and this should also work in the op-
posite way, possibly evidencing a mechanism for the occur-
rence of shear localization (induced by liquid fraction het-
erogeneities).

It is also interesting to point out the link between dila-
tancy and the convective instabilities seen in the situation of
forced drainage[44–45], as initially proposed in[42]. These
instabilities create a paradoxical situation, not yet understood,
where foam parts of different liquid fractions coexist within
a same sample (in spite of capillarity effects which tend to
homogenize the liquid distribution). We show here that such
a situation is actually possible: in our sample, and due to di-
latancy effects, foams of different liquid fraction indeed co-
exist, because each part is submitted to a different shear. The
dilatancy suction counterbalance the capillary suction. As in
the convective instabilities, the driest foam mostly moves as
a ttest
p

5

asein
f tic
m t on
t sur-
f fect
r stic-
i face
t r
t w
s
o does
n tion
o s the
g coars-
e ning
i the
f s the
f , that
t a their
e flow
s ffect.
O d co-
h can
a jected
hen made through both unsheared and sheared foam.
easurements, covering the whole foam height, are fore
nd should provide us the time evolution of the liquid pro

In the sheared region, bubbles must constantly ch
heir relative positions. We have found that some liquid
e sucked into a sheared foam (from an unsheared co

ng foam): this means that in this process of bubble mo
nd shear, the bubbles slightly move apart from each o

ncreasing their relative distance. This phenomenon is c
f

t

,

solid body, with no internal shear, oppositely to the we
art where more shear occurs.

. Conclusions

The results reported here, on SDS, casein and SDS/c
oams at a fixed liquid fractionε = 15%, show that the elas
odulusG′

0 can be practically considered as independen
he foam chemical components (once normalized by the
ace tensionσ). Indeed, we have not found the same ef
eported for protein emulsions with high surface viscoela
ty. The main reason for this difference is the too high sur
ensions always present in foams:σ is always much bigge
han any interfacial elasticitiesεr. However, the results sho
ome effects of the chemicals on the loss moduliG′′, which
rigin remains to be completely understood. If the gas
ot change the initial rheology, it changes the time evolu
f the foam mechanical properties via the foam aging, a
as properties set the balance between drainage and
ning. We have also confirmed the crucial role of coarse

n the long time (low frequency) regime. At long times,
oams flows as a simple liquid as the coarsening unjam
oam. We have also recovers, via the creep experiments
he coarsening process can depend on the chemicals, vi
ffects on the thin film thickness. Concerning the steady-
ituation, we have found clear evidences of a dilatancy e
ne of the consequences of this effect is the unexpecte
abitation of wet and dry parts in a same foam, which
ctually happens because these different parts are sub
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to different shears. We believe that this connection between
liquid gradients and shear localization could be an important
ingredient to understand both the occurrence of shear band-
ing, and the mechanism of the convective instabilities.

The results reported here mainly concern foams at an ini-
tial liquid fraction of 0.15. As noted already in the text, it is
strongly possible that different behaviors occur at other liq-
uid fractions, especially in both limits of extremely dry and
extremely wet foams. The continuation of this work (liquid
fraction dependence, frequency dependence, use of other in-
terfacial and bulk chemicals, studies on the yield point and
above it, etc.) is under progress, and should help us in the fu-
ture to better understand all the coupling between interfacial
properties, aging and rheology.
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