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Abstract. We report on the shear-thickening transition observed in dilute aqueous solutions of
cetyltrimethylammonium tosylate (CTAT) at concentrations φ ∼ 0.2%. We have re-examined the kinetics
of the shear-thickening transition using start-up experiments at rates above the critical shear rate γ̇c. Using
simple well-defined protocols, we have found that the transient mechanical response depends dramatically
on the thermal and on the shear histories. Using the same protocols, flow birefringence experiments were
carried out. The gap of a Couette cell containing the sheared solution has been visualized between crossed
polarizers in steady shear conditions, as well as in start-up experiments. We show that the birefringent
shear-induced phase starts from the inner cylinder and grows along the velocity gradient direction, as in a
shear banding situation. However, around γ̇c we have not observed a regime of phase coexistence (isotropic
and birefringent).

PACS. 83.50.By Transient deformation and flow; time-dependent properties: start-up, stress relaxation,
creep, recovery, etc. – 83.50.Qm Thixotropy; thickening flows – 83.85.Ei Optical methods; sonography

1 Introduction

Among the rich variety of shear-induced instabilities and
transitions encountered in surfactant systems, one of the
most puzzling is the shear thickening effect observed in
dilute or highly dilute solutions. It is now established that
a prerequisite for the shear thickening is that the am-
phiphile molecules self-assemble in the quiescent state into
locally cylindrical micelles. The shear thickening has been
observed in solutions of rodlike aggregates in the dilute
regime (case i) [1–7] but also in solutions of wormlike mi-
celles in the entangled regime (case ii) [4,5,8–13]. Inter-
estingly, some characteristic features of the transition are
similar for rodlike and wormlike assemblies.

Dilute surfactant solutions have a zero-shear viscosity
very close to that of the suspending solvent (∼ 1mPas)
and no apparent viscoelasticity is observed. Under steady
shear however, above a critical strain rate noted γ̇c the
shear viscosity increases, as a new and more viscous
phase develops in the cell. The shear-induced phase (SIP)
has been thoroughly investigated by rheological measure-
ments [1–8,11], flow-birefringence [3,5,14] and small-angle
neutron scattering [2–4,6]. The two latter techniques re-
vealed a strong degree of alignment of this new phase with
respect to the flow velocity. The microstructure and the
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mechanisms of formation of the shear-induced phase are
not still understood.

One of the most remarkable properties is the kinetics
of the transition. Starting from the quiescent state, when a
solution is sheared at γ̇ > γ̇c, an induction time tI is nec-
essary to induce the viscous state. It has been reported
by several authors [1,3,5,6,15] that tI increases consider-
ably when the applied shear rate approaches γ̇c (keeping
γ̇ > γ̇c). A dependence of the form tI ∼ γ̇−1 has been pro-
posed [1,9]. On the other hand, when the shear is stopped,
the initiated structure vanishes and it is usually assumed
that the solution relaxes to its original state.

Here, we report on the binary surfactant system cetyl-
trimethylammonium tosylate/water (CTAT) at concen-
trations around φ ∼ 0.2%, which correspond to the dilute
regime (case i above). We have been urged to re-examine
the kinetics of the shear-thickening transition for two rea-
sons. First, the transient behaviors described above agree
only qualitatively with what we have measured in CTAT
systems. Second, even if great care is taken in the han-
dling of the sample, nonreproducible transient measure-
ments are obtained in the thickening regime. The kinetics
is re-examined by shear rheology using simple protocols,
and the transient mechanical response is found to depend
dramatically on the thermal and on the shear histories.
Using the same protocols, flow birefringence experiments
were carried out and the gap of the shearing cell has been
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visualized under crossed polarizers. We show that the bire-
fringent shear-induced phase starts from the inner (rotat-
ing) cylinder and grows along the velocity gradient direc-
tion (as in shear banding [16–18]).

2 Experimental details

The cetyltrimethylammonium tosylate (CTAT) was pur-
chased from SIGMA products (purity 99%) and used
without further purification. The surface tension showed
no minimum prior to the critical micelle concentration
(CMC = 0.011wt%), indicating that no surface active
impurities are present in the CTAT. For rheological mea-
surements, the samples were prepared with water that was
purified by passing a Millipore water system. After their
preparation, the solutions were stored several days at con-
stant temperature (T = 30 ◦C) for equilibration. In order
to avoid uncontrolled shear history, the solutions were gen-
tly poured into the shearing cells and were replaced just
after in their storage chamber. All rheological measure-
ments were made using a Rheometrics fluid spectrometer
(RFS II) equipped with a Couette configuration with con-
trolled shear rate (outer diameter 34mm, gap 1mm, the
outer geometry rotates). Flow birefringence was carried
out using an optical device described in detail in [19]. As
for rheometry, the shearing cell is a Couette configura-
tion (height 30mm, gap 1mm). Here the inner cylinder is
48mm in diameter and rotates.

Mechanical and flow birefringence measurements were
performed on two CTAT/H2O solutions at φ = 0.16% and
φ = 0.24%. These concentrations were chosen since ac-
cording to the recent literature [6,7,20,21], they are above
the second critical micellar concentration (∼ 0.04%) at
which cylindrical micelles start to form, and below the
overlap concentration φ∗ which is the onset of semidi-
lut regime. For CTAT at ambient temperature, the over-
lap concentration was estimated around φ∗ ∼ 0.7% using
transient electric birefringence [20] and fluorescence recov-
ery [21], whereas viscosity measurements suggest a slightly
lower value at φ∗ ∼ 0.5%. Both determinations are never-
theless in agreement. From electric birefringence, as well as
from small-angle neutron scattering measurements, CTAT
aqueous solutions at φ = 0.2% are suspensions of short
anisotropic aggregates of average length 200–300 Å(aspect
ratio 4–6). The intermicellar distance was evaluated from
the position of the first maximum of the structure factor,
and was found to be around 600 Å [7].

3 Results

3.1 Shear rheology

Figure 1 shows the characteristic flow curve for CTAT
at φ = 0.24% and T = 25 ◦C. The stationary shear vis-
cosity (filled circles) exhibits a clear Newtonian behavior
for γ̇ < 30 s−1 at a level that compares well to the vis-
cosity of the solvent, η0 = 1 ± 0.1mPas. Above a crit-
ical shear rate γ̇c = 40 ± 5 s−1 the viscosity increases,
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Fig. 1. Characteristic flow curves for CTAT aqueous solu-
tions at φ = 0.24% (T = 25 ◦C). The critical shear rate
γ̇c = 40 ± 5 s−1 is defined by the onset of shear-thickening.
Here, the stationary shear viscosity (filled circles) is compared
to results obtained during a 4-hour run (empty circles) per-
formed using start-up and step-down experiments at different
shear rates between 5 and 500 s−1. The labels #1 and #7 refer
to the first and seventh experiments carried out at γ̇ = 60 s−1.
The discrepancy between the two set of data is discussed in
the text.

passes through a maximum (γ̇ ∼ 200 s−1) and then the
solution shearthins. In Figure 1 we also show the results
obtained during a 4-hour run at different shear rates be-
tween 5 and 500 s−1 (empty circles). During this run, the
shear stress was recorded over time using start-up and
step-down experiments. Above γ̇c, the data points scat-
ter anomalously. For instance, seven tests were performed
at γ̇ = 60 s−1, and very surprisingly different stationary
values of the viscosity were obtained. The term “station-
ary” refers here to a state characterized by a stress which
is time independent over a period of, say 1000 s. At this
rate, the induction time was tI = 180±30 s (in contrast to,
e.g., [15], we define the induction time as the time needed
for the measured shear stress to reach a stationary value).
The first measurement at γ̇ = 60 s−1 was performed af-
ter sample loading. It yields η(γ̇ = 60 s−1) = 3.4mPas
(labeled #1 in Fig. 1) whereas the seventh and last mea-
surement at γ̇ = 60 s−1 gives η = 7.4mPas (indicated by
#7 in Fig. 1). Such a difference is far above the amplitudes
of the oscillations usually shown by the transient viscosi-
ties in the thickened regime. On the contrary it suggests
in these systems the existence of extremely long transients
of the order of several hours.

In order to check the hypothesis of extremely long
transient, we have repeated one given experiment several
times. This experiment consists in applying a constant
shear rate γ̇ = 60 s−1 (T = 25 ◦C) to a freshly loaded
CTAT solution at φ = 0.24%. The sample was delicately
poured into the cell in order to avoid preshearing effects.
Each sample was subjected to steady shear over a time pe-
riod of ∼ 104 s, and then a new sample was investigated.
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Figures 2 show two examples of time responses collected
over several hours. In Figure 2a, after the induction time
of tI ∼ 200 s (inset), the apparent viscosity jumps up to 4
times the water viscosity and then a very slow increase is
observed over the next 104 s. From 9×103 to 1.4×104 s, the
viscosity has stabilized at ηST = 7.5mPas. In another run,
the induction time is again 200 s, but here η(t) reached a
much higher initial value, 10mPs before slowly decreas-
ing again to the stationary state at ηST = 7.5mPas. After
3000 s, the shearing was stopped and the sample let free
to relax in the quiescent state. The shearing was then re-
sumed at the same shear rate and after tI, the viscosity
stabilizes rapidly to its former value. These two figures
are in qualitative agreement with the data described in
Figure 1. The time necessary to reach the steady state
of shearing is much longer than the induction time, and
apparently seems to depend on the history of the sample.

A second series of experiments was carried out, actu-
ally very similar to the previous one, but changing only the
thermal history. The thermal treatment was applied prior
any measurement. It consists in storing the solution in a
high temperature chamber during 2 hours (T = 90 ◦C).
The hot liquid was then poured into the cell as explained
previously and shearing is started only when the temper-
ature was again stabilized at T = 25 ◦C. Two examples
of the time responses are displayed in Figure 3. In Fig-
ure 3a and Figure 3b, after inception of the shear, the
viscosity remains at the solvent level over 2000 s! The
induction time has now been multiplied by a factor 10.
Then there is a first jump of the viscosity, to a rather low
value (3-4mPas) and then in Figure 3a a second step to-
ward a regime of slowly increasing viscosity. If the shear-
ing is stopped, and resumed in the same conditions as
explained for Figure 2b, then the viscosity recovers its
former value after the induction time of nearly 200 s. Fi-
nally, the ultimate value of the viscosity (t > 104 s) is
found to be independent of the shear and thermal histo-
ries (ηST = 7± 1mPas), in agreement with the stationary
data of Figure 1.

The stress signal during the induction period displays
interesting features. Figure 4 is a zoom of transient vis-
cosity data of Figure 3a about 1000 s before the onset of
thickening (visualized by a rectangle in Fig. 3a). The shear
viscosity exhibits four well-defined pretransitional oscilla-
tions of increasing amplitudes and period 150 s. At the
end of this process, the system undergoes the thickening
transition and at the scale of the oscillations the viscosity
seems to diverge. However, several oscillations are not the
rule. For most tests performed at γ̇ = 60 s−1, one small
bump is usually observed before the system shear-thickens
(as in Figs. 2a, 2b and 3b, see next section).

3.2 Flow-birefringence

The flow birefringence experiments were performed on a
CTAT/H2O solution at φ = 0.16% and T = 25 ◦C. Fig-
ure 5a shows the characteristic flow curve for this so-
lution in stationary state. It strongly resembles that of
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Fig. 2. Examples of transient shear viscosity obtained in start-
up experiment at γ̇ = 60 s−1 for two samples that were handled
similarly, from their preparation to their investigation. No heat
treatment was applied. At t ∼ 12000 s in a) and t ∼ 3000 s in
b), the shearing was stopped and the sample let free to relax
in the quiescent state. The shearing was then resumed and the
viscosity stabilizes within tI to its former value. The inset is a
zoom of a for times t < 400 s. It illustrates the initial kinetics
and the induction time of ∼ 180 s.

Figure 1. The amplitude of the shear-thickening effect is
different (5 against 10mPas), but the critical shear rate
comparable, γ̇c = 40 ± 5 s−1. At this concentration, as
for φ = 0.24%, extremely long transients were also ob-
served, but they will not be discussed here. Figure 5b
displays photographs of the 1mm gap showing the light
transmitted by the sheared fluid under crossed polarisers
(at γ̇ = 30, 40, 50, 80, 100 and 200 s−1, respectively). At
γ̇ = 40 s−1 the solution is still isotropic and appears dark,
whereas at γ̇ = 50 s−1 light is transmitted by the solution
everywhere in the gap. This set of data shows that once the
new phase is induced, it fills the gap of the shearing cell.
As shown in Figure 5b, the increase of the viscosity coin-
cides approximately with the development of the birefrin-
gent phase. A similar result was reported from small-angle
neutron scattering experiments performed under shear on
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Fig. 3. Examples of transient shear viscosity obtained in start-
up experiment at γ̇ = 60 s−1 for two samples that were pre-
heated at T = 90 ◦C for 2 hours. As in Figure 2, the shearing
was stopped and resumed at the same shear rate several times.
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Fig. 4. Zoom of transient viscosity data of Figure 3a about
1000 s before the onset of thickening. The shear viscosity ex-
hibits four well-defined pretransitional oscillations of increas-
ing amplitudes and period 150 s. At the end of this process,
the system undergoes the thickening transition.
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Fig. 5. a) Shear rate dependence of the stationary viscosity
for a CTAT/H2O solution at φ = 0.16% (T = 25 ◦C). b) Pho-
tographs of the 1mm-gap showing the light transmitted by the
sheared fluid under crossed polarisers at γ̇ = 30, 40, 50, 80, 100
and 200 s−1. The increase of the viscosity coincides approxi-
mately with the development of the birefringent phase. The
two thin sub-bands close to the inner and outer cylinders (at
γ̇ = 50 s−1 and above) correspond to reflections of light on the
walls of the cell (height 30mm).

the same CTAT system [4,6]. More generally, this result
corroborates the various flow birefringence measurements
obtained on dilute systems these last years. As in refer-
ences [3,14], we also found that the extinction angle χ of
the SIP remains γ̇-independent, at the value close to zero
over the whole thickening and thinning ranges (for a re-
view, see [3]). For γ̇ > 40 s−1, we found χST = 0.7± 0.3◦.
One advantage of the present technique is that it allows
for the determination of the spatial distribution of the
birefringence.

In this respect, Figure 5 deserves two additional com-
ments. First, from the birefringence measurements alone,
it seems that the solution undergoes an apparently abrupt
transition from an isotropic to a birefringent state. Around
γ̇c we have not observed a regime of phase coexistence
between macroscopic layers (e.g., isotropic/birefringent).
Second, the intensity of the birefringence is not homoge-
neously distributed in the gap, it decreases with increasing
radius. From the inner to the outer cylinder, ∆n dimin-
ishes by nearly 40%, the extinction angle remaining at
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the low value mentioned above (χST). Note that the thin
and bright bands close to the inner and outer cylinders
(at γ̇ = 50 s−1 and above) are due to reflections of the
transmitted light on the walls of the cell.

We now turn to the transient behavior of the birefrin-
gence in step-up experiments. Following the procedures
derived in the rheology section, we have sheared the solu-
tion at high shear rate (200 s−1) over a long period, then
reduced it to the value to be investigated (100 s−1). In or-
der to ensure the reproducibility of the kinetics of growth
of the SIP, we typically reproduced the late stage of Fig-
ure 3a (i.e. for t > 8000 s), where the steady rotation
of the cell is stopped and resumed repeatedly. Figure 6
shows the sequence of photographs taken during one of
these step-shear rate experiments at γ̇ = 100 s−1. Three
time regimes can be distinguished.

Regime 1 : Up to 10 s after the inception of shear, no
birefringence can be detected.

Regime 2 : Around t ∼ 12 s the birefringence shows up
at the vicinity of the inner cylinder. Then, the intensity
increases noticeably (t > 14 s) and spreads out in the gap.
At the end of the second time regime (t ∼ 28 s), the whole
gap appears birefringent between crossed polarizers.

Regime 3 : In the third regime, t > 28 s, the birefrin-
gence increases continuously and reaches finally the steady
state at t ∼ 36 s.

Figure 7 shows the mechanical response corresponding
to the same experimental conditions as in Figure 6 (star-
up experiment at γ̇ = 100 s−1). Several successive runs
are shown that illustrate the reproducibility of the tem-
poral dependence of viscosity increase. η(t) remains con-
stant during the first ∼ 10 s, exhibits a shoulder between
15 and 30 s and then increases by a factor 4 in the station-
ary state. Flow birefringence photographs representative
of each time regime are included to the figure for compar-
ison (t = 14, 28 and 50 s). In terms of the kinetics of the
shear-thickening transition, it seems clear that the shoul-
der in the transient viscosity coincides rather accurately to
the birth and growth of the SIP. A more surprising result
is the shift between the times at which the stationary state
of the viscosity (at around t = 50 s) and that of the flow
birefringence (end of Regime 3, t ∼ 36 s) are observed. It is
possible that concerning this later result, geometry effects
such as the curvature of the rotating cylinders are play-
ing a role on the time scale of the kinetics (see discussion
below).

4 Discussion

Figures 2–4 have demonstrated that the kinetics of the
shear-thickening transition as followed by the mechani-
cal response in start-up experiments is complex. Repeat-
ing the same experiment several times on a freshly loaded
sample, we found reproducibly that the viscosity increases
within an induction time tI ∼ 180 s. However, the height
of the viscosity jump clearly depends on the rheological
history (if the solution was presheared or not), but more
surprisingly it varies also from sample to sample. For the
present data, the initial jump in η(t) for solutions which

were not preheated is comprised between 3.5 and 10mPas.
This first jump is then followed by a slow evolution of the
mechanical response (increase or decrease, according to
the height of the first step) toward a state that can be
regarded as the stationary state of flow.

Preheated solutions exhibit longer induction times.
For the two examples discussed in the experimental sec-
tion, this time is around 2000 s. Actually, depending on
the runs, induction times were found to vary between
1000 s and 3000 s for comparable heat treatments (say,
2 hours at 90 ◦C). The crucial result, however is that the
induction time is by far much longer that the induc-
tion time for samples which were not preheated. For pre-
heated solutions, the temporal variation of the shear vis-
cosity usually exhibits an increase in two steps. Three
steps or more have not been evidenced so far. After a
shearing time of ∼ 104 s (at γ̇ = 60 s−1), the station-
ary regime is reached and the reproducibility of start-up
experiments is ensured. The previous experiments were
performed at a shear rate which is about 20 s−1 above
γ̇c(γ̇ = 60 s−1, γ̇c = 40± 5 s−1). If the difference γ̇ − γ̇c is
reduced, the overall kinetics of the shear-thickening tran-
sition is slower. On the contrary if this difference γ̇ − γ̇c

is made larger, reproducible steady states are easier to
obtain.

The above results suggest that the state of aggregation
in the quiescent solution and the kinetics of the thicken-
ing transition are interrelated. One possible explanation
would be that the surfactant solutions are in a metastable
self-assembling state, due for instance to the long-range
electrostatic interactions [7]. This metastable state could
then be described as a coexistence state of short rodlike
aggregates [7] and slowly evolving supramolecular struc-
tures, such as huge micelles [22] or pieces of entangled
network [5]. These structures would then depend on the
thermal and rheological treatments and would act as nu-
clei for the shear-thickening transition .

Using flow birefringence, one noticeable result is the
discontinuity of the transition seen in Figure 5b. The
steady state measurements show that once the new phase
is induced, it fills the gap of the shearing cell. This is a
major point for at least two reasons. A discontinuity of
the mechanical response at the shear-thickening transi-
tion has been recently reported on parent compounds [9].
Thus, the question to know if other physical quantities
could be also discontinuous is still open. Second, the re-
sults of Figure 5b are in apparent contradiction with the
rheology data of Figure 5a, which display a continuous in-
crease of the viscosity. Actually, this contradiction can be
solved from a closer analysis of the transients in Figures 6
and 7. The transition from an isotropic to a birefringent
solution occurs in three steps (see previous section). The
second step corresponds to the birth and growth of the
SIP (14 s < t < 28 s) and seems to fit the shoulder in
the transient viscosity quite well. Therefore, even if ge-
ometry effects are slightly modifying the time scale of the
kinetics when passing from rheology to birefringence, we
are allowed to conclude from Figure 7, that the sheared
solution is becoming birefringent before the steep and
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Fig. 6. Sequence of photographs taken during one step-shear rate experiment at γ̇ = 100 s−1. 10 s after inception of the shear,
no birefringence can be detected. Around t ∼ 12 s the birefringence shows up at the vicinity of the inner cylinder and filled the
gap at t ∼ 28 s. In the late stage, t > 28 s, the birefringence increases continuously and reaches the steady state (t = 36 s).

final increase of the viscosity. In other words, the surfac-
tant solution can become birefringent and nevertheless the
viscosity remains close to that of the solvent. At the so-
called shoulder (14 s < t < 28 s), the apparent viscosity
is not more than 1.5 time that of the solvent. According
to us, this could explain why in steady state conditions
the shear-thickening transition appears as continuous in
rheology and discontinuous in flow birefringence.

Second, the shear-thickening transition bears some
similarities with the shear-banding instability observed in
semi-dilute and concentrated wormlike micelles [16–18].
As for shear-banding, the shear-induced phase grows from
the inner cylinder to the outer one, i.e. along the veloc-
ity gradient direction. We have also checked that macro-

scopic phase separation does not occur in the vorticity
direction. This is an important result since it has been
suggested recently by several authors that underlying the
shear thickening transition there might be a constitutive
equation which is multivalued in stresses [23,24]. If this
were the case, phase separation should occur at a given
shear rate with the interface between bands perpendicu-
lar to the vorticity direction [10]. This arrangement can be
visualized as disks of matter stacked from the bottom to
the top of the Couette, and supporting different stresses.
Obviously, in CTAT this is not the case.

For the configuration used in flow birefringence (in-
ner radius 24mm, gap 1mm), there is an excess shear
rate or shear stress of ∼ 8% for the fluid close to the
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Fig. 7. Transient viscosity data corresponding to the same
experimental conditions as in Figure 6 (star-up experiment at
γ̇ = 100 s−1). Several successive runs are shown to illustrate
the reproducibility of the viscosity increase. Flow birefringence
photographs representative of each time regime are included
(t = 14, 28 and 50 s). From this comparison, we ascribe the
shoulder in the viscosity data between 15 and 30 s to the birth
and growth of the SIP.

inner cylinder, as compared to the outer one. And we have
found in Figure 6 that the SIP shows up close to the inner
cylinder, where the stress (and rate) is the largest. This is
an indication that the inhomogeneity of the velocity field
is important in determining the kinetics of the thickening
transition, but also the critical shear rate and the viscosity
jump [8,13]. There is however one major difference with
the shear-banding instability. Here, for dilute surfactant
solutions we found no evidence of coexisting phases un-
der shear, as is the case at the stress plateau of wormlike
micelles.

5 Concluding remarks

There is one essential new feature in the rheology of
the shear-thickening transition. The mechanical response
varies from test to test, for samples that have been treated
exactly in the same way from their preparation to their in-
vestigation. To our knowledge this aspect has not been em-
phasized so far in dilute solutions. Somewhat similarly, but
in more concentrated wormlike micelles, recent investiga-
tions by Britton and Callaghan [25] have demonstrated the
strong sensitivity of shear-banding to impurities. In CTAT
dilute solutions, the lack of reproducibility might indicate

that these surfactant solutions are characterized by long-
lived metastables states. This latter statement needs to
be checked by other experimental techniques. Interesting
phenomena in the time-dependent viscosity such as long
transients, pretransitional oscillations, intermediate stable
states, etc. have been also found out, but no explanation
is provided here.

The flow birefringence results indicate that the shear-
thickening transition coincides approximately with the de-
velopment of a birefringent and highly aligned phase[2–4,
6,14]. However, the kinetics of the transition as deduced
from the transients reveals a complex scenario, with sev-
eral time regimes. Interestingly, the birth and growth of
the SIP starting from the inner cylinder occurs prior to
the viscosity increase. This suggests the existence of a de-
lay (in time and/or shear rate) between the development
of the SIP and the shear-thickening transition. Finally,
we would like to emphasize that, although the viscosity
increases above γ̇c, this shear-induced phase is charac-
terized by an extinction angle χ close to zero, and that
it remains so over the whole shear-thickening and shear-
thinning ranges. This is a crucial result, already known
from previous reports [3,14], but it indicates for the SIP
a strong alignment of the micellar aggregates with respect
to the flow.
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