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Here we demonstrate that both discontinuous and continuous transition between the sponge and lamellar
phase can be induced by steady shear flow for a hyperswollen membrane system. The discontinuous nature of
the transition is revealed by a distinct hysteresis in the rheological behavior between shear-rate increasing and
decreasing measurements at a constant temperature. This discontinuity becomes weaker with an increase in the
shear rate and temperature, and the transition eventually becomes a continuous one without any hysteresis. We
also found another shear-induced transition in a one-phase lamellar region. The dynamic phase diagram in a
nonequilibrium steady state under shear is constructed for the sponge-lamellar transition as well as another
transition in a stable lamellar phase. Possible physical mechanisms for these shear-induced transitions are
discussed.
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I. INTRODUCTION

Shear-induced phase transformation have recently at-
tracted much attention from both fundamental and industrial
viewpoints �1�. Since the transition occurs between nonequi-
librium steady states, kinetic effects associated with energy
dissipation, such as hydrodynamic and viscoelastic effects,
play key roles in the transformation, unlike the equilibrium
phenomena. Because of this fundamental difficulty, the na-
ture of such a transition and the principle of phase selection
�or, more strictly, state selection� remains an open problem of
nonequilibrium soft matter physics.

One of the important issues associated with this problem
is the coupling between shear flow and an internal structure
of complex fluids, which controls the rheological properties.
In particular, bilayer membranes can be organized with vari-
ous topologies, such as sponge, lamella, and onions; thus, the
coupling between the shear field and the membrane organi-
zation is of great interest. Two types of shear-induced tran-
sitions have been well known: �i� lamellar-to-onion and �ii�
sponge-to-lamellar transition. The former was found by Diat
and Roux �2�. Since then, there have been intensive studies
on the instability of a lamellar phase under shear and the
formation of the so-called onions both experimentally �3–9�
and theoretically �10–14�. This transition exhibits extremely
rich behavior and the physical mechanism has still not been
fully clarified yet.

Among various kinds of shear effects on complex fluids,
shear effects on an isotropic-smectic transition are interesting
in relation to two types of fluctuation effects. One is the
fluctuation associated with the Landau-Peierls instability in-

trinsic to low-dimensional systems. This results in the coher-
ent undulation fluctuations of the smectic order, whose am-
plitude logarithmically diverges with an increase in the
system size. The other is the Brazovskii-type fluctuation ef-
fect �15�, which is associated with the selection of the orien-
tation of the smectic order from a highly symmetric isotropic
phase. This is responsible for the so-called fluctuation-
induced first-order transition in this type of system �10�. The
isotropic-smectic transition is generic to �a� thermotropic liq-
uid crystals �16�, �b� block copolymers �isotropic-lamellar
transition� �17�, and �c� lyotropic liquid crystals �sponge-
lamellar transition� �18–22� reflecting the common nature of
the change in the structural symmetry.

Here we focus on shear effects on a sponge-to-lamellar
transition in system �c�, which is observed in aqueous solu-
tions of bilayer-forming amphiphiles. In addition to the
above-mentioned universal features associated with the sym-
metry of the system, this transition has unique features,
which are absent in the other two systems �a� and �b�: �i� It is
a two-component system, which is composed of membranes
and intermembrane fluids. �ii� The corresponding isotropic
phase �L3 phase, or “sponge phase”� has an internal structure
of interconnected membranes �23,24�. Since both phases are
constructed by the same bilayers, they can be distinguished
only by the topology of membranes. �iii� The lamellar phase
is stabilized by entropic repulsion between fluctuating mem-
branes, which is known as “Helfrich interaction.” These in-
coherent fluctuations of membranes are directly affected by
shear flow, which affects the intermembrane interaction itself
�14,25,26�.

Shear effects on a sponge-lamellar transition have been
studied by a few groups, but the conclusions derived from
these studies are sometimes even controversial �27�. The
most fundamental issue remaining is whether the transition is
discontinuous or continuous �20,21�. We previously demon-
strated the transition changes from a discontinuous to a con-
tinuous one while increasing the shear rate for oscillatory
shear �19�. Leon et al. �20� found the discontinuous nucle-
ation of the lamellar phase in the sponge phase under steady
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shear and revealed the importance of the delayed transition
associated with the metastability of the phenomena. Porcar et
al. �21�, on the other hand, concluded that the transition is
always continuous under steady shear. According to the
Cates-Milner theory �10�, the transition is of first-order na-
ture and there is no distinct discontinuous-continuous transi-
tion; the discontinuous nature continuously weakens with an
increase in the shear rate. Thus, there have so far been no
coherent view on this problem. In this paper, we study this
problem to improve the above confusing situation. We also
report another shear-induced transition found in the one-
phase lamellar phase.

The organization of our paper is as follows. In Sec. II, we
describe the details of our experiments. In Sec. III, we de-
scribe the experimental results on two types of shear-induced
transitions and discuss the physical mechanisms. In Sec. IV,
we summarize our work.

II. EXPERIMENTAL

The lyotropic liquid crystal system studied here is a two-
component mixture of triethylenglychol mono-n-decyl ether
�C10E3� and water �7�. We mainly used the 1.39 wt. % C10E3

solution, which forms a hyperswollen sponge and a lamellar
phase. With an increase in the temperature T, the system

changes from the lamellar �L�� to the sponge-lamellar coex-
istence phase at T�=29.5 °C, and further from the coexist-
ence phase to the sponge �L3� phase at T3=30.5 °C. The
existence of the two-phase coexistence region between the
sponge and lamellar phase indicates a weak first-order char-
acter of the thermodynamic transition. The rheological prop-
erties were measured by a rheometer �Rheologica,
StressTech� with a cone-plate geometry �cone angle=1��.
Evaporation of water was prevented by oil sealing. Two
types of measurements were made: �i� Temperature depen-
dence of the effective shear viscosity � under a constant
shear rate. Here � is defined as � / �̇, where � is the measured
stress and �̇ is the applied shear rate. The measurements
were started in the sponge phase and the temperature was
cooled with a cooling rate of 0.2 K/min. �ii� Shear-rate de-
pendence of � at a constant temperature. Shear increasing
and decreasing measurements are performed to study the

FIG. 1. Temperature dependence of the viscosity across the tran-
sition from the sponge to the lamellar phase under a constant shear
rate upon cooling.

FIG. 2. �-�̇ relationship measured at T=31 °C. A clear hyster-
esis can be seen between the shear-rate increasing �filled diamonds�
and decreasing �open squares� run. The slope of the lines are 1.

FIG. 3. Shear-rate dependences of the effective viscosity ��
=� / �̇� for C10E3 /water �1.39 wt. % C10E3� at 32.0 °C �top�,
31.0 °C �middle�, and 30.5 °C �bottom�. � was measured for both
increasing �filled symbols� and decreasing the shear rate �open sym-
bols�. There was no hysteresis at 32.0 °C, whereas there was a clear
one at 31.0 °C and 30.5 °C. This suggests the transition is continu-
ous at 32.0 °C, but discontinuous at 31.0 °C and 30.5 °C. In the
top figure, we put schematic drawings of isotropic and anisotropic
sponge and lamellar structures.
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hysteresis effect. The shear rate was scanned between 10 s−1

and 3000 s−1 during 20–60 min. We confirmed that the scan
rate does not affect the results in this range of d�̇ /dt. Dy-
namic light scattering measurements were performed by us-
ing a correlator �ALV, ALV-5000/E�.

III. RESULTS AND DISCUSSION

A. Shear-induced sponge-lamellar transition

1. Rheological properties

Figure 1 shows the results of the temperature dependence
of � of the 1.39 wt. % C10E3 aqueous solution for several
shear rates. For a low shear rate, a distinct steplike decrease
of � upon cooling is clearly observed. However, this discon-
tinuous nature becomes weaker with an increase in the shear
rate �̇ and eventually the transition apparently becomes con-
tinuous at �̇=1000 s−1. It is known that the viscosity of the
sponge phase is a few times higher than that of the lamellar
phase �25,28�. This high viscosity of the sponge phase is due
to the fact that the passage of the membrane disturbs shear
flow fields. On the contrary, there is likely little disturbance
to shear flow fields in the lamellar phase. This fact can be a
primary cause of shear-induced sponge-to-lamellar transi-
tion; the state may be selected so as to decrease the viscous
dissipation.

Figure 2 indicates the stress ���-strain rate ��̇� curve mea-
sured for T=31 °C. Although there is no plateau in the �-�̇
curve, there is a clear hysteresis between the shear-rate in-
creasing and decreasing measurement. To see the hysteresis

effects more clearly, in Fig. 3 we show the results of the
shear-rate dependence of ��=� / �̇� for T=32 °C, 31 °C, and
30.5 °C. For both low and high shear rates, the system ex-
hibits Newtonian behavior �i.e., � is independent of �̇�, while
between �̇h and �̇a it exhibits strong shear-thinning behavior.
There is no hysteresis at T=32 °C between increasing and
decreasing �̇, whereas there is a clear hysteresis for T
=31 °C and 30.5 °C. The upper bound of the hysteresis re-
gion coincides with �̇a, at which the shear thinning starts to
occur while increasing �̇. On the other hand, the lower bound
�̇b is located above �̇h. Note that at T=30.5 °C the system at
rest is in the coexistence region of the sponge and lamellar
phases. Reflecting this fact, there is no Newtonian regime at
low shear rates at this temperature. It should be noted that
although �̇h is independent of T, �̇a steeply increases with an
increase in T.

Next we show how the critical shear rates �̇h and �̇a de-
pend upon T. Figure 4�a� shows the �̇ dependence of the
normalized viscosity difference ��̄, which is defined as
��̄= ���0�−���̇�� / ���0�−���̇��̇a��. The T dependences of
�̇h and �̇a are also shown in Fig. 4�b�. This clearly indicates
that �̇h, which is the onset of the shear thinning, is indepen-
dent of T, whereas �̇a, above which the system transforms
into the homogeneous lamellar phase, increases with an in-
crease in T.

Here we show the � dependence of the shear-thinning
behavior of the sponge phase in Fig. 5�a�. �̇h, where shear
thinning starts while increasing �̇, increases with an increase
in �, which can be clearly seen in Fig. 5�b�.

FIG. 4. �a� �̇ dependence of the normalized viscosity difference
�see text for the definition�. �b� T dependences of �̇h and �̇a.

FIG. 5. �a� � dependence of the shear-thinning behavior of the
sponge phase. The location of �̇h is indicated by an arrow for each
composition. �b� Dependences of �̇h on T and �. �̇h is independent
of T, but increases with �.
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2. Dynamics of topological transformation in the equilibrium
sponge phase: light-scattering study

The above results suggest that there is a characteristic
time scale of topological transformation, which spontane-
ously takes place in the equilibrium sponge phase and is
coupled with shear flow. To reveal the dynamics of the topo-
logical fluctuations, we performed light scattering measure-
ments.

Figure 6�a� shows the static scattering intensity I�q� as a
function of the wave number q. Only for a solution of �
=1.39 wt. %, we can see a peak at q0, reflecting the pore
size of the sponge phase. Note that q0=2� /d �d: average
intermembrane distance or pore size�. The intensity at q
→0 grows in proportional to �−1 �30�.

We also performed dynamic light scattering experiments.
The time correlation function is described by the stretched
exponential function with the exponent of 0.7, which is con-
sistent with the theoretical prediction of Zilman and Granek
�33�. Figure 6�b� shows the q dependence of the decay rate 	
for a solution of �=1.39 wt. %. The q dependence changes
at q0 from 	
q2 to 	
q3, although the range of q seems to
be too narrow for a conclusive argument. Figure 7�a� shows
q dependence of the decay rate 	 for solutions of various
�’s. Thus we confirm the diffusive nature of the mode from
the q2 dependence of the relaxation rate in the wave number
range q�q0. From the diffusive regime, we can determine
the cooperative diffusion constant of membranes D�. The T
dependence of D� is plotted for various �’s in Fig. 7�b�.

3. Nature and mechanism of shear-induced
sponge-lamellar transition

Let us consider the physical meanings of the key shear
rates, �̇h, �̇a, and �̇b, for the shear-induced sponge-lamellar

transition. Both sponge and lamellar phases are constructed
by the same membranes and their structures are not perma-
nent but dynamically fluctuating. Thus, they can be easily
reconstructed even by a weak perturbation �29–31�. In the
sponge phase, shear flow tears off selectively the passages of
the membrane that are not along the flow direction, if it is
strong enough �29–31�; the sponge phase starts to become
anisotropic if �̇ exceeds the characteristic rate of membrane
reorganization �or reconnection� �̇h. This rate �̇h can be esti-
mated as �29,32�

�̇h � 	D exp�− �EA/kBT� , �1�

using the characteristic frequency of membrane collisions,
	D, and the energy barrier for membrane reconnection, EA.
Here 	D can be estimated as 	D�D�q0

2.
The � dependences of 	D and �̇h are plotted in Fig. 8.

Both are found to be proportional to �3 �note that 	D
�3 is
the natural consequence of D�
� and q0
� �30��, in accord
with the above argument. They are independent of T in the
rather narrow temperature range of the sponge phase. From
the ratio of �̇h /	D, we estimated EA as 1.3kBT. Now it is
clear that �̇h is the critical shear rate, above which �̇ exceeds
the characteristic frequency of the topological transformation
of membranes �̇h. From this analysis, we can conclude that
above �̇h the isotropic sponge becomes the anisotropic one,
which should result in the appearance of optical birefrin-
gence �29�. This behavior can be viewed as the selection of
the fluctuation modes by shear flow due to its symmetry-
breaking nature.

Next we consider the physical meanings of �̇a and �̇b. �̇a
can be regarded as the crossover shear rate from the aniso-

FIG. 6. �a� q dependence of the scattering intensity I�q� for
solutions of various �’s. �b� q dependence of the decay rate 	 for a
solution of �=1.39 wt. %.

FIG. 7. �a� q dependence of the decay rate 	 for solutions of
various �’s. �b� T dependence of D� for various �’s.
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tropic sponge to the lamellar phase. With an increase in �̇,
shear flow breaks up more handles of the sponge structure
that are not along the flow direction; thus, the sponge be-
comes more anisotropic, which leads to the shear thinning
upon increasing �̇. This shear thinning is a natural conse-
quence of the decrease in the number density of handles with
an increase in the shear rate, on noting that the handles are
obstacles for flow. At �̇a, shear flow erase all the passages or
handles and the characteristic length becomes equal to that of
the lamellar phase. Thus, the lamellar phase is formed and
the shear-induced sponge-to-lamellar transition is completed
at �̇a. Above �̇a, � becomes independent of �̇. Above 32 °C,
there is no hysteresis upon a shear-rate change, which indi-
cates that the transition is continuous there. Below 32 °C, on
the other hand, there is a clear hysteresis between �̇b and �̇a.
This region is the coexistence region of the anisotropic
sponge and lamellar phases; in other words, the number of
handles becomes spatially inhomogeneous. We emphasize
that the existence of the hysteresis �the discontinuous nature
of the transition� for a low shear rate is a natural conse-
quence of the first-order nature of the thermodynamic
sponge-lamellar transition for �̇=0. Here we summarize the
observed behavior in the two-dimensional �2D� dynamic
phase diagram for the 1.39 wt. % C10E3 aqueous solution
�see Fig. 9�.

Our �-�̇ curve do not have any plateau even for a discon-
tinuous transition, contrary to a common picture anticipated
from a shear-banding system. For example, Porcar et al. �21�
concluded the continuous nature of the transition from the
absence of the stress plateau. We speculate that the absence
of the plateau may be due to the absence of the macroscopic
shear banding, that is, due to the finite size of coexisting
domains. The plateau in the stress-strain relation should be
observed only when we have macroscopic phases separated
by interfaces aligned along the walls �34�. The extremely
small interface tension may be a cause of the absence of
macroscopic shear banding; note that the interface tension
scales as d−2. Furthermore, the interface tension between the
anisotropic sponge and lamellar phases should be extremely
weak, due to the small difference in the smectic order param-

eter; the only difference between the two phases is the num-
ber density and the orientation of handles. We also confirm
that the shear-rate dependence of �, or the stress-strain
curve, is not sensitive to the scanning rate of the shear rate in
the range between 10 s−1 /min and 100 s−1 /min. Our study
implies that the shape of the stress-strain curve cannot al-
ways be used to determine whether the transition is continu-
ous or discontinuous. The hysteresis effects may be used as a
criterion for whether a shear-induced transition is continuous
or discontinuous.

Finally we mention that the strong temperature depen-
dence of �̇a is suggestive of the strong temperature depen-
dence of the thermodynamic factor of the sponge-lamellar
transition. The most probable candidate is the Gaussian cur-
vature modulus �̄. �̄ may change its sign from positive to
negative upon cooling, reflecting the decrease of the confor-
mational disorder of hydrophobic chains of the surfactant
molecules and the resulting change in the spontaneous cur-
vature of a monolayer membrane �35�. Thus, the temperature
dependence of �̄ may be one of the main driving factors of
the sponge-to-lamellar transition �7�.

B. Shear-induced transition in the lamellar phase

Figures 10�a� and 10�b� show the �̇ dependence of � for
T=29.0 °C and 27.0 °C, respectively. The lamellar phase
exhibits shear-thinning behavior �25� up to �̇l, but � slightly
increases above �̇l �slight shear thickening�. This trend can
also be seen in Fig. 1. This might reflect the lamellar-onion
transition, which was first reported by Le et al. �7� for the
same system, but at a higher surfactant concentration. The
hysteresis behavior is also observed for this transition be-
tween �̇m and �̇l below 29 °C. This transition is also re-
vealed to be discontinuous at low temperatures, but at least
apparently continuous at high temperatures. The lamellar
phase that is stabilized by Helfrich repulsions becomes less
stable under shear, since incoherent membrane fluctuations,

FIG. 8. � dependence of �̇h and 	D. The slope of the lines are
3.0. At each concentration, we made measurements of �̇h and 	D at
four different temperatures within a temperature range of the
sponge phase �see Figs. 5 and 7�. There were almost no temperature
dependences, which can be confirmed by the fact that the symbols
for the same � are almost overlapped with each other. FIG. 9. �Color online� 2D dynamic phase diagram in the T-�̇

plane for C10E3 /water �1.39 wt. % C10E3�. X represents the un-
known state, which might be an onion, a leek, an anisotropic mi-
cellar state, or a lamellar phase with a orientation.
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which is the origin of entropic repulsions, are suppressed by
shear �11,12,14�. This was confirmed experimentally �25,36�.

The temperature dependence of the stability limit �̇l is
predicted theoretically as �̇l
T5/2 �11,14�. However, the tem-
perature dependence is much stronger than this prediction, as
shown in Fig. 9. The very strong temperature dependence of
�̇l �also �̇a� clearly indicates the importance of the thermo-
dynamic factors of the underlying phase transitions, in par-
ticular, the role of the Gaussian curvature modulus �̄. In
other words, the relevant variable may not be the absolute
temperature T, but may be the temperature distance from
some critical temperature. For this system, the sponge-
lamellar and lamellar-onion transition may be induced by the
change in the sign of �̄ from negative to positive upon cool-
ing �7,14�. This change is induced by the decrease of the
effective volume of a tail of a surfactant molecule upon cool-
ing, reflecting the population of gauche and trans conforma-
tions of a tail. We point out a possibility that the lamellar
phase may become a metastable frustrated state against the
onion phase upon cooling.

At this moment, we cannot say anything conclusive on the
nature of this transition observed in the lamellar phase. What
we can say is that this transition is a consequence of the
instability of the c-oriented lamellar phase induced by shear
�11,12,14,25,36�. Here we just speculate about its nature
from the limited information of our rheological measure-
ments. The state “X” appearing at high �̇ might be an onion,
a leek, or an anisotropic micellar phase, which is related to a
lower-temperature phase existing below the one-phase lamel-
lar phase. There is also a possibility that the transition re-
flects the change of the lamellar orientation. According to

our previous study, membranes in the lamellar phase are ori-
ented in perpendicular to the shear gradient direction ��V�
for a weak steady shear �25� and for an oscillatory shear �19�.
The same conclusion was drawn by Porcar et al. for a steady
shear flow �21�. This orientation is known as c orientation.
This c orientation may transform into so-called a orientation,
in which membranes in the lamellar phase is oriented in per-
pendicular to the vorticity direction. Here we note that in c
orientation shear flow suppresses incoherent out-of-plane
fluctuations of membranes, weakens the Helfrich repulsion,
and thus destabilizes the lamellar phase, whereas in a orien-
tation this effect may be absent. If this is the case, there is a
coexistence of two types of orientation between �̇m and �̇l. It
seems to be a bit difficult to explain the strong T dependence
of the critical shear rates in this mechanism. Finally, we point
out that this phenomenon may be closely related to the shear-
induced collapse of a lamellar phase recently reported by
Porcar et al. �36�: They called the X state a collapsed state.
They suggested that it might be an aligned tubular vesicle
structure. This is certainly one possibility. Further studies are
highly desirable for revealing the physical mechanism of this
nonequilibrium phase transition. Scattering experiments �36�
and measurements of flow birefringence may provide us with
crucial information on the nature of the transition.

Finally, we summarize the observed behavior in three-
dimensional �3D� dynamic phase diagrams for the
1.39 wt. % C10E3 aqueous solution in Fig. 11 together with
the temperature dependence of viscosity.

IV. SUMMARY

In summary, we demonstrated that the shear-induced
sponge-lamellar transition in a lyotropic liquid crystal
changes its nature from discontinuous to continuous with an
increase in the shear rate. The dynamic phase diagram in the
T-�̇ plane for the nonequilibrium steady state is constructed;
the basic feature of the sponge-lamellar transition under
steady shear is essentially the same as that obtained for an
oscillatory shear �19�. We speculate that this transition from
discontinuous to continuous transformation with increasing
the shear rate is a generic feature of the shear-induced
sponge-lamellar transition. This point needs to be further
studied both experimentally and theoretically in the future.

FIG. 10. Shear-rate dependences of the effective viscosity for
C10E3 /water �1.39 wt. % C10E3� at �a� 29.0 °C and �b� 27.0 °C.
There was no hysteresis for �a�, while there was a clear one for �b�.

FIG. 11. �Color online� 3D dynamic phase diagram in the T-�̇-�
space for C10E3 /water �1.39 wt. % C10E3�.
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We also showed that the absence of the stress plateau in the
stress-strain rate curve does not necessarily mean the con-
tinuous nature of the transition. The hysteresis of shear-rate
increasing and decreasing experiments can be used as a fin-
gerprint of the discontinuous nature of the transition.

The nature of the shear-induced transition found in the
stable lamellar region is not clear now. This transition may
be a result of the instability of the c-oriented lamellar phase
induced by shear flow �11,12,14,25,36�. It might be the trans-
formation of the lamellar phase into an onion, a leek, or an
anisotropic micellar phase, or the orientational transition
from so-called c to a orientation. It might be an aligned
tubular vesicle structure, as suggested by Porcar et al. �36�.
Among these possibilities, the continuous lamellar-to-onion
transition seems to be difficult to accept due to their symme-
tries. The apparently continuous nature of this transition

above 29 °C seems to imply some continuous pathway from
a lamellar structure to an other unknown structure �a col-
lapsed state� or a lamellar structure with a different orienta-
tion. The relevance of this statement is highly obscure at this
stage and further studies are highly desirable to clarify the
physical nature of the transition and the physical origin for
the absence of the hysteresis.
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