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Shear-Banding due to Polymer Entanglements:
Sharp and Broad Shear-Band Interfaces in Xanthan
Solutions†

Hu Tang,ab Tatiana Kochetkova,ac Hartmut Kriegsand,a Jan K. G. Dhontad and Pavlik
Lettinga∗ab

We report on the smooth transition between the classic shear-banding instability and curved flow
profiles, both resulting from strong shear-thinning dispersions of concentrated xanthan (a highly
charged poly-saccharide). Pronounced shear-banded flow, where two extended shear-bands are
separated by a relatively sharp interface, is observed in a limited range of shear rates, at very low
ionic strength and at a high concentration, using heterodyne light scattering to measure spatially
resolved velocity profiles. The width of the interface between the coexisting shear-bands broadens
to span a sizable fraction of the gap of the shear cell, either by changing the shear rate, by
lowering the concentration, or by increasing the ionic strength. The broadening results in a smooth
transition to highly curved flow profiles and is connected to a disappearing flow birefringence.
Thus, these experiments show that the classic shear-banding instability can give rise to highly
curved flow profiles, due to the existence of broad interfaces between the bands, with an extent
of the order or larger than the cell gap width. This observation may resolve the ongoing dispute
concerning shear-banding of highly entangled polymeric systems, suggesting that the curved flow
profiles that have been observed in the past are in fact shear-banded states with an unusually
broad interface.

1 Introduction

Complex fluids often display flow instabilities at low Reynolds
numbers due to flow induced changes in micro-structural order.
Especially gradient shear-banding is ubiquitous in complex flu-
ids, where two regions (the "bands") coexist within a well-defined
range of applied shear rates, and where the shear rates within the
bands are essentially independent of position1–3. Shear-banding
is often related to extreme shear thinning, where the shear vis-
cosity strongly decreases with increasing shear rate.∗ From the
standard form of the Navier-Stokes equation it can be shown
that a homogeneous, non-banded flow profile is unstable when
the stress σhom of the uniformly sheared system (before shear-
banding sets in) decreases with increasing shear rate γ̇, that is,
when dσhom/dγ̇ < 0 (see, for example, Refs.5–8). In the range
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induced mass transport, without any shear thinning 4.

of applied shear rates where such strong shear thinning occurs,
the stationary state is a gradient banded flow, for which the stress
is independent of the applied shear rate. The flow curve (the
stress plotted against the applied shear rate) thus exhibits a stress
plateau. The stress plateau can be sloped, however, due to poly-
dispersity, shear-induced mass transport, and/or a variation in,
for example, orientational order4,9,10.

The hallmark of shear-banding systems are wormlike micelles,
which can be considered as stiff and living polymers. In these
systems shear can induce breakage of the constitutive chains
as well as alignment11–16, which both contribute to the stress
relaxation required for strong shear thinning. Breakage and
alignment also play important roles in shear-banding hydrogen-
bonded supramolecular polymers17, while shear-banding in dis-
persions of actin filaments18 and block-copolymer wormlike mi-
celles19,20 is caused by alignment and shear-banding in associa-
tive polymer networks21 is caused by breakage. Whether shear-
banding is a generic phenomenon for the more common case
of entangled polymeric systems is still under debate. Indeed,
stress plateaus for polymeric systems are generally not very pro-
nounced22,23, while the shape of the measured flow curves is
very sensitive of the experimental conditions24–26. Shear-banded
states for entangled polymers have been reported, but again
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this very much depends on the experimental conditions. Shear-
banding is mainly observed as a transient state in LAOS (Large
Amplitude Oscillation Shear) and startup experiments on polybu-
tadiene27–30 and DNA solutions31–34. For these systems shear-
banding does occur under steady shear conditions after start up,
but for DNA it could be suppressed by a ramp-up or quench down
shear protocol. Therefore, it has been suggested that these sta-
tionary shear-banded states are meta-stable34. Control experi-
ments on entangled polybutadiene and polystyrene reported in
Refs.35–38 even showed that there is no shear-banding neither in
transient nor steady state. Moreover, no clear shear-banded flow
profiles are observed in many of the experiments where shear-
banding is claimed, but rather highly curved profiles. Such curved
flow profiles can also occur, however, when shear-banding is ab-
sent, for example due to the stress gradient in a Couette cell in
combination with a strong shear thinning fluid.

The aim of the present paper is to clarify if highly entangled
polymeric systems can exhibit the classic shear-banding instability
that complies with strong shear thinning, without necessarily giv-
ing rise to a clear shear-banded state but rather to a highly curved
flow profile. For our study we use xanthan, a highly charged
poly-saccharide, as a shear-thinning polymer. The beauty of this
system is that its rheology is highly tunable39–44, especially by
changing the ionic strength. For this reason, xanthan is used
in abundance as a food additive and rheology modifier in food
industry45, so that it is also of practical importance to under-
stand the flow behaviour of xanthan solutions. The effect of ionic
strength on shear-band formation has already been identified
for entangled DNA solutions, suggesting that electro-static repul-
sion facilitates shear-induced alignment and in this way enhances
shear-banding46. Such local interactions and molecular features
can possibly be related to shear banding via the convective-
constraint-release theory47 as first introduced in Ref.48. The the-
ory accounts for both diffusion of polymer chains through a con-
fining tube as well as flow-induced convection of the tube, leading
to a non-monotonous constitutive equation7,49. Alternatively, the
shear-banding mechanism for entangled polymers has been inter-
preted as force imbalance between intermolecular griping force
and elastic retraction force50. We conjecture that the local in-
teractions change dramatically for xanthan as the electrostatic
repulsion as well as the stiffness of xanthan changes with ionic
strength (the persistence length varies from 417 nm in pure water
to 150 nm in 0.1−0.5 M KCl 51) .

Indeed, we will unambiguously identify shear-banding at very
low ionic strength, at a high concentration and in a range of rel-
atively low applied shear rates, as in this region the observed sta-
tionary flow profiles consist of two spatially extended regions (the
"bands"), within which the shear rate is essentially independent of
position, and which are separated by a relatively sharp interface.
An unexpected increase of the width of the interface, for which
we will give a new definition, is observed when moving away
from this region in parameter space. We find highly curved flow
profiles when the extent of the interface is comparable or larger
than the cell gap width, despite the fact that the system exhibits
the classic shear-banding instability (for which dσhom/dγ̇ < 0). To
avoid confusion, we shall refer to a stationary velocity profile as

a SBI-state (where "SBI" stands for "Shear-Banding Instability"),
when the system, for the applied shear rate, exhibits the classic
shear-banding instability. A SBI-state can thus be a shear-banded
state, in the sense that there are two clear bands within which the
shear rate is constant, separated by a sharp interface, or it can be
a highly curved profile for broad interfaces comparable or larger
than the gap width. The question raised above is thus whether
the observed highly curved flow profiles correspond to SBI-states.

This paper is organized as follows. Section 2 contains details on
the materials and methods used in this study. Section 3 presents
the rheology of samples with different xanthan and salt concen-
trations. The flow profiles for these samples and the identifica-
tion of shear-banding are discussed in section 4. In section 5
a diagram-of-states is constructed, and results on birefringence
measurements are presented. A discussion and conclusions are
given in section 6.

2 Materials and Methods
Xanthan powder was purchased from Sigma and used without
further purification. To prepare aqueous xanthan solutions with
concentrations of 0.3, 0.5, and 0.7 wt%, the powder was pre-
dissolved in mini Q water and mixed for 30 min at room tem-
perature. The resultant solution was then heated to 95 oC, kept
at that temperature for one hour, and subsequently gradually
cooled down to room temperature. For the 0.7 wt% sample we
added NaCl to a final ionic strength of 5 mM, 10 mM and 1 M,
which tunes the flexibility of the polymer backbone as well as the
electro-static repulsion between the polymers. The system is not
a perfect model system, in the sense that it can be branched to
an unknown extent due to pair mismatch, and it is polydisperse,
so that we do not have access to the number of entanglements
(the degree of branching might aid shear-band formation, as was
shown for star polymers52,53).

Rheological measurements were carried out using an ARES
rheometer (Rheometric Scientific Inc., NJ) operating at 20 oC with
a cone-plate geometry, with a cone angle of 0.04 rad, diameter of
25 mm and a gap distance of 0.046 mm. To prevent water evapora-
tion during rheological measurements, the meniscus of the aque-
ous xanthan solution in the cone-plate cell was surrounded by
anti-evaporation silicone oil (Ibidi).

Flow velocity profiles were obtained at 20 oC with a heterodyne
light scattering set up specially designed for this purpose. Here,
two focused laser beams are crossed at a point within the gap of
an optical Couette cell. The local velocity at the point where the
two lasers cross is determined from the time-period of oscillation
of the internsity-correlation function of the scattered light from
both beams in the forward direction. The position of the point
where the laser beams cross is varied to scan the entire gap, thus
enabling the measurement of flow profiles. The reported local
velocities at each point are averages over at least three measure-
ments. A detailed decription of the set up can be found in Ref.54.
The optical Couette cell is coupled to a motor for controlling the
rotational speed of the inner cylinder. The shear cell has a gap
width of 1.5mm, with cylinder diameters of 45mm and 48mm.

In order to gain structural information of the sample during
shear, the intensity of a separate laser beam passing through the
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sample, placed between two crossed polarizers, is measured by
means of a diode. Moreover, images of the sample during steady
shear were taken between two crossed sheet polarizers using a
white light box in order to probe the birefringent structure.

3 Rheology
Figure 1 shows the storage G′ and loss modulus G′′ as well as
the shear-rate dependence of the stress in the stationary state of
xanthan solutions at different concentrations and ionic strengths.
For the samples without salt, both the storage G′ and loss modu-
lus G′′ increase with concentration, while the crossover frequency
decreases dramatically, as can be seen in Fig.1a. The correspond-
ing much slower chain dynamics at higher concentrations is at-
tributed to an increasing degree of entanglement. The flow curve
is similarly sensitive to the xanthan concentration, going from an
almost Newtonian flow curve at 0.3 wt% xanthan to a strongly
shear-thinning flow curve with a sloped stress plateau at 0.7 wt%
xanthan, as seen in Fig.1b.

The rheological properties are much less sensitive to the ionic
strength, as can be seen from Figs.1c,d, for the 0.7wt% sample.
There is a slight shift of the crossover frequency to smaller fre-
quencies on increasing salt concentration. This is attributed to
an increasing xanthan-chain flexibility as the Debye length de-
creases, leading to a slight increased degree of entanglement.
The flow curves (the stress as a function of the applied shear
rate) shown in Fig.1d are equally similar for each of the salt con-
centrations. There is a sloped plateau for all salt concentrations
within the shear-rate range of about 1−100s−1, where the stress
σ varies with the shear rate γ̇ as σ ∼ γ̇m f c , with the exponent
m f c ≈ 0.20 (the index " f c " stands for "flow curve"), indicative for
strong shear-thinning.

As can be seen from Fig.2, we obtain a master curve for G′ and
G′′ by just rescaling the frequency. This implies that the dynamics
of the various xanthan solutions underly the same mechanisms,
independent of the xanthan concentration and the salt concentra-
tion. There is no change in the principle processes that set the dy-
namics of these systems on changing either the xanthan or the salt
concentration. The degree of entanglement changes with xanthan
and salt concentration, but the entanglement-relaxation mecha-
nisms remain the same. Possible differences in shear-banding be-
haviour can therefore not be attributed to fundamental structural
changes.

4 Velocity Profiles
The sloped stress plateaus observed in the flow curves in Fig.1d
for the 0.7wt% samples hints to the possibility of shear-banding
resulting from strong shear-thinning. This is confirmed for the
sample with no added salt in Fig.3, where the local velocity is
plotted as a function of the position within the gap of the opti-
cal Couette cell, for small shear rates (5− 50s−1) in Fig.3a, and
for higher shear rates (50− 130s−1) in Fig.3b. There is no sign
of slip for this sample, nor for any of the remaining samples that
will be discussed later. Shear-banding does not occur below shear
rates of about 15s−1 (see Fig.3a) and above shear rates of 115s−1

(see Fig.3b). This shear-rate range lies within the range where
the sloped plateau in the flow curve in Fig.1d is found. This is
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Fig. 2 Master curves for the storage G′ and loss modulus G′′ by (a) time-
concentration and (b) time-ionic strength superposition. The shifts of the
logarithmic frequency scale are indicated in the figures.

a strong indication that the banded flow profiles in Fig.3 are re-
lated to the classic shear-banding instability, being due to very
strong shear-thinning. Shear-banding profiles with well-defined
regions of constant shear rate, separated by a relatively sharp
interface, are observed for shear rates between 15− 50s−1 (see
Fig.3a). At higher shear rates, however, the profiles gradually be-
come more curved, without a sharp interface (see Fig.3b). The
question then arises whether these curved flow profiles are still
due to the shear-banding instability, but with a very broad inter-
face, or whether other mechanisms play a role leading to such
curved profiles. However, from the smooth transition of banded
profiles with a sharp interface to curved profiles, it seems that
the curved profiles are banded flows with a broad interface. The
stationary states within the shear-rate range of about 15−115s−1

are thus most probably SBI-states, as defined at the end of the in-
troduction. The more detailed analysis given below confirms this
conjecture.

Velocity profiles for all investigated samples, with varying xan-
than and added-salt concentrations, are given in Fig.4a-e. Except
for the sample of 0.7wt% without added salt (for which a magnifi-
cation of Fig.4a is given in Fig.3), we observed no band-formation
with sharp interfaces. Instead highly curved flow profiles are ob-
served. Also here the question is whether or not these highly
curved flow profiles correspond to SBI-states with a broad inter-
face.

In order to decide whether the curved flow profiles correspond
to SBI-states, we first consider the construction of the lever rule.
The lever rule is based on the following consideration. In the
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Fig. 5 The lever-rule plot for 0.7wt% xanthan without added salt (the
solid circles), and for the 5mM salt (the open squares), where the fraction
ε of the volume occupied by the high shear-rate band is plotted against
the applied shear rate. The data points are based on the determination
of ε from the velocity profiles with a sharp interface. The vertical dashed
lines indicate the predicted range 6−113s−1 of applied shear rates where
shear-banding occurs. The inset shows the shear rates in the high- and
low shear-rate bands as a function of the applied shear rates (in s−1) for
the system without added salt.

absence of slip (like in our samples), the velocity of the rotating
inner cylinder is on the one hand equal to γ̇app L, with γ̇app the
applied shear rate and L the gap width, and is on the other hand
equal to γ̇lLl + γ̇hLh, with γ̇h and γ̇l the shear rates in the low and
high shear-rate band, respectively, and with Lh and Ll the extent
of these bands. Since L = Lh +Ll , it follows that the fraction of
the gap that is occupied with the high shear-rate band is equal to,

ε ≡ Lh

L
=

γ̇app− γ̇l

γ̇h− γ̇l
. (1)

This lever-rule predicts that the extent of the high shear-rate band
varies linearly with the applied shear rate, in case the shear rates
within the bands are insensitive to the applied shear rate. The ex-
tent of the high shear-rate band vanishes at the lower boundary
of the shear-rate region where banding occurs (where γ̇app = γ̇l),
and is equal to the full gap width L at the upper boundary (where
γ̇app = γ̇h). An accurate determination of the shear rates within
the two shear-bands is only possible when sharp interfaces oc-
cur, that is, when the extent of the two bands is sufficiently large
to determine the shear rates γ̇h,l . The lever rule can therefore
only be constructed for the lower applied shear rates for the sam-
ple 0.7wt% without added salt (see Fig.3a), and for two shear
rates for the 5mM added salt. The fraction ε in eq.(1) is plot-
ted against the applied shear rate for these relatively small shear
rates in Fig.5. As can be seen from this figure, we recover the
predicted linear dependence of ε on the applied shear rate, de-
spite the slight dependence of γ̇l,h on the applied shear rate (see
the inset in Fig.5). Moreover, the shear-rate range where banding
occurs, on the basis of the lever-rule plot in Fig.5, is found to be
6− 113s−1 (indicated by the vertical dashed lines in Fig.5). This
corresponds to the shear-rate range where the sloped plateau in
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Fig. 6 The difference of the exponents m f c as determined from the flow
curve and m as determined from the shear-thinning-function fit for 0.7wt%
xanthan, with 0M, 5mM and 10mM added salt. The lines are guides-to-
the-eye. The gap in the data for the sample without salt is due to the
fact that the interface is too sharp to be able to fit the flow curve with the
shear-thinning function. Typical errors in the data points are ±0.05.

the flow curve in Fig.1d is found. Since the lever rule cannot
cease to be valid at shear rates only half-way the shear-banding
region, we conclude that the highly curved flow profiles in Fig.3b
correspond to SBI-states with a broad interface.

Another indication that the curved flow profiles correspond to
SBI-states, is to compare the observed flow profile with the ex-
pected profile for a Couette geometry when the classic shear-
banding instability is absent. For a stable, non-SBI-state, for
which the stress scales like σ ∼ γ̇m, the exact stationary veloc-
ity flow profile in a Couette cell is given by the shear-thinning
function55,

V (x) = ω0R1[(R2− x)1−2/m−R1−2/m
2 ]/[R1−2/m

1 −R1−2/m
2 ], (2)

where, as before, x is the distance from the stationary outer cylin-
der with rotational velocity ω0, and R1 and R2 are the radii of
the inner and outer cylinder, respectively. The only fit parame-
ter in the shear-thinning function is the shear-thinning parameter
m. For Newtonian fluids, the shear-thinning parameter is unity, in
which case the velocity in eq.(2) represents the natural geometry-
imposed variation of the velocity within the gap of the Couette
cell. More pronounced curved flow profiles as compared to New-
tonian fluids occur for systems that exhibit shear-thinning. We
have seen in the flow curve in Fig.1d, that within the shear-rate
range of about 1− 110s−1, the stress scales like σ ∼ γ̇m f c with
an exponent m f c ≈ 0.20. The difference between the value of
m obtained from fits of highly curved flow profiles to the shear-
thinning function (2) and the value of the flow-curve exponent
m f c is thus indicative for the occurrence of a SBI-state (but only
for applied shear rates where the scaling σ ∼ γ̇m f c holds). When
there is no shear-banding instability, m is equal to m f c. This com-
parison is of course only possible when all flow profiles can be
accurately fitted to the shear-thinning function (2), which turns
out to be case, except for the profiles with a sharp interface (for
which it is evident that these are SBI-state). The difference be-
tween the exponent m f c obtained from the flow curve and the

6 | 1–11Journal Name, [year], [vol.],



exponent m obtained from fits of the flow profiles to the shear-
thinning function, is plotted in Fig.6. The vertical dashed lines in-
dicate the shear-banding region corresponding to SBI-states com-
plying with the lever rule. As can be seen from this plot, for the
three samples with 0.7w% xanthan without added salt and with
5 and 10mM added salt, there are significant differences between
the two exponents within the shear-banding region (the experi-
mental error in m f c−m is of the order of 0.05). The difference
m f c−m remains large beyond the shear-banding region at large
applied shear rates, since for those shear rates the scaling σ ∼ γ̇m f c

does not hold, so that m is generally not equal to m f c (the sloped
plateau in the flow curve in Fig.1d ends at about 110s−1). For
the flow curves for the sample with 1M added salt, the difference
between m f c and m is of the order of the experimental error.

The above analysis strongly suggest that the 0.7wt% xanthan
solutions without salt and with 5 and 10mM added salt exhibit
the classic shear-banding instability, with very broad interfaces
between the shear-bands at larger salt concentration. Whether
the samples with 1M added salt, and with the 0.5wt% xanthan
concentration exhibit SBI-states cannot be answered, since there
is the possibility that the interface for these systems is as large, or
even larger, than the cell gap width.

Interface widths can be estimated from the flow profiles as fol-
lows. For a broad interface, the flow curve can be fitted by the
shear-thinning function in eq.(2). An example of such a fit is
given in Fig.7a (the red solid line). The width of the interface
is estimated from the difference between the actual flow velocity
and the linear profiles (the blue lines in Fig.7a) corresponding to
the slopes at the inner- and outer cylinder as obtained from the
fitted shear-thinning function, as sketched in Fig.7b. For sharp
interfaces, like the profile in Fig.7c, the linear blue profiles can
be obtained directly from the flow-profile data, after which the
same procedure can be used to determine the interface width, as
illustrated in Fig.7d. The thus determined interface widths are
given in Fig.8 as a function of the applied shear rate. The small-
est interface widths are found for the sample without added salt
and small applied shear rates, which however still span about
1/3 of the shear-cell gap. The other two shear-banding samples,
with 5mM and 10mM added salt, exhibit broader bands, spanning
more than 1/2 of the entire gap.

5 Diagram-of-States and Birefringence
A diagram-of-states can be constructed, where the various flow
profiles that occur are indicated as a function of the added salt
concentration and the applied shear rate. Flow profiles could be
accurately fitted with the shear-thinning function (2) also for ap-
plied shear rates that are outside the shear-rate range where the
flow curve exhibits an exponential behaviour (where the stress
varies like γ̇m f c ). This can be used to distinguish flow profiles on
the basis of the value of the exponent m obtained from such fits.
Three flow profiles can be distinguished: (i) profiles for which
m > m f c, (ii) for which m < m f c, and (iii) profiles with sharp
interfaces, where m can not be determined because a fit to the
shear-thinning function is not possible. The profiles (ii) include
banded flows with broad interfaces. The state-diagram in fig.9
shows where these flow profiles are found, depending on the salt
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Fig. 8 The width of the shear-band interface as a function of the applied
shear rate, for the samples of 0.7 wt% xanthan without added salt and with
5 and 10 mM added salt. The open points are for sharp interfaces, the
filled symbols for broad interfaces. Note that the gap width of the shear
cell is 1.5mm. The solid lines are guides-to-the-eye. The vertical dashed
lines indicate the shear-banding region as obtained from the lever-rule
plot.

concentration and the applied shear rate for the 0.7wt% xanthan
sample. The vertical red-dashed lines indicate the shear-banding
region as obtained from the lever-rule experiments. The solid
black lines indicate where the exponent m as obtained from the
velocity profile becomes smaller than the shear thinning exponent
m f c as obtained from the flow curve. The minimum value of m oc-
curs well within the banding region, and continuously increases
away from the banding region. The dashed curve indicates the re-
gion where sharp interfaces are observed. For added-salt concen-
trations larger than a few mM, shear-banding occurs, with broad
interfaces.

Birefringence experiments are employed to monitor whether
shear-induced structural changes occur. Birefringence was mea-
sured between crossed polarizers with increasing shear rate for
the 0.7 wt% xanthan samples. Figure 10 shows the transmit-
ted light intensity through the sample, which is placed between
crossed polarizers with polarization directions parallel and per-
pendicular to the flow direction, as a function of the applied shear
rate. Images show the observed birefringence patterns. The trans-
mitted intensity is a measure for the degree of birefringence re-
lated to orientation of xanthan chains at angles of 45o with respect
to the flow direction. The observed birefringence increases with
shear rate for each ionic strength, as can be seen from Fig.10. The
birefringence for the shear-banding samples is significantly larger
than for the non-banding system (with 1M added salt), indicat-
ing that significant structural changes occur for the systems that
exhibit shear-banding.The larger birefringence intensity is consis-
tent with the crossed birefringent patterns, which are similar to
what we observed in supramolecular polymer solution17. Explor-
ing the nature of the structural changes requires a separate scat-
tering/microscopy study, which is beyond the scope of the present
work.
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Fig. 9 The diagram-of-states in the added-salt-concentration I versus
the shear-rate plane, where flow profiles are distinguished depending
on the shear-thinning parameter m. The open points refer to banded
profiles with a sharp interface. The vertical dashed lines indicate the
shear-banding region as obtained from the lever rule.
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Fig. 10 The transmitted intensity Is versus the applied shear rate for
0.7 wt% xanthan solutions at different salt concentrations. The images
are taken between crossed polarizers during shear, where the labels in-
dicate to which data points they belong.
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6 Discussion and Conclusions

The question addressed in this work is whether highly entangled
polymeric systems can exhibit the classic shear-banding instabil-
ity that complies with strong shear thinning, without necessarily
giving rise to a clear shear-banded state but rather to a highly
curved flow profile. The common situation in other types of sys-
tems, such as surfactant wormlike micelles, is that the flow pro-
files resulting from the classic shear-banding instability consists of
two extended regions (the "bands") within which the shear rate
is constant, separated by a sharp interface. We argue on the basis
of experiments on xanthan solutions, that polymeric systems can
exhibit the classic shear-banding instability, but that the interface
can be unusually broad, of the order of the gap width of the shear
cell. The occurrence of very broad interfaces possibly justifies the
claims in earlier work, where highly curved flow profiles in vari-
ous types of polymeric systems were interpreted as systems that
exhibit the classic shear-banding instability30,32,46.

We can make this claim because we observe a smooth transi-
tion between such stationary flow profiles with sharp bands and
curved profiles for concentrated xanthan solutions. The sharply
banded flow is found for 0.7wt% xanthan solutions at zero added
salt in a range of relatively low applied shear rates, while the
width of the interface, for which we gave a new definition, in-
creases when moving away from this region in parameter space
until the extent of the interface is comparable or larger than the
cell gap width and finally becomes linear. This effect has been
reported earlier as a function the ionic strength for wormlike
micelles56 and DNA46, but it had not been quantified in terms
of the widening of the interface. The claim that curved profiles
can still be considered as shear-banded states, in the sense that
they are the result of the classic shear-banding instability, is sup-
ported by two main observations. First, the lever-rule plot, as
constructed from the profiles with a sharp interface for the low-
est ionic strength, is linear as it should. The extrapolation to
determine the shear-rate range where banding occurs coincides
with the extent of the sloped stress plateau in the flow curve,
while the data for 5 mM added salt overlay. Since the lever rule
cannot cease to be valid at shear rates only half-way the shear-
banding region, we conclude that the highly curved flow profiles
in Fig.3b correspond to SBI-states with a broad interface, includ-
ing the profiles at higher ionic strength. Second, we compared the
exponents m and m f c: the former describes the flow profile in a
Couette geometry (see eq.2) for a stable fluid for which the stress
scales like σ ∼ γ̇m, while the latter characterizes the power-law
behaviour of the sloped stress plateau in the flow curve σ ∼ γ̇m f c .
When the system is stable, the two exponents must be equal. In
case the power-law dependence in the flow curve is the result of
the shear-banding instability, the two exponents are generally dif-
ferent. We find that the two exponents are indeed different for
the 0, 5, 10mM salt concentrations, indicating that the curved ve-
locity profiles originate from the shear-banding instability. The
sample with the very high salt concentration 1M can not be an-
alyzed in this way, since the difference between the two expo-
nents is within experimental error. A stability diagram is con-
structed, which summarizes the several flow profiles that occur in

the added-salt-concentration versus shear-rate plane.

The fact that samples with very similar flow curves and relax-
ation dynamics, as witnessed by the scaling behavior of the rhe-
ology, produce velocity profiles ranging from sharply banded to
curved, suggests that molecular interactions play an important
role in shear-band formation and potentially in the widening of
the interface. The Rolie-poly model, from which non-linear be-
havior of polymers can be predicted, provides a local parameter
which describes a rate at which entanglements are swept out by
flow7. This rate could be related either to the increased flexibility
or reduced repulsion when increasing the ionic strength. The di-
rect relation between birefringence and shear-band formation, as
observed earlier for many other systems, see Fig. 10, suggests that
stiffness is a prerequisite for shear-banding. However, similar ex-
periments on DNA suggest that electro-static repulsion facilitates
the shear induced alignment46. In order to understand the link
between molecular interactions and shear-band formation one
possibly has to connect the rate at which entanglements are swept
out to the ease with which a sharp interface is formed, which is
given by the shear curvature viscosity5 or, equivalently, the stress
diffusion coefficient6. Better controlled and tunable systems are
required to make such a link. Note also that alternatively, widen-
ing could also be observed when the interface between the bands
becomes unstable57–60. Other profiling techniques would need to
be applied in order to investigate this possibility.

Finally, we want to evoke awareness with this paper of the
possibility of shear-band formation in this relatively ill-defined
and heavily studied system. Previously wall slip61,62 and hints
of shear-banding63 in xanthan solutions have been reported, but
this is the first systematic study that identifies a region of shear-
banding. This is crucial for the correct interpretation of con-
ventional rheological results, and therefore of industrial impor-
tance42. These results also extrapolate to many other products
that are used as rheology modifiers.
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molecules, 46(24):9849–9854, 2013.

48 G. Marrucci. Dynamics of entanglements: A nonlinear model
consistent with the cox-merz rule. J Nonnewton Fluid Mech.,
62(2):279–289, 1996.

49 G. Ianniruberto and G. Marrucci. A simple constitutive equa-
tion for entangled polymers with chain stretch. J. Rheol.,
45(6):1305–1318, 2001.

50 S. Q. Wang, Y. Y. Wang, S. W. Cheng, X. Li, X. Y. Zhu, and
H. Sun. New experiments for improved theoretical description
of nonlinear rheology of entangled polymers. Macromolecules,
46(8):3147–3159, 2013.

51 T. A. Camesano and K. J. Wilkinson. Single molecule
study of xanthan conformation using atomic force microscopy.
Biomacromolecules, 2(4):1184–1191, 2001.

52 S. A. Rogers, D. Vlassopoulos, and P. T. Callaghan. Aging,
yielding, and shear banding in soft colloidal glasses. Phys.
Rev. Lett., 100(12):128304, 2008.

53 F. Snijkers, R. Pasquino, P.D. Olmsted, and D. Vlassopoulos.
Perspectives on the viscoelasticity and flow behavior of entan-
gled linear and branched polymers. J. Phys.: Condens. Matter,
27(47):473002, 2015.

54 J. Delgado, H. Kriegs, and R. Castillo. Flow velocity profiles
and shear banding onset in a semidilute wormlike micellar
system under couette flow. J. Phys. Chem. B, 113(47):15485–
15494, 2009.

55 J. B. Salmon, A. Colin, S. Manneville, and F. Molino. Velocity
profiles in shear-banding wormlike micelles. Phys. Rev. Lett.,
90(22):228303, 2003.

56 D. Gaudino, R. Pasquino, H. Kriegs, N. Szekely, W. Pyckhout-
Hintzen, M. P. Lettinga, and N. Grizzuti. Effect of the salt-
induced micellar microstructure on the nonlinear shear flow
behavior of ionic cetylpyridinium chloride surfactant solu-
tions. Phys. Rev. E, 95(3):032603, 2017.

57 S. Lerouge, M. Argentina, and J. P. Decruppe. Interface insta-
bility in shear-banding flow. Phys. Rev. Lett., 96(8):088301,
2006.

58 M. A. Fardin, B. Lasne, O. Cardoso, G. GrÃl’goire, M. Ar-
gentina, J. P. Decruppe, and S. Lerouge. Taylor-like vor-
tices in shear-banding flow of giant micelles. Phys. Rev. Lett.,
103(2):028302, 2009.

59 M. A. Fardin and S. Lerouge. Instabilities in wormlike micelle
systems. Eur. Phys. J. E, 35(9):91, 2012.

60 M.A. Fardin, L. Casanellas, B. Saint-Michel, S. Manneville,
and S. Lerouge. Shear-banding in wormlike micelles: Beware
of elastic instabilities. J. Rheol., 60(5):917–926, 2016.

61 S. J. Gibbs, K. L. James, L. D. Hall, D. E. Haycock, W. J. Frith,
and S. Ablett. Rheometry and detection of apparent wall slip
for poiseuille flow of polymer solutions and particulate disper-
sions by nuclear magnetic resonance velocimetry. J. Rheol.,
40(3):425–440, 1996.

62 M. A. Valdez, L. Yeomans, F. Montes, H. AcuÃśa, and A. Ay-
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