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Viscoelastic behavior of dense microemulsions
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We have performed extensive measurements of shear viscosity, ultrasonic absorption, and sound
velocity in a ternary system consisting of water-decane-sodium di(2-ethylhexyl)sulfo-
succinate(AOT), in the one-phase region where it forms a water-in-oil microemulsion. We observe a
rapid increase of the static shear viscosity in the dense microemulsion region. Correspondingly the
sound absorption shows unambiguous evidence of a viscoelastic behavior. The absorption data for
various volume fractions and temperatures can be reduced to a universal curve by scaling both the
absorption and the frequency by the measured static shear viscosity. The sound absorption can be
interpreted as coming from the high-frequency tail of the viscoelastic relaxation, describable by a
Cole-Cole relaxation formula with unusually small elastic moduli.

The study of multicomponent supermolecular liquids,
consisting of mixtures of oil, water, and surfactant, form-
ing microemulsions, has recently become a very active
field of research, both experimentally and theoretically.
Some microemulsions can be effectively described as a
collection of semimacroscopic surfactant-coated water
droplets dispersed in a continuous oil medium having a
weak interparticle attraction. ' A wide variety of physi-
cal phenomena can be observed in these supramolecular
liquids, for example, the critical and percolation
phenomena or the glasslike behavior in dense phases. ' '

The behavior of microemulsions near the consolute
point has been studied by static and dynamic light
scattering. Both the scattered intensity and the order
parameter relaxation rate show a typical behavior which
can be interpreted in terms of the well-established
theories of critical phenomena. The critical indices have
values showing that microemulsions belong to the same
universality class as multicomponent liquid mixtures near
a consolute point. The only difference between mul-
ticomponent molecular liquids and microemulsions lies in
the fact that the smallest length scale in microemulsions
is the size of the droplets, a feature that becomes
significant for the interpretation of the static and dynam-
ic light scattering data, when the system is not very close
to the consolute point. '

The other striking property of microemulsions that has
been carefully studied is the electrical conductivity per-
colation phenomena. ' Both static and dynamic per-
colation phenomena hae been investigated by means of
electrical conductivity and dielectric constant measure-
ments. The results show a scaling behavior of the dielec-

tric relaxation in terms of frequency, composition, and
temperature. The overall percolation behavior is now ac-
curately known. ' When below the percolation thresh-
old, a dynamic percolation picture holds, which relates
the effect to hopping of surfactant molecules within tran-
sient clusters formed by microemulsion droplets. Howev-
er, above the threshold the static percolation picture
holds '

Finally, a glasslike behavior in dense microemulsions
has been shown by dynamic light-scattering experi-
ments. ' '" These measurements give the time correlation
function of the droplet density fluctuations, which devi-
ates from an exponential decay. The density correlation
function follows, instead, a stretched exponential law of
the Kohlrausch-Williams-Watts' ' type. This latter
fact, which is characteristic of glassy systems, is related
to the existence of a constrained diffusion, ' which may
be similar to the conduction by hopping of the surfactant
molecules hypothesized in the dynamic percolation pic-
ture.

In this work we show that sound propagation in mi-
croemulsions has a novel feature that is distinct from the
behavior of a typical dense molecular liquid. In fact it
shows viscoelasticity, which is related to the anomalous
increase of the static shear viscosity and/or to the rather
low elastic moduli in these systems. This effect can be
found in the ultrasonic frequency range and is sometimes
detected in fiuids of relatively small viscosity like systems
forming micelles, ' and in highly viscous systems such
as polymer solutions, polymers, gels, ' and supercooled
liquids. Ultrasonic investigations of not too dense mi-
croemulsions have been made and they show anomalous

42 3421 1990 The American Physical Society



3422 C. CAME'I I'I et al. 42

ultrasonic absorption effects related either to critical phe-
nomena ' or to the droplet-shape fluctuations.
Volume fraction dependent viscoelastic effects in sodium
di92-ethylhexyl)sulfosuccinate (AOT)-decane inverted mi-
cellar systems have been recently reported by Ye et 01.,
who performed ultrasonic and light-scattering experi-
ments. These authors observed a frequency-dependent
sound velocity and absorption, a behavior which was at-
tributed to the existence of viscoelastic effects.

We have studied the system water —decane —AOT along
a line in the ternary phase diagram where the molar ratio
of water to surfactant X is held constant to the value
40.8. The volume fraction P of the dispersed phase (wa-
ter plus surfactant) is determined assuming additivity of
the volumes of the three components. For these systems
it has been shown by neutron scattering' that the mi-
croemulsion behaves effectively as a two-component mix-
ture of AOT-coated water droplets in oil. When X is kept
constant of 40.8, it was shown that the droplets are
spherical particles having a constant water core radius of
50 A. We have measured the static shear viscosity, the
sound velocity, and absorption for volume fractions
P =0.10, 0.15, 0.30, 0.50, 0.65, and 0.75 and at two tem-
peratures 23.5 and 36.5'C. The system shows a lower
consolute critical point at the critical volume fraction
P, =0.098 and the critical temperature T, is around 40
'C. Below this temperature the microemulsion is in the
one-phase region. The choice of P and T has been guided
by the precise knowledge of the percolation line of the
system, which has been determined at the same time by
means of static electrical conductivity. ' For the two
temperatures investigated, the percolation point is at
P =0.63 for T =23.5'C and 0.11 for 36.5'C. The low-
conductivity region occurs at low temperatures and the
high-conductivity region at high temperatures.

The static kinematic viscosity ri, /p measurements have
been performed using a Ubbelhode capillary viscometer
immersed in a thermostatic bath. The mass density of
the mixtures p was measured for some compositions by
means of a piknometer in order to establish the validity
of a linear law of variation of p with P. This fact has
been also verified in the same system, and under the same
conditions, in an independent measurement. The accu-
racy of the shear viscosity measurements, which range
from 0.6 to 100 cP, is about +0.5%.

The static shear viscosity g, measurements are report-
ed in Fig. 1, and show a rapid increase as a function of P,
for both temperatures we investigated. These results are
in very good agreement with the available experimental
data. ' ' ' We analyzed our measurements in terms of
the empirical law due to Krieger
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FIG. 1. Measured static shear viscosity for the two tempera-
tures we investigated (23.5 and 36.5'C).
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(36.5'C) and the ones of Ref. 29. In Fig. 2 we report a.
universal plot of the scaled shear viscosity (ri, /gz) "as a
function of the scaled volume fraction Pleo. The empiri-
cal law is represented here as a straight-line intersecting
the axes at 1. The experimental points follow this law up
to P/go=0. 6. We note from Fig. 1 that there is no clear
evidence of an anomaly of the shear viscosity as a func-
tion of P due to the crossing of the percolation line, both
for low and high temperature. On the other hand, the
absence of scaling of the shear viscosity, Fig. 2, could be
related to percolation; in fact, the scaled volume fraction
at percolation is Pz /go=0. 9 and 0.3 at low and high tem-
peratures, respectively. The viscosity increase is attribut-
ed to the percolation behavior of the system in a recent
study of shear viscosity in microemulsions by Peyrelasse,
Moha-Ouchane, and Boned. " These authors show that
the anomaly in viscosity can be interpreted in terms of
power laws, like electrical conductivity, only when the
difference in viscosity of the two-liquid components of
the microemulsion is very large, as it is the case in some
waterless microemulsions.

The ultrasonic absorption and sound velocity measure-
ments have been performed in the frequency range from 5

to 300, and 5 to 45 MHz, respectively. For the absorption
measurements we used a standard pulse comparison tech-
nique, while for the sound velocity a phase comparison

with g& the measured shear viscosity of decane, and v
and Po two free parameters. It has been possible to fit our
data and those of Refs. 15 and 29 for the low temperature
(23.5'C) with the choice v=0.4 and go=0. 65, while the
same numerical value of v=0.4 and Pc=0.33 are the best
parameters for the high-temperature measurements
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FIG. 2. Scaled viscosity of Eq. (1). The open circle and the
solid one refer, respectively, to low and high temperatures. The
open square and the solid one to Ref. 29 and the open triangles
to Ref. 15.
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method has been employed. Both techniques have al-
ready been described in detail elsewhere. ' The ultrasonic
cell was a 2.5-cm-diam stainless-steel cylinder with two
5-MHz X-cut quartz transducers. Sample volumes were
about 50 ml and the temperature was controlled within
+0.1'C. The overall accuracy of the sound velocity mea-
surements is of the order of 0.1%, while for sound ab-
sorption it is better than 5%.

For all the investigated compositions and temperatures
we observed no discernible frequency dispersion in the
sound velocity. As shown in Fig. 3 the sound velocity
slightly decreases with P in the low-(() range (up to 0.20)
and then increases at high P for both temperatures. The
positions of the sound velocity minima seems to bear no
relationship with the corresponding percolation values

P . The presence of sound velocity minima as a function
of P has been previously noticed in Refs. 26 and 27.

The ultrasonic absorption measurements, as expressed
by a/f, with a the amplitude absorption coefficient and

f the frequency, show large frequency-dependent effects.
We analyze the overall results according to a viscoelastic
behavior assuming for the absorption coefficient the gen-
eral form

E„r,
I+(2m' f )

"rI„(,d, T)=
(3)

where c the sound velocity and B the constant high-
frequency absorption whose relaxation frequency is well
above the ultrasonic range. It includes all the high-
frequency relaxational processes not due to the
frequency-dependent shear viscosity rj, (f, P, T) and/or
volume viscosity rl„(f,g, T). The two viscosities relax
due to structural effects, and we assume a relaxation pro-
cess described by the well-known Cole-Cole relaxation
formula, which physically represents a continuous distri-
bution of processes around an average relaxation frequen-
cy3 3

G
rl, (,h, T)=

I+(2m' f)"

processes with characteristic times r, (P, T) and r„(P,T),
respectively, for the shear and volume viscosities.
G„(P,T) is the shear modulus and K„(P,T) the relaxa-
tional part of the compressional modulus. They are re-
lated to the static shear and volume viscosities and the
corresponding relaxation times through the relations
rI, (0,$, T) =G„r, and rl„(0,$, T)=K„r,.

The combined measurements of sound velocity and
static shear viscosity allow the evaluation of the static
classical absorption coefficient due to the shear viscosity
alone [(a/f ), ]:

tr
I

tz(f P T) 87r

f-0 f 3pc
(4)

The most important feature of our experiments is ob-
served by comparing the measured absorption coefficient
(a/f ),„,to (a/f ), as a function of frequency (Fig. 4).
For relatively small values of P, up to 0.30, we find

(a/f ),„~, greater than (a/f ), while for (t &0.30,
(a/f ),„~, is always smaller than (a/f ), . This fact is
direct evidence of a viscoelastic behavior, i.e., the relaxa-
tion of both shear and volume viscosities with a relaxa-
tion frequency in the investigated range. This is an
unusual property of the dense microemulsion as com-
pared to the usual molecular liquids, where the bulk
viscosity is relaxing in the case of structural relaxation.
In order to stress this fact, we report in Fig. 5 the scaled
absorption (a/f ),„&,/(a/f ), as a function of frequen-

cy, which shows, for large volume fractions, clear evi-
dence of viscoelasticity.

The sound absorption for P (0.30 can be interpreted in
a usual way as for sound propagation in complex
liquids, ' namely as the superposition of relaxation pro-
cesses at low and high frequencies. The former are typi-
cally due to bulk viscosity, while the latter to various pro-
cesses beside shear viscosity relaxation. They cause
(a/f ), in the low-frequency region to be less than the
asymptotic absorption B. For example, in not too dense
microemulsions, volume viscosity relaxation may be due
to exchange processes of surfactant molecules or to
shape fiuctuations in the spherical droplets. As P in-

where P is a distribution parameter for the relaxation
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FIG. 3. Measured sound velocity and static absorption due
to shear viscosity.

Flax. 4. Scaled absorption (a/f ),„,/(a/f ), for low tem-
perature. The open squares and triangles refer to /=0. 10 and
0.30; the solid circles, squares, and triangles to /=0. 50, 0.65,
and 0.75, respectively.
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FIG. 5. Scaled absorption (a/f ),„~, /(a /f'), for high tem-

perature. The symbols are the same as in Fig. 4.

creases, the static shear viscosity and the corresponding
(a/f ), show a large increase. According to the propor-
tionality between static shear viscosity ri, (0,$, T) and the
relaxation time ~„assuming that the elastic moduli are
slowly varying functions, we then expect a corresponding
increase of ~„hence a lowering of the relaxation frequen-
cies. This fact is well known from the theory and experi-
ments on ultrasonic relaxation in viscous molecular
liquids where it is often found ~, =~, =~. We therefore
tentatively assume this equality so that form Eq. (2) we
derive

a(f, P, T) A (P, T)

f I+(2~r f )
(5)

The amplitude A (P, T), according to our hypothesis, is
given by

(6)

In order to estimate the relaxational properties of the sys-
tern, we plot in Fig. 6 the scaled absorption due only to
viscosities [(a/f ),„,—B]/( /af ), as a function of the
frequency scaled with the relaxation frequency given by
Eq. (4), i.e., we use a dimensionless scaling parameter
2rrfr, ~ fr), (0,P, T). We stress that the classical ab-
sorption coeScient is obtained from the combined mea-
surernents of shear viscosity, density, and sound velocity.
The only parameter that is fixed by inspection of the raw
data is the limiting value of the absorption which, togeth-
er with the measured classical absorption, gives B. The
values we get are rather smoothly varying among the
different measurements and moreover a slight change of
B does not affect the scaled absorption. Once this pro-
cedure for the evaluation of B is used, there are no other
fitting parameters in our treatment and the data naturally
follow a single scaled curve. The fact that the data points
scale on a single curve, which is a straight line in a
double-logarithmic plot, indicates that we are observing
the high-frequency part of a relaxation process. This ob-
servation supports, in addition, the simplifying assump-
tion that the shear and volume viscosities have similar re-
laxation frequencies and give rise to a relaxation with an
amplitude which is related to the combination of the stat-

Scaled frequency

FIG. 6. Scaled absorption as a function of scaled frequency
for the mixtures with volume fraction larger than 0.30. The
straight line is the Cole-Cole formula of Eq. (5) with the values

of the pararmeters given in the text.

C Co 2G l+
3pco2

3K„
(7)

ic values of the longitudinal viscosity. The relaxational
behavior of the system could be interpreted in a different
way by supposing a small contribution from the volume
viscosity and a dominance of the shear one. However,
such possibility is ruled out by the observation that in the
low-frequency region of our investigation, the absorption
attains values of the order of twice the values obtained
from the classical absorption of Eq. (4).

In order to proceed further we then assume a relaxa-
tion process described by the Cole-Cole formula for fre-
quencies high compared to the typical relaxation frequen-
cy. Looking at the double-logarithmic plot in Fig. 6, we
see that all the data points, for any f and T and for high
volume fractions, fall on a sing1e straight line with a slope
2(1 —P)=0.92. This result leads us to exclude a high-
frequency single relaxation process of the Debye type,
which would imply p=O, and supports instead a high-
frequency Cole-Cole relaxation with P=0.54.

It is worth noting that since the data roughly fall on
the single curve shown in Fig. 6, we are allowed to as-
sume that for high volume fractions of the rnicroemul-
sion, the parameters appearing in Eq. (6) do not depend
strongly on P and T. Therefore we can fit all the mea-
sured values, using Eqs. (4)—(6), with the Cole-Cole equa-
tion in the high-frequency limit with the relaxation times
respectively 23.2, 58.3, and 122 ns for /=0. 50, 0.65, and
0.75 at low temperature and 24.8 and 27.4 ns for /=0. 50
and 0.65 at high temperature. The parameters of the fit
are given by p=0. 54, G „=0.8 X 10 dyn/cm2 and
I(,=3X10 dyn/cm . These values of the elastic moduli
are small compared to those obtained in associated
liquids (= 10' dyn/cm), but the same order of magnitude
as those found in other dense micellar solutions. ' ' The
relative values of G and K„ indicate the presence of a
very large static volume viscosity, of the order of 40 times
the static shear viscosity. In addition, they can explain
the lack of dispersion effects on the measured sound ve-
locities. In fact, according to the viscoelastic theory,
the sound velocity dispersion is given by
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and, with the values of the elastic moduli we obtain, turns
out to be of the order of 10, a dispersion which is not
observable in the frequency range of our velocity mea-
surements. In fact, our measurements show a dispersion
of the order of 1 to 2 m/s in the frequency range from 5
to 45 MHz, which is well above the relaxation frequency
and consistent with the previous estimate. The corre-
sponding variation in the measurements of Ye et al. is
of the order of 4% from the ultrasonic to the hypersonic
region. The difference between the two measurements is
not very large and can be attributed to the different com-
position of the samples, i.e., to the presence of water in
our system that can vary the elastic moduli and therefore
the sound dispersion. The situation is completely
different in the case of viscoelastic associated liquids,
where the dispersion of sound velocity may be of the or-
der of 50%.

In conclusion we emphasize that the viscoelastic be-
havior of this water-in-oil microemulsion is observed only
for volume fractions of the droplets greater than 0.30.
One can speculate on the mechanism underlying the
viscoelastic behavior of the dense microemulsions. Since
the measurement was made in a one-phase region in the
vicinity of the percolation line, ' as mentioned before, the
viscoelastic behavior could be understood from the point
of view of the increased connectivity among the droplets,
which has been used to explain electrical conductivity in
the percolating regime. Since the microemulsion droplet
is electrically neutral as a whole, there is a weak, but
long-range, attractive part of the interdroplet interaction
which may become important when the volume fraction
of the droplet is sufficiently high. A transient solidlike
network may form, with a characteristic time v. of the or-

der between 0.01 and 0.1 ps. On a time scale longer than
~ the system behaves like a collection of isolated droplets
undergoing Brownian motions, but in the opposite case
one sees the system as formed by fractal clusters on a
solidlike network having some finite elastic moduli. A
similar picture has been proposed in the work of Ye
et al. on a dense reverse micellar system we mentioned
before. Even though this picture is appealing, we are
nevertheless unable to observe a sharp viscoelastic transi-
tion at the percolation line. There is an alternative mech-
anism that may explain the occurrence of viscoelastic be-
havior for volume fractions larger than 0.30. It is known
from Ref. 15 that above volume fractions of 0.40 there is
a transition from the isotropic microemulsion phase to an
anisotropic lamellar phase at temperature above 35'C.
Thus the solidlike behavior at high volume fractions may
be linked to a pretransitional ordering of the surfactant
layers. Regardless of the model, the smallness of the elas-
tic moduli reflects that the local solidlike order is rather
fragile due to the interdroplet attractive interaction the
order of magnitude of which is less than kz T.
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