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Nonuniform flow in soft glasses of colloidal rods
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Despite our reasonably advanced understanding of the dynamics and flow of glasses
made of spherical colloids, the role of shape, i.e., the respective behavior of glasses formed
by rodlike, particles is virtually unexplored. Recently, long, thin and highly charged rods
(fd-virus particles) were found to vitrify in aqueous suspensions at low ionic strength
[Phys. Rev. Lett. 110, 015901 (2013)]. The glass transition of these long-ranged repulsive
rods occurs at a concentration far above the isotropic-nematic coexistence region and is
characterized by the unique arrest of both the dynamics of domains that constitute the
chiral-nematic orientational texture, as well as individual rods inside the domains. Hence,
two relevant length scales exist: the domain size of a few hundreds of microns, and the
rod-cage size of a few microns, inside the domains. We show that the unique dual dynamic
arrest and the existing of two widely separated length scales imparts an unprecedented,
highly heterogeneous flow behavior with three distinct signatures. Beyond a weak stress
plateau at very small shear rates that characterizes the glass, the kinetic arrest of the domain
dynamics gives rise to internal fracture, as a result of domain-domain interactions, as well
as wall partial slip. It is shown that, on increasing the shear rate, the fractured plug flow
changes to a shear-banded flow profile due to the stress response of the kinetically arrested
aligned rods within the domains. Shear-gradient banding occurs due to the strong thinning
of the uniform chiral-nematic phase within the domains, i.e., complying with the classic
shear-banding scenario, giving rise to a stress plateau in the flow curve. Finally, a linear
(uniform) velocity profile is found at the highest shear rates. Vorticity banding is also
observed at intermediate and high shear rates. These results point to the crucial role of
particle shape in tailoring the flow properties of dense colloidal suspensions. Moreover,
they strongly support the argument that the origin of shear banding in soft-particle glasses
with long-ranged repulsive interactions is fundamentally different from that of hard-particle
glasses with short-ranged repulsive interactions.

DOI: 10.1103/PhysRevFluids.2.043301

I. INTRODUCTION

Many types of materials, ranging from colloids to polymers and metals, exhibit a glass transition,
where a fluid-like disordered structure is dynamically arrested upon increasing packing fraction
and/or changing the temperature. In a colloidal glass of repulsive particles, each particle is surrounded
by an assembly of neighbors which prevent it from moving over distances larger than the typical
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neighbor distance. At long time scales compared to the experimental, the particle is thus confined to an
effective cage resulting from repulsive interactions with its neighbors; this is the so-called “caging.”
Glasses should be distinguished from gels, which are also long-lived nonequilibrium states, resulting,
however, from attractive interactions. Long-lived nonequilibrium states often reflect an interplay of
repulsive and attractive forces [1,2].

There is large body of literature on glasses of colloidal suspensions of spheres, with repulsive
interparticle interactions ranging from short-ranged (hard spheres) to long-ranged (soft spheres).
These systems have been used to gain fundamental understanding of the physics of glasses (an
overview on such colloidal glasses can be found in Ref. [3]). There is only very little recent evidence
on the behavior of glasses of slightly anisotropic colloidal particles [4–6]. In particular, such glasses
have been found to exhibit “double yielding” as evidenced by a double maximum in the frequency
dependence of the viscous modulus. The double yielding (originally reported for attractive glasses
from colloid-polymer mixtures [7]) has been attributed to the respective onset of rotational and
translational motion. Two peaks in the viscous modulus were also observed in glasses of core-shell
colloids with attractive forces for very different reasons: the peaks are attributed to the deformation
of the shell and cage breaking, respectively [8]. Similarly, soft glasses of interpenetrating star
polymers were also reported to exhibit two-step yielding at high enough frequencies before complete
disengagement [9].

Depending on the applied shear rate, colloidal glasses of spherical particles may exhibit
inhomogeneous flow profiles consisting of two bands, i.e., two regions extending along the
gradient direction with distinct shear rates (overviews of shear-banding transitions in various
types of systems can be found in Refs. [10–16]). For soft glasses of star polymers the “classic
shear-banding instability” scenario suggests that strong shear thinning is responsible for the
occurrence of nonuniform flow [17–21]. Such a strong shear thinning is also at the origin of shear
banding in many different types of colloidal fluids, such as wormlike micellar solutions, lyotropic
lamellar phases, solutions and blends of various types of polymers, polycrystalline colloids, and
dispersions of platelets [10–16,22–26]. For glasses of particles with soft interactions, a number of
intriguing features associated with the interplay of aging and shear banding have been described
by the “soft glassy rheology” model [27–29] or the empirical “fluidity” model [18]. However,
the exact role of microstructural details such as star interpenetration is not fully understood yet.
Shear banding is also found for other types of systems with a yield stress such as gels [30,31],
cement pastes [32], and emulsions [33–35]. Reference [36] gives an overview of various types
of yield-stress systems, with a physical interpretation of the origin of banding scenarios for
systems with attractive and repulsive interparticle interactions. The shear-banding scenario for
hard-sphere glasses is fundamentally different from the classic banding scenario exhibited by the
above mentioned soft star-polymer glasses at relatively low concentrations. For hard-sphere glasses
an instability occurs due to mass transport induced by spatial gradients in the shear rate [37,38],
the so-called Shear-gradient Concentration Coupling (SCC) instability, where one shear-band is
strictly nonflowing. This instability is possibly also at the origin of the banded flow profiles found
in molecular dynamics simulations of short-ranged repulsive particles in Ref. [39]. The reason for
this fundamentally different shear-banding behavior of glasses consisting of particles with long- and
short-ranged repulsive interactions will be discussed in more detail later.

Concerning purely repulsive glasses of rodlike colloids with large aspect ratio, two experimental
systems have been reported: aqueous suspensions of boehmite rods [40] and fd-virus particles [41,42]
at very low ionic strengths. The low ionic strengths correspond to large Debye lengths, thus resulting
in long-ranged electrostatic repulsive interactions. These interactions are responsible for caging.
In both cases, a glass transition far above the isotropic-nematic coexistence region was reported.
Contrary to glasses of spheres, the morphology here consists of chiral-nematic domains with different
orientations, which we shall refer to as “orientational texture.” In Refs. [41,42] it is also shown that
the dynamics of the orientational texture freezes at the same concentration where rodlike particle
arrest is observed. There are thus two dynamical processes that are frozen at the same concentration:
the particle dynamics and the dynamics of the orientational texture. These two processes involve two
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length scales: the size of the cage due to long-ranged electrostatic interactions, of which the largest
dimension is of the order of a few times the rod length (a few microns), and the size of chiral-nematic
domains (several hundreds of microns). The existence of such widely separated length scales will
be shown to lead to quite a different flow behavior as compared to glasses of spherical colloids. A
practical overview addressing gels and glasses of anisotropic colloids can be found in Ref. [1]. Many
of the systems that are referred to as glasses of rods in Ref. [1] are in fact systems where attractive
interactions play an important role. Here we consider glasses of charged rods, with purely repulsive
interactions due to the presence of thick electric-double layers, which lead to long relaxation times
of collective dynamics [42].

The flow behavior of glasses of rodlike particles is unexplored, yet it is expected to give rise to new
phenomena as compared to glasses of spherical particles due to the above mentioned existence of the
two widely separated length scales associated with the cage size and the size of chiral-nematic do-
mains. The purpose of this study is twofold: (1) to explore the complex flow and rheology of suspen-
sions of rodlike colloids with long-ranged repulsive interactions near the glass transition, and decou-
ple the contributions from the chiral-nematic orientational texture and the chiral-nematic phase within
single domains and (2) to distinguish the two fundamentally different shear-banding mechanisms
that lead to shear banding of glasses with long-ranged and short-ranged interparticle interactions.

As a model system for rodlike colloids, we use fd-virus particles, which consist of a double-
stranded DNA covered with 2700 coat proteins. The contour length is 880 nm, the width of the
fd-core is 6.8 nm, while the coat proteins render the fd-virus stiff, with a persistence length of about
2500 nm. This model system has been used to study the equilibrium phase behavior of charged
colloidal rods at ionic strengths larger than about 1 mM (see, for example, Refs. [43–48]). For these
quasi-hard-rod systems, a number of liquid-crystalline phases have been observed: a chiral nematic
phase (where the rods have a preferred orientation, like in a nematic phase, but where the direction
of the preferred orientation varies periodically), a smectic phase (which consists of stacked nematic
layers), a columnar phase (where the rods are assembled in columns), and a crystalline phase. At these
relatively high ionic strengths, no glass transition has been observed. A glass is found in Refs. [41,42]
at a much lower ionic strength of 0.16 mM of TRIS/HCl buffer. In the present study we use the same
low ionic strength, corresponding to a Debye length of 27 nm. The effective aspect ratio of the fd-rods
is 33, quite different from the aspect ratio of 133 at high ionic strengths. The resulting long-ranged
repulsive interactions between rods lead to particle arrest. Soft glasses with such long-ranged
electrostatic interactions are commonly referred to as Wigner glasses (after E. Wigner, who predicted
a crystal ordering of electrons as a result of their electrostatic interactions [49]). At higher ionic
strengths (larger than about 0.5 mM) no glass state is observed, as the electrostatic interactions are not
sufficiently long-ranged to form cages. For example, PNIPAM-coated fd-virus particles at relatively
high ionic strengths do not form repulsive glasses [50,51]. Instead, these systems form a gel as the
temperature is raised due to the attractive interactions between the polymer coatings. The possibility
for inhomogeneous flow profiles for such gels of very long and thin attractive rods has so far not
been studied. Here, however, we focus our attention on the above described soft repulsive glasses.

II. VISUAL OBSERVATION OF THE ORIENTIONAL TEXTURE UNDER FLOW

In order to interpret the origin of the various flow regimes discussed below, it is necessary to know
to which extent the orientational nematic texture morphology is affected by flow. The experimental
setup for imaging the orientational texture under flow conditions is sketched in Fig. 1 (the setup is
combined with the light scattering apparatus to measure velocity profiles, as discussed in the next
section). The gray area is the sample that is contained in an optical Couette cell, with smooth walls,
of which the inner cylinder is rotated to induce shear flow. The gap width of the Couette cell is 1 mm
and contains about 6.0 ml sample. The vertical optical train depicted in Fig. 1 is used for imaging of
the domain morphology. The Couette cell is placed between two crossed polarizers A and P, and the
transmitted intensity of the homogeneously illuminated cell with white light is recorded by a CCD
camera using the 1:1 telescopic lens L3 in Fig. 1. The field-of-view is circular with a diameter of
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FIG. 1. Experimental setup for imaging in situ orientational textures under shear flow (the vertical optical
train) and for laser Doppler heterodyne light scattering for the measurement of velocity profiles along the
gradient direction (the horizontal optical train). The inset depicts the standing interference pattern within the
region where two focused laser beams cross. Two scattering geometries are used, one for forward scattering
and one for backward scattering.

3 cm. The images given in Fig. 2(a) show this circular field-of-view, while those in Fig. 2(b) are a
rectangular part of it. The flow direction in these images is the horizontal direction, while the vertical
direction is along the vorticity direction.

Since the fd-virus particles are birefringent, local orientational nematic order is evidenced by a
nonzero transmitted intensity. The different colors in Fig. 2 are due to the wavelength dependence
of the degree of birefringence of the fd-particles. The change in the polarization direction of the
incident light thus depends on the wavelength, so that different colors are transmitted depending on
the orientation of the domains.

The typical size of a chiral-nematic domain is 100–300 µm, while there are no strong anchoring
conditions, so that for the gap width used here the morphology is essentially unaffected by
confinement. Figure 2(a) shows full-view images for two shear rates and various concentrations
(the field-of-view is 3 cm). The images of the orientational texture do not change over time spans
of several days, so that these images represent stationary states. The encircled far-right images (in
red) refer to a concentration that is above the glass transition. The lowest concentration (3.7 mg/ml)
is just above the isotropic-nematic coexistence region. For a relatively low shear rate of 10 s−1

[the images in the lower panel in Fig. 2(a)], the bright regions correspond to single chiral-nematic
domains. For the lowest concentration, the orientational texture is fully aligned at a shear rate of
50 s−1, resulting in the dark image in the most left upper image: the orientation of the rods is now
along the polarization direction of one of the polarizers, so that no intensity is transmitted. Regular
and thin, well-defined stripes are observed for the concentration of 7.4 mg/ml, well below the glass
transition, while a much coarser banded morphology is observed very close and well above the glass
transition [see the two images on the right, upper panel, in Fig. 2(a)]. For the two concentrations in
the vicinity and within the glass (the glass transition concentration is 11.7 mg/ml [41,42]), single
domains are present, contrary to the samples well below the glass transition.

Figure 2(b) shows a more detailed view of the orientational texture as function of shear rate
for the same two high fd-concentrations as in Fig. 2(a), one just below the glass transition and
one above the glass transition. The most left images of unsheared suspensions are the orientational
textures as observed two days after filling the shear cell. For the higher concentration the originally
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FIG. 2. Depolarized images of shear-affected chiral-nematic orientational texture. (a) A full view of the
images of the texture for two shear rates, 10 and 50 s−1, for various concentrations as indicated in the figures.
The diameter of the full-view images is 3 cm. The encircled far-right images (in red) refer to a concentration
that is above the glass transition. (b) Images for a concentration of 11.1 mg/ml (upper panel), just below the
glass transition, and for 14.8 mg/ml (lower panel) above the glass transition, for various shear rates as indicated
in the different images. These images are cuts from the full-view images as given in (a).

shear-aligned texture, directly after filling the shear cell, does not change during two days, while for
the lower concentration equilibration takes place (which is quantified through image-time correlation,
as discussed in Refs. [41,42]). The morphology is not notably affected up to shear rates of a few
reciprocal seconds. Vorticity bands develop at a shear rate of about 15 s−1 for both concentrations.
The relatively blurry and much wider bands for the concentration above the glass transition are
attributed to the fact that the domains are frozen in the glassy state, while for the lower concentration
the domains are fluid-like.

There are several mechanisms that lead to different types of vorticity-banded morphologies. The
classic Taylor instability is triggered by centrifugal forces, and leads to bands that are in internal
rolling flow which span the gap of the Couette cell [as sketched in Fig. 3(h)]. The Taylor number
Ta = �2 R1 (R2 − R1)3/ν2 where vorticity banding sets in is of the order of 50, which is much lower
than its critical value 3400 where a Newtonian fluid develops vorticity bands in a narrow-gap Couette
cell (here � is the rotation velocity of the inner cylinder, R1 is the outer radius of the inner cylinder,
R2 is the inner radius of the outer cylinder, and ν is the kinematic viscosity) [52–54]. Provided
that the banded morphology is related to Taylor banding, this indicates that elastic deformation of
the domains enhances the formation of Taylor vorticity bands [53–55]. Second, vorticity banding
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FIG. 3. Velocity profiles along the gradient direction for the same concentrations 7.4, 11.1, and 14.8 mg/ml
as in Fig. 2, well below (a), (b), just below (c), (d), and above (e), (f) the glass transition, for various shear rates.
The left-pointing arrows on the right axes indicate the velocities that correspond to no-slip conditions. The
solid lines in (b) are fits to a second order polynomial and are guides-to-the-eye for the profiles in (c)–(f). The
shear rate regimes where the different types of nonuniform flow are observed for the higher concentrations are
sketched in (g). (h) A sketch of rolling flow in a Couette cell. The direction of the shear flow is perpendicular
to the rolling flow, along the direction of the rotating inner cylinder.
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can result from a purely elastic instability [56,57] or from a transient gradient-banded state where
the interface between the gradient bands becomes unstable [55,58]. Like for Taylor banding, these
mechanisms lead to vorticity bands that are in internal rolling flow, which span the entire gap of
the Couette cell. Third, nematic domains may be stretched and merge to an extent that they span the
circumference of the Couette cell. This is probably the mechanism leading to the thin bands for the
low concentration of 7.4 mg/ml in Fig. 2(a). Observation of the time-dependent orientational texture
under flow conditions reveal that the rolling flow velocity within the vorticity bands, in the vicinity and
above the glass transition, is very much smaller as compared to the applied shear flow velocity [59].

An important conclusion from the above observations is that, for concentrations close to and
above the glass concentration, the orientational texture is still present up to quite high shear rates,
even within the shear-rate range where vorticity banding occurs, and that the velocity of a possibly
present rolling flow within the bands is very much smaller than the applied shear flow velocity. As
will be seen later, the presence of the orientational texture is at the origin of internal fracture, while
the uniform chiral-nematic material within domains is responsible for gradient shear banding.

Banded structures stacked along the vorticity direction and aligned along the flow direction
were observed and predicted in liquid-crystalline polymers (see, for example, Refs. [60–69], where
in the latter reference fd-virus suspensions are investigated). In some of these studies transient
bands have been observed that orient along the vorticity direction upon cessation of the flow. These
phenomena are also observed in our experimental system of chiral-nematic fd-virus suspensions at
low concentrations, below the glass transition, where the vorticity bands are quite regular [like those
in Fig. 2(a) for an fd-concentration of 7.4 mg/ml at a shear rate of 50 s−1].

The present study focuses on the flow behavior of glassy suspensions, whereas a detailed analysis
of the behavior of the orientational texture will be presented in future work.

III. INTERNAL FRACTURE, PLUG FLOW, AND SHEAR-GRADIENT BANDING

Velocity profiles along the gradient direction are obtained by spatially resolved heterodyne
light scattering, using either a back-scattering or forward-scattering configuration. As sketched in
Fig. 1, two parallel He-Ne laser beams with a wavelength of 633 nm are focused by the lens L1
at the same point within the gap of an optical Couette cell (the same cell, with smooth walls,
as used in the previous section to record images of the nematic morphology), by which a standing
interference pattern with a spacing of 1.46 µm is created, which corresponds to a grating wave vector
of 4.36 × 106 m−1. The angle between the two laser beams is 25◦, so that the scattering wave vector
q for a single beam in the back-scattering direction is equal to 2.78 × 107 m−1. The back-scattering
detection path uses also the lens L1, which makes this configuration more stable compared with the
detection in forward direction (see the dotted lines in Fig. 1). For the forward-scattering configuration,
the scattering wave vector is about a factor of 10 smaller as compared to the back-scattering
configuration. Therefore the diffusion dependent time constant in the correlation function is about
two orders of magnitude slower in the forward-scattering configuration and can provide a feasible
signal for very low velocities, where in the back-scattering configuration no oscillations would be
observed. The extent of the overlap volume in the gradient direction of the two lasers is about
100 µm, which determines the spatial resolution for the determination of the local velocity at the
position where the laser beams cross. The lens L1 is mounted on a motorized translation stage
(Melles Griot, Nanomotion II), with a resolution of 1 µm, in order to sweep the focal point through
the gap. The lenses L2 and L4 focus the scattered light of the two beams through pinholes onto a
PMT. Both PMTs, for the forward and back scattering configuration, are connected to a correlator
with a linear time spacing [70].

Typical velocity profiles are depicted in Fig. 3 for the same concentrations 7.4, 11.1, and
14.8 mg/ml as in Fig. 2, well below, just below, and above the glass transition, respectively. These
profiles are independent of the history of the samples; they fully develop within a few minutes
(contrary to the star-polymer glasses in Ref. [18], where the formation of shear bands takes many
hours), and do not change to within experimental error over time spans of several days.
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Far below the glass concentration, for shear rates less than about 30 s−1 there is severe slip on
both the stationary and moving surfaces of the Couette cell, so that the suspension flows like a plug
[see Fig. 3(a)]. For larger shear rates, nonuniform flow profiles are observed, where no slip occurs
at the stationary outer cylinder surface, while slip is still significant at the rotating inner cylinder [as
indicated by the left-pointing arrows on the right axis in Fig. 3(b)]. There is no shear banding, in the
sense that there are no clear separate bands within which the shear rate is independent of position.
The inhomogeneous flow profiles for this low concentration are attributed to the natural variation of
the shear rate within the gap of the Couette cell in combination with shear thinning [25].

The flow behavior changes in the vicinity of the glass transition [see Figs. 3(c) and 3(d)] and
within the glass [see Figs. 3(e) and 3(f)]. Up to shear rates of about 30–40 s−1, internal fracture is
observed for both concentrations [Figs. 3(c) and 3(e)], where there is a jump in the flow velocity
within the bulk of the suspensions. The position where fracture occurs is independent of the applied
shear rate. The two regions on both sides of the location where fracture occurs have a constant
velocity, independent of position, except for the highest applied shear rate where the velocity near
the inner cylinder slightly increases [see the upper red data points in Figs. 3(c) and 3(e)]. Hence,
plug flow is observed on both sides of the location where internal fracture occurs. There is an
appreciable slip at the stationary outer cylinder and essentially no slip at the rotating inner cylinder
[as indicated by the left-pointing horizontal arrows in Figs. 3(c) and 3(e)]. Similar slip phenomena
(without fracture) have also been observed in hard-sphere glasses on lowering the applied shear
rate [71] and for concentrated emulsions [33–35].

As will be discussed below, there is no indication of fracture and slip for small cell gap widths
(similar to the domain size), for which the orientational texture is absent. For such small-gap shear
cells the stress response of the material within a single domain is probed. The observed fracture
and slip in the large-gap shear cell is therefore attributed to the stress response of the orientational
chiral-nematic texture, rather than the response of the uniform chiral-nematic phase within single
domains. The domain-domain interactions are thus responsible for the brittle nature of the dispersion
that leads to fracture. Contrary to concentrations in the vicinity and within the glass, nematic domains
are fluid-like for concentrations far below the glass transition, which is most probably the reason that
no internal fracture is observed for the low concentration in Fig. 3(a). Note that the mechanism of
internal fracture being due to the presence of domains is unique to glasses of rods in the full nematic
state: such domains are absent in glasses of spherical particles.

Above a shear rate of about 40 s−1 the combined plug-flow and fractured velocity profiles turn
into a gradient-banded flow [see Figs. 3(d) and 3(f)]. The gradient bands are more pronounced for
the concentration within the glass. For shear rates larger than 150 s−1, the velocity profile along the
gradient direction becomes linear. In the case the vorticity bands exhibit internal rolling flow [as
sketched in Fig. 3(h)], which is expected for any of the vorticity-banding scenarios discussed in the
previous section, the gradient banded flow is superimposed onto the vorticity rolling flow. The rolling
flow velocity within the bands is very much weaker as compared to the applied shear flow [59].
The possible rolling flow is apparently too weak to significantly blur the flow profile in the gradient
direction. A sketch of the various shear-rate regimes where different types of inhomogeneous flows
are observed for the higher concentrations is given in Fig. 3(g). Note that vorticity banding sets in at
shear rates somewhat below the shear rate where gradient-banding occurs.

One may ask why shear banding takes over from fracture and plug flow at higher shear rates.
It turns out that the domain-texture morphology at these higher shear rates changes considerably
(as seen from the images in Fig. 2). The change in the domain morphology affects the interactions
between the domains, and therefore the tendency to fracture. How the changes in the texture
morphology affects the tendency to fracture is an open question that is beyond the scope of the
present study. The shear thinning due to small-scale structure deformation of the material within
single domains that leads to banding (as will be shown below) requires higher shear rates as compared
to the shear rates where the large-scale texture morphology is distorted.
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FIG. 4. (a), (b) Flow curves for a fd-concentration of 10.5 mg/ml just below the glass transition, on a linear
shear-rate scale (a) and a logarithmic scale (b). The plots in (b) emphasize the low shear rate behavior of the
stress. (c), (d) The same as for (a), (b), but now for a concentration of 18.4 mg/ml well within the glass. The
solid curve in (d) is a Herschel-Bulkley fit within the low shear rate regime, with an exponent of 0.37 ± 0.07
and a yield stress of 0.22 ± 0.03 Pa, which is indicated by the arrow in (c). Circles and squares represent sweeps
with increasing and decreasing shear rate, respectively. The blue lines are drawn to guide the eye.

To asses the complex flow behavior resulting from the rheological response of the uniform
chiral-nematic phase within single domains, rheological data have been obtained with a small-gap
cone-plate shear cell with linear dimensions similar to those of single chiral-nematic domains.
The chiral-nematic domain size is 100–300 µm, while the maximum gap width of the cone-plate
geometry, at the outer rim of the cell, is 400 µm. Therefore, the measured shear stress in the
experiments discussed below essentially relates to the stress response of the homogeneous chiral-
nematic phase within a single domain. We use a sensitive strain-controlled rheometer ARES 100
FRTN1 with a cone-plate geometry. The cone radius is 12.5 mm, and the cone angle is 0.04 radians.
The cone and plate are made of stainless steel with smooth walls. Directly after loading the sample,
the shear rate is kept at 100 s−1 for 20 s. Subsequently, the shear rate is lowered stepwise to record
the stress during 20 s for each data point, down to a shear rate of 0.1 s−1. The same protocol is then
applied upon subsequent stepwise increasing the shear rate.

Flow curves as measured with the small-gap geometry for two concentrations, just below and
above the glass transition, are shown in Fig. 4. The flow curve for the concentration of 10.5 mg/ml
just below the glass transition are given in Figs. 4(a) and 4(b), and for a concentration well within
the glass in Figs. 4(c) and 4(d), both with a linear and logarithmic shear-rate scale. The experimental
error in the concentration is about 0.6 mg/ml, so that the concentration of 10.5 mg/ml is essentially
the same as the concentration of 11.1 mg/ml in Figs. 2 and 3. Figures 4(b) and 4(d) with a logarithmic
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shear-rate scale emphasize the behavior at small shear rates. The open circles and squares represent
data points during sweeps with increasing and decreasing shear rate, respectively. There is some
hysteresis for the downward and upward sweeps, in the sense that the measured stresses during
a downward and upward sweep differ. This observation is attributed to the time required for the
gradient-banded velocity profiles to relax and to reform at these low shear rates. Keeping the shear
rate constant for several hundreds of seconds at a given value during a downward sweep indeed
reveals a change of the stress towards its value found during the upward sweep. As can be seen
from Fig. 4, there is a stress plateau just below the glass transition, while the stress plateau is
quite pronounced within the glass. Flow curves for fd-virus suspensions as reported in Ref. [69]
within the full nematic state, but far below the glassy state, are monotonically increasing (see in
particular their Fig. 3: multiplying the viscosity in that figure by the shear rate shows that the stress
is monotonically increasing with shear rate, without indications for a stress plateau). As discussed
below, stress plateaus are indicative for gradient banding, in accordance with the observed flow
profiles for the two higher concentrations in Fig. 3. Since the flow curves refer to the rheological
response of the uniform chiral-nematic material within domains, the banded velocity profiles are
attributed to the response of single domains.

The fractured flow profiles in Fig. 3 are attributed to domain-domain interactions, which are absent
in the small-gap cell used to obtain the flow curves in Fig. 4. In the vicinity of the glass transition
and within the glass, the domains act as elastic objects, which tend to assembly in layers under flow
conditions (similar to the layers formed in flowing crystalline hard sphere suspensions [72,73]).
The flow-induced tendency to assembly in layers might be at the origin of fracture. The spacing
between the adjacent sliding layers that constitute the fractured region is filled with solvent having a
relatively low viscosity, which would lead to a quasiplateau of the stress at small shear rates (lower
than about 30–40 s−1). Such a stress plateau at these small shear rates is not observed when the gap
in the measurement geometry encompasses virtually only one domain, as is the case of the flow
curves in Fig. 4, obtained via rheometric measurements (as discussed above). This suggests that
fracture as seen in Fig. 3 is indeed due to domain-domain interactions. That fracture is accompanied
by a virtual stress plateau is experimentally observed for other types of systems. The measured
stress of Laponite dispersions [74] and bridged microemulsions [75] decreases with increasing
shear rate in the stationary state when fracture occurs. A quasistress plateau upon fracturing of
wormlike micelles has been observed in Ref. [76] (although fracture is accompanied by another
instability) and in transient networks of surfactant micelles linked by block copolymers [77].
Overviews of fracture and slip of complex fluids can be found in Refs. [78,79]. The investigation
of the precise nature of the fractured region in our rod system is outside the scope of the present
study.

A stress plateau at intermediate shear rates is found for various types of systems that exhibit
the “classic gradient-banding instability,” such as wormlike micellar solutions, lyotropic lamellar
phases, solutions and blends of various types of polymers, polycrystalline colloids, and dispersions of
platelets [10–16,22–26]. This instability is due to very strong shear thinning, such that the stress of the
homogeneously sheared system, before banding sets in, decreases with increasing shear rate within
a certain shear-rate regime leading to an effectively negative viscosity. In the fully gradient-banded,

stationary state where two regions (the “bands”) of high and low shear rate coexist, the stress is
strictly independent of the applied shear rate, although the stress plateau may be slightly tilted in
case there is coupling to concentration [12,80]. In a controlled shear-rate experiment, the flow curve
in the stationary state (where bands are fully developed) therefore exhibits a stress plateau. The
stress is constant in the same intermediate shear-rate range where banding occurs, as observed in
Fig. 4 for the two highest concentrations. The stress plateau that we find in the small-gap shear
cell thus implies that the chiral-nematic material within single domains shear-thins to a sufficient
extent to give rise to the classic banding instability, in accordance with the banded flow profiles
that are seen in Fig. 3. This type of instability has also been observed in soft-sphere glasses of
star polymers [20,21]. The microscopic origin of strong shear-thinning behavior in various systems
can be quite different. Unlike glasses of spherical colloids, the shear thinning of suspensions of
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very long and thin rodlike particles is due to shear-induced alignment of the rods. A stress plateau
in combination with the similar hysteresis effects as discussed above have also been found in
glasses of starlike polymers [17–19,81] and in emulsions filled with 40% of colloidal particles
[82].

IV. SOFT GLASSES VERSUS HARD GLASSES

In this section, we argue that the gradient-banding scenario of glasses of colloids with long-ranged
repulsive interactions (“soft glasses”) can be fundamentally different from glasses of particles with
short-ranged repulsive interactions (“hard glasses”). We also provide a brief overview of the banding
behavior of various other types of colloidal glasses.

There is a second type of shear-banding instability that is fundamentally different from the
classic shear-banding scenario, where gradient-banded flow is the result of particle transport induced
by spatial gradients in the shear rate [16,37,38,83,84], the so-called Shear-gradient Concentration
Coupling (SCC) instability. This instability is found experimentally for colloidal hard-sphere glasses
in Ref. [37], and a microscopic theory is developed in Ref. [38] for shear-gradient induced mass
transport of spherical colloids which is indeed shown to lead to gradient banding in hard-sphere
glasses. The origin of the SCC instability can be understood intuitively as follows. Due to an increased
concentration of colloids in part of the shear cell (typically close to one of the shear-cell walls), as a
result of shear-gradient–induced mass transport, the local yield stress becomes larger than the actual
stress, giving rise to a region (one of the “bands”) where the suspension does not flow. Such a banded
state occurs for sufficiently small shear rates. Contrary to the classic gradient-banding instability, the
stress monotonically increases with increasing shear rate so that no stress plateau in the flow curve
is observed. The SCC instability leads to banded flows in colloidal glasses of hard spheres [37–39].
The SCC instability requires a yield stress that is a strong increasing function with concentration,
since in that case the increased concentration due to shear-gradient induced mass transport gives
rise to a significant increase of the local yield stress. Such a strong concentration-dependent yield
stress is found for glasses of colloids with short-ranged repulsive interactions, due to the strongly
reduced free volume on approach of the maximum packing fraction where the yield stress diverges.
The concentration dependence of the yield stress of hard-sphere glasses, for example, diverges on
approach of the maximum random packing fraction ϕm = 0.64 as ∼ (ϕm − ϕ)−3 (with ϕ the volume
fraction) due to the vanishing free volume that is available for a sphere [37].

There may be a gradual transition from the classic banding transition to the SCC instability. The
classic banding transition may occur transiently, after which much slower gradient-induced mass
transport takes over, leading subsequently to the SCC instability.

For glasses of soft colloids, the concentration dependence of the yield stress is much weaker as
compared to glasses of hard spheres, so that the SCC instability will not occur. Such a relatively weak
concentration dependence of the yield stress for our soft rod-glass up to quite large concentrations
(of about four times the glass-transition concentration) is evident from Fig. 5(a). Here the blue
data points are obtained from dynamic strain sweeps and the red data points from transient shear
measurements [85]. The origin of the left axis in Fig. 5(a) corresponds to the glass-transition
concentration (cg = 11.7 ± 0.5 mg/ml). Note that due to the small amount of sample available, the
torque signal was low, and this resulted in relatively large experimental errors. The emerging picture
is, however, unambiguous. To within these errors, the yield stress depends on the fd-concentration
c through a power-law dependence σy/σ

0
y = (c/cg)2 (with σ 0

y the yield stress at the glass-transition
concentration), within the range of concentrations investigated. For some star-polymer systems the
yield stress varies linearly with concentration [87].

The complete flow curve consists of a Herschel-Bulkley (HB) shear-rate regime at small shear
rates, which gives rise to a quasistress plateau as the stress attains the finite yield stress on lowering the
shear rate. In this regime, the stress increases in a power-like fashion with the shear rate. This is clearly
shown in Figs. 4(d) and 5(b) (whose captions include details of the HB fitting). A less pronounced
increase of the stress with increasing shear rate beyond the Herschel-Bulkley regime is due to the
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FIG. 5. (a): The concentration dependence of the yield stress σy , obtained from the dynamic strain sweeps
(blue points) and transient experiments (red circles). We note that, in the range of strains covered (0.5%–500%
at 1 rad/s), there is no evidence of two-step yielding [86]. The line through the data points has a slope of 2
(see text). The origin of the vertical axis corresponds to the glass transition concentration cg = 11.7 mg/ml.
(b) Stress versus shear rate obtained from transient step-rate tests (see text). Blue and red data points correspond
to fd-glass concentrations of 16.2 mg/ml and 21.9 mg/ml, respectively. The solid lines are fits to the empirical
Herschel-Bulkley model. For the lowest concentration it is found that σy = (0.40 ± 0.05) Pa and ν = 0.6 ± 0.1,
while for higher concentration σy = (0.58 ± 0.10) Pa and ν = (0.7 ± 0.1).

onset of shear thinning that ultimately leads to shear banding, as evidenced by a stress plateau at
intermediate shear rates. At even higher shear rates the stress increases again when banding ceases to
occur.

Figure 4(d) shows that the Herschel-Bulkley type of behavior indeed becomes invalid beyond
shear rates where strong shear thinning gives rise to gradient banding. We therefore limited the
Herschel-Bulkley fits in Fig. 5(b) to shear rates below 10 s−1. After a preshear period of 100 s at
a shear rate of 10 s−1, the samples were left to relax without shearing for about 400 s. Each data
point in Fig. 5(b) was obtained by a step jump to the desired shear rate, after which the stress was
determined from the time-independent stress plateau. The solid curves in Fig. 5(b) are fits to the
empirical Herschel-Bulkley model, σ (γ̇ ) = σy + K γ̇ ν , where σy is the yield stress, K is a constant
(with dimension Pa sν), and the exponent ν describes shear thinning for stress values above yielding.
The exponent for our Wigner rod-glass is found to be slightly larger than the value of 0.5 for colloidal
glasses of both soft spheres [88–91] and hard spheres [7,37] and increases with concentration. This is
a nontrivial result, as rod alignment plays a crucial role in the shear-thinning mechanism of colloidal
rods. The stresses at the relatively higher shear rates are quite a bit larger than the stress plateau in
Fig. 4(d). Due to the very long time needed for bands to develop and decay, as discussed earlier, the
data in Fig. 5(b) thus most probably relate to the homogeneously sheared system, before banding
occurred. The much lower value 0.37 ± 0.07 of the exponent found for the exponent in Fig. 4(d) is
therefore due to the onset of shear banding, which leads to an appreciable decrease of the stress. The
nonlinear rheology of glassy rodlike colloids exhibits distinct features that underline the importance
of shape and make a possible approach towards a universal description most probably unfeasible.

The value of the yield stress at the glass transition of our colloidal rods with long-ranged, soft
repulsive interactions is very similar to that of soft spherical colloids [88,89], and significantly
smaller than for hard-sphere glasses [7,37,92–94]. These relatively small values of the yield stress
of soft-sphere glasses, as well as flow curves with uniform velocity profiles, have been successfully
predicted by mode-coupling theory [84,95–99], while for rod-glasses under flow condition there is
so far no similar theoretical approach. The respective yield strains for the rod-glass are similar to
those of soft and hard spheres [7,90,96,100] and slightly nonspherical colloids with short-ranged
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interactions [4–6] (about 10%); however, unlike the sphere-glass [92], they appear to be quite weakly
concentration dependent for the rod-glass in the concentration range investigated [101].

The shear-banding behavior and rheology of soft colloidal particles may be affected by additional
features concerning their interactions. The flow of highly concentrated suspensions of microgel
particles is strongly affected by their elastic deformability, while for star polymers there is the
additional possibility of mutual interpenetration [102]. Glasses of microgel particles at quite high
packing fractions do not exhibit shear-banded flows [103,104]. These systems do not very strongly
shear-thin (to give rise to the classic banding instability), and the yield stress does not increase
sufficiently strongly with increasing concentration (to exhibit an SCC instability). The reason for
the latter can be understood as being the result of elastic deformability of the microgel particles,
which diminishes the increase of the yield stress with increasing concentration resulting from the
loss of free volume as compared to undeformable hard-spheres. The elastohydrodynamic model in
Refs. [103,105] quantitatively describes the effect of elasticity on the flow behavior of microgel parti-
cles. Star polymers are expected to exhibit the classic shear-banding instability due to transient forces
arising from interpenetrating arms [21,105–109]. The classic banding scenario is indeed observed
for star-polymer glasses, although the link between arm disengagement and strong shear thinning is
not directly evident. Hence the entire mechanism is not yet completely understood [17–21,81].

V. DISCUSSION AND CONCLUSIONS

We have shown that glasses of colloidal rods exhibit uniquely heterogeneous flow behavior
due to the dynamic arrest of chiral-nematic orientational textures and their constituent rods. The
presence of two length scales (rod-cage size and domain size), which can be probed by appropriate
selection of the gap width of the shear cell in the flow experiments, is unique for one-component
colloids suspended in solvent and is at the origin of the unprecedented flow properties of rod-glasses.
They involve three distinct signatures: (1) internal fracture, due to domain-domain interactions, as
well as plug flow with slip at low shear rates, (2) gradient-banded flow due to the strong thinning
of the uniform chiral-nematic phase within single domains at intermediate shear rates, and (3)
eventually uniform flow at high shear rates. The observed shear banding complies with the classic
gradient-banding scenario that gives rise to a stress plateau in the flow curve. Whereas this scenario
is generic and does not necessary involve glasses, here it has been evidenced for these soft glasses
with a weak low-shear rate stress plateau.

Remarkably, glasses of spherical colloids do not exhibit plug flow and fracture whereas they
do exhibit gradient-banded flow profiles. With the support of the present results there are now
strong indications that the origin of the gradient-banded flow is fundamentally different for glasses
consisting of particles with soft, long-ranged interactions (such as the fd-virus rods), as compared
to their counterparts with hard, short-ranged repulsive interactions. For glasses of colloids with
long-ranged interactions, shear banding is due to the classic banding scenario that requires strong
shear thinning of the homogeneously sheared system. It is associated with a significant stress plateau
region at intermediate shear rates and may or may not exhibit yield stress, depending on whether the
system is glassy (as here) or not. On the other hand, hard-sphere glasses exhibit the shear-gradient
concentration coupling (SCC) instability, which is a consequence of shear-gradient induced mass
transport. In that case, a yield stress represents a distinct feature at low shear rates, followed by weak
thinning at higher rates, beyond banding.

There are both differences and similarities in the rheological behavior of glasses of rods and of
spheres. The shear thinning behavior well within the colloidal-rod glassy state at low shear rates
(below shear rates where banding occurs) is found to follow a Herschel-Bulkley dependence, with
the so-determined yield stress signifying the glass, with a higher thinning exponent as compared
to glasses of spheres, which increases with concentration. Moreover, the yield stress at the glass
transition for soft-sphere and soft-rod glasses is remarkably similar, yet significantly smaller than
that of hard-sphere glasses and has a much weaker concentration dependence. Finally, a universal
yield strain of the order of 10% appears to emerge, being virtually independent of concentration.
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These general features reflect the fundamental differences between the rheology and in particular
the mechanisms leading to shear banding of soft and hard colloidal glasses. The present results open
the door for exploring shape as a lead parameter in the design and use of soft colloidal composites.

There are several outstanding challenges, both experimental and theoretical, resulting from this
work. The origin of fracture in rod-glasses as compared to other types of systems [74–76], as well
as the nature of the transition between fracture and plug flow to a banded flow profile are subjects
for future research. The question whether this is a sharp transition, or there exist complex flow
profiles where fracture, plug flow, and banding are combined within a certain shear-rate interval,
requires accurate flow-profile experiments with very small incremental steps in the applied shear
rate. It is a challenge to predict fracture and plug flow from a description of the shear-affected
orientational texture in combination with the elasticity of domains. It would be interesting to connect
the microscopic approach of the stationary gradient-banded state due to the SCC instability in
Ref. [38] with the empirical fluidity model. In describing the classic- and SCC gradient-banding
transitions it is essential to account for nonlocal stresses. As yet there is no microscopic theory that
allows to predict such stresses from interparticle potentials. Finally, exploring the occurrence of
transient banding and the possibility of a smooth transition between the classic and SCC instability
offer exciting opportunities for further investigations.
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