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Abstract

Soft glasses of colloidal rods (fd-virus particles) with orientational domains were recently shown to exhibit inhomogeneous flow profiles
[Dhont et al., Phys. Rev. Fluids 2, 043301 (2017)]: fracture and accompanied plug flow at small shear rates, which transits to gradient shear-
banding on increasing the shear rate, while a uniform flow profile develops at sufficiently high shear rates. These flow profiles coexist with
Taylor-vorticity bands. The texture of such glasses under flow conditions consists of domains with varying orientations. The observed gradi-
ent shear-banding was solely attributed to the strong shear thinning behavior of the material inside the domains (henceforth abbreviated as
domain-interior), without considering the texture stress that is due to interactions between the glassy domains. Here, we present new experi-
ments on the shear-banding transition to assess the role played by the texture stress in comparison to the domain-interior stress. For a large
concentration, well into the glassy state, it is found that both texture stress and domain-interior stress contribute significantly to the gradient
shear-banding transition in the shear-rate region where it occurs. On the other hand, for a small concentration close to the glass-transition con-
centration, the domains are shown to coalesce within the shear-rate range where gradient shear-banding is observed. As a result, the texture
stress diminishes and the domain-interior stress increases upon coalescence, leading to a stress plateau. Thus, a subtle interplay exists between
the stresses arising from the structural order on two widely separated length scales from interactions between domains and from the rod-rod
interactions within the domain-interior for both concentrations. © 2022 Author(s). All article content, except where otherwise noted,
is licensed under a Creative Commons Attribution (CC BY) license (http.:/creativecommons.org/licenses/by/4.0/).
https://doi.org/10.1122/8.0000400

. INTRODUCTION that a smaller force is needed to achieve a larger shear rate.
This is counterintuitive and hints to instability [15,16]. It is
indeed easily shown from the Navier—Stokes equation that a
homogeneously sheared system for which the stress decreases
with the increasing shear rate is unstable. Constitutive rela-
tions have been proposed that extend the standard relations to
be able to describe the shear-banding transition. In those
shear-banding phenomena where the bands consist of regions
with different shear rates, these extensions are necessary to
account for the large spatial gradients of the flow velocity
within the “interfaces” that connect the shear bands. The
standard Navier—Stokes equation can be extended to include
such higher order gradient contributions by either adding a
diffusive term to the equation of motion for the stress (the
so-called “stress-diffusion contribution” [5,10]) or by adding
higher order spatial derivatives directly to the stress tensor
(the so-called ‘‘shear-curvature contribution” [11,12], for
which a microscopic derivation for spherical colloids is
given in [17]). A recent overview of such shear-banding con-
stitutive equations where higher order spatial derivates are
added to the constitute equation for a homogeneously
sheared system can be found in [18]. These constitutive equa-
tions predict that the stable state in such cases exists of two
“shear bands,” within which the shear rate is constant. The

Glasses of colloidal particles are long-lived metastable
states, where collective rearrangements of the colloids with
repulsive interactions, that would lead to equilibration, are
hindered by the crowded environment of their neighbors.
Contrary to such repulsive glasses, gels are long-lived non-
equilibrium states due to strong attractive interparticle colloi-
dal interactions, where the typical microstructural order
consists of strings of physically interconnected particles.
Mixed glass-gel states consist of colloidal particles with
interaction potentials reflecting an appropriate combination
of repulsive and attractive interactions (see [I1] and [2]).
Glasses of spherical colloids and many other types of
complex fluids are known to exhibit shear-banding, where
two regions (the “bands”) with different shear rates coexist
(see, for example, [3—13]). The classic scenario for shear-
banding calls for strong shear thinning of the homogeneously
sheared system such that the stress decreases with increasing
shear rate. An early model predicts such a strong shear thin-
ning behavior for glasses of spherical particles [14]. A
decrease in the stress upon increasing the shear rate implies
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corresponding stationary inhomogeneously sheared system,
where the velocity shear bands are fully developed, exhibits
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a stress plateau. This scenario is present at the origin of
shear-banding found in soft glasses of star polymers [19-22]
and other types of systems with a yield stress such as gels
[23,24], cement [25], and emulsions [26-28].

Other types of shear banding transitions are the result of
coupling of the stress with an order parameter, like the orien-
tational order parameter in liquid crystals (in the absence of a
domain texture). Here, a coexistence between isotropic
regions and aligned regions (the “bands”) is found, which,
however, requires higher order spatial gradients in the equa-
tion of motion for the order parameter. These are usually
incorporated through a square-gradient expansion of the free
energy that contributes to the equation of motion for the
order parameter. Since the local orientation couples with
the stress, the flow velocity also varies from one band to the
other but in a less pronounced manner compared to the order
parameter (see, for example, [29], where, contrary to our
system, no orientational domain texture is present).

When compared to the systems mentioned above, much
less is known about the glass transition and the flow behavior
of glasses of long and thin colloidal rods. Glass transitions
have been reported for systems of inorganic colloidal rods in
[30] and for fd-virus particles at low ionic strength in [31],
[32], [33], and [34]. fd-viruses are long and thin, highly
charged, and stiff rodlike particles (see ‘“Materials: Charged
DNA-rods” section). At an ionic strength larger than about
1 mM, they exhibit a rich liquid-crystalline phase behavior
(see, for example, [35-39]). In addition, a glass transition is
only observed for ionic strengths less than about 1 mM [33],
which is due to the relatively long-ranged electrostatic interac-
tions corresponding to the low ionic strength, where the
Debye length is much larger than the thickness of the cores of
the rods. Here, we use fd-suspensions at an ionic strength of
0.16 mM (Tris/HCI1 buffer, at pH 6.8). The glass-transition
concentration (~11.7 mg/ml) is far above the isotropic-nematic
upper-binodal concentration (~3.4 mg/ml) where the system
becomes fully chiral-nematic [31,32], with a typical chiral-
nematic pitch of 50-500 um, depending on the ionic strength
and fd-concentration [40,41]. It is found that at the glass-
transition concentration both fd-particle dynamics of the mate-
rial inside the domains and the orientational-texture dynamics
are arrested [31,32]. The morphology of glassy fd-suspensions,
therefore, consists of randomly oriented domains. There are
thus two contributions to the stress in such a system under
flow conditions: the stress originating from the response of the
material inside the domains (which we will hereafter refer to
as the “ domain-interior stress” for brevity) and the fexture
stress due to interactions between the glassy domains.

With “texture,” we thus refer in the present study to the
existence of chiral nematic polydomains [33,41]. Stresses
induced by the response of disclinations, by a chiral-nematic
structure, by flow-induced tumbling and wagging, and fric-
tion between domain boundaries, are all more generally
referred to as “texture stress” [42—-49]. The texture stress that
includes all these contributions is shown, in [50], to be very
small for fd-virus suspensions at much higher ionic strengths,
where no rod-glass transition occurs. On the contrary, in the
present study, we find that the domain-interior stress is of the
same order of magnitude as the orientational-texture stress

where tumbling and wagging are arrested and where, most
probably, the degree of nematic alignment will not be signifi-
cantly affected by the flow. In our case, the chiral-mesophase
domains are elongated, where a distinction can be made con-
cerning the kinetics of their formation in the two directions
along and perpendicular to the direction of elongation in the
absence of flow as observed by means of optical microscopy
[41]. The domains behave as elastic entities due to their
glassy content. The “texture stress” in the present study is,
therefore, conjectured to be mainly the result of interactions
between the elastic domains which flow past each other.

In our previous works [51,52], different nonuniform flow
profiles were observed within the glassy state. At small
applied shear rates, fracture and plug flow were detected, at
an intermediate shear rate, there was a seemingly sharp tran-
sition to gradient shear-banding, while at high shear rates, a
linear flow profile prevailed (see Fig. 2, which will be dis-
cussed in more detail below). All these flow profiles coex-
isted with Taylor-vorticity bands with a spatial extent that
was much larger than the average domain size. The observed
gradient shear-banding is attributed, in [51], to strong shear
thinning behavior of the domain-interior once its correspond-
ing yield stress was surpassed.

The purpose of the present study is to underpin the above
conjecture with new systematic experiments, where the contri-
bution from the texture stress is carefully investigated. Stress
measurements are performed with small-volume (cone-plate
geometry) and large-volume (Couette geometry) shear cells to
distinguish between the separate contributions from the
domain-interior and the domain texture to the total stress,
respectively. The cone-plate geometry that is used has a
spacing of 250 um at the outer edge, while the typical domain
size is of the order of sub-100-300 um. Since at most a few
domains are contained in such a small-volume geometry, and
the domains merge under flow conditions in the confining
geometry, the stress as measured with the cone-plate geometry
probes predominantly the domain-interior stress. For the
Couette cell that is used, with a gap width of 1 mm, many
domains are present so that the texture stress contributes to the
total stress. The difference between the two stress measure-
ments, therefore, reveals the texture stress itself.

Il. MATERIALS: CHARGED DNA-RODS

In this study, we use fd-virus particles as a model system
for charged colloidal rods. Each rod consists of a double-
stranded DNA covered with 2700 coat proteins, which confer a
high negative charge of about 10 elementary charges per nm
within a pH range of 5-9 [53]. The contour length of fd-virus
particles is 880 nm, the width is 6.8 nm, corresponding to a
bare aspect ratio of p, = 130. The coat proteins render them a
persistence length of about 2800 + 700 nm [54]. Note that the
fd-virus particles are identical so that the rod dispersions are
strictly monodisperse. Since the persistence length is consider-
ably larger than the contour length, these particles have been
used as models for long, thin, and stiff colloidal rods. Here, we
use a low ionic strength of 0.16 mM of TRIS/HCI buffer with
pH = 6.8, where the Debye length is 27 nm. The correspond-
ing thick electric double layer results in an effective core
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thickness of Deg = 27nm, corresponding to an effective
aspect ratio of pegr = 33 [55]. As discussed in the Introduction,
the long-ranged electrostatic interactions, where the Debye
length is much larger than the core diameter, give rise to a
glass transition at a fd-concentration of ~11.7 mg/ml. A sche-
matic phase diagram for the given ionic strength of 0.16 mM in
terms of the shear-rate (y) versus the fd-concentration ([fd]) is
given in Fig. 1, based on data from [51], [33], [34], and [40].
In the absence of shear flow, there is an isotropic-nematic coex-
istence (indicated by I/N) for concentrations between 1.5 and
3.4 mg/ml, with chiral mesophases (indicated by N*) above the
coexistence region, while the glass transition occurs far into the
full nematic state. The dashed red line indicates where the
domain texture disappears on increasing the shear rate.
Gradient shear-banding occurs in the region between the blue
lines, and Taylor-banding, where the bands are in internal
rolling flow which are stacked along the vorticity direction,
occurs in the region between the green lines. A linear flow
profile is found within the shear-molten region, and above a
shear rate of approximately 150s~!, where texture is still
present for sufficiently high fd-concentration. As predicted by
Onsager [55], the lower- and upper-binodal concentrations cor-
respond to values of (L/D)¢ = 3.3 and 4.2, respectively, for
very long and thin rods, where ¢ is the volume fraction of
fd-virus particles. The relation between the volume fraction ¢,
of the bare cores of the rods and their weight concentration c,
as obtained from the molar mass of fd-virus, reads
¢, = 0.011 ¢ (mg/ml). The effective values for (L/D)¢
(accounting for the increased value of the diameter of the rods
due to electrostatic interactions), corresponding to the experi-
mental lower- and upper-binodal concentrations, are thus equal
to 0.9 and 2.0. These values are of the same order as those pre-
dicted by Onsager for rods with an infinite aspect ratio [55].
The full phase diagram in the absence of shear flow, where
also the ionic strength is varied, which affects the effective
aspect ratio, is discussed in [33].
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FIG. 1. A schematic phase diagram in the shear-rate versus concentration
plane for an ionic strength of 0.16 mM. “I/N” for isotropic-nematic coexis-
tence and “N*” stands for chiral-mesophases with different types of struc-
tural characteristics. The glass transition is located at 11.7 mg/ml, far above
the upper binodal, concentration. The upper numbers are the effective values
of (L/D)¢, as a comparison to predictions by Onsager for rods with an infi-
nite aspect ratio. The two thick arrows on the concentration axis indicate the
two concentrations where the experiments have been conducted.

lll. EXPERIMENTAL METHODS: VELOCITY
PROFILES AND SHEAR RHEOLOGY

Velocity profiles along the velocity-gradient direction
were obtained by means of an optically transparent home-
made cylindrical glass Couette cell with a 1 mm gap width, a
diameter of the inner cylinder of 46 mm, and a minimum
sample volume ~6 ml, using a spatially resolved heterodyne
dynamic light scattering technique. A relatively small gap
width is used to reduce the effects of shear-gradient induced
migration of the colloidal particles [56]. Depending on the
local flow velocity, this technique is operated in either the
backscattering or the forward scattering configuration.
Details about the experimental setup and analysis of the
intensity autocorrelation functions are reported in [51] and
[52]. The temperature was set to 22 °C and controlled by a
thermal bath of silicon oil that matches the refractive index of
the Couette cell connected to a water recirculating system.
Steady-shear experiments were performed after thermal
equilibration of the sample, lasting at least 20 min to establish
stationary velocity profiles. The necessary long waiting times
are due to the glassy nature of the samples. Flow profiles are
averages of three repeated measurements.

Shear rheology experiments were performed on a sensitive
strain-controlled ARES-HR rheometer (TA, USA), equipped
with a force rebalance transducer 100FRTN1. We used two
stainless steel measuring geometries: (i) a concentric cylindri-
cal Couette cell with 1 mm gap width and an inner cylinder
diameter of 46 mm to mimic the same conditions as the
velocity profile measurements and (ii) a roughened 25 mm
diameter cone and plate geometry with 0.02 rad cone angle
and truncation equal to 23 um. As mentioned before, the rela-
tively small gap width for the Couette geometry is chosen to
reduce shear-gradient induced migration [56]. Note that the
maximum gap at the perimeter of the plate is 250 pm, four
times smaller than the gap width of the concentric cylinders.
As will be discussed below, this has a significant impact on
the rheological response. The measuring time per shear rate
to ensure steady state during the flow ramp was first deter-
mined via a start-up of shear rate at the lowest shear rate
(1s7") and was found to be equal to 100s. It follows that
each point of the reported flow curves is at a steady state.
Ascending and descending flow ramps were performed in the
shear-rate range 1-150 s~'. We note that in cone-plate geom-
etry, edge effects can affect stress measurements and, in par-
ticular, lead to erroneous results for the yield stress in case
edge effects are not accounted for [57,58]. Corroborating this
point, in our measurements, we apply shear rates where the
stress is significantly larger than the yield stress and possible
edge effects are negligible.

IV. RESULTS AND DISCUSSION

Gradient shear-banded velocity profiles for fd-concentrations
of 19 and 15 mg/ml, above the glass-transition concentration of
11.7 4+ 0.6 mg/ml (for the ionic strength of 0.16 mM Tris/HCI
buffer) are depicted in Fig. 2, where the applied shear rates vary
from 36 to 150 s~!. Here, the position of 0 mm corresponds to
the stationary outer cylinder, while 1 mm is the position of the
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FIG. 2. Velocity profiles for a fd-virus concentration of (a) 19 mg/ml and
(b) 15mg/ml at 22°C in a | mm gap width Couette cell for shear rates, from
bottom to top, 36, 46, 50, 60, 85, 100, and 150 s, Solid lines are various
shear rates a guide for the eye. The position zero coincides with the station-
ary outer cylinder, whereas the position at 1 mm represents the rotating inner
cylinder.

rotating outer cylinder. The velocity profile measurements were
performed under controlled shear rate conditions so that at least
part of the sample was fluidized, that is, in at least part of the
sample, the local stress was larger than the local yield stress.
Two shear bands are found: a band at the stationary outer cylin-
der (position 0 mm) where the shear rate is essentially equal to
zero and a band at the rotating cylinder (position 1 mm) with a
nonzero shear rate. As can be seen in Fig. 2, the shear rate
within the latter band is constant, equal to ~80s~! for 19 mg/
ml and ~130s~! for 15mg/ml, independent of the applied
shear rate. Such a constant shear rate resembles an ideal gradient
shear-banding scenario [5,6,12].

The reason for choosing a Couette geometry with a rela-
tively small gap width is to reduce the spatial gradients in the
shear rate, which could induce mass transport (for the chosen
geometry, the shear rate varies from the inner to the outer
cylinder by about 2%). Our experimental results show that
the extent of the low-shear-rate branch continuously
decreases with increasing applied shear rates, leading to a
linear flow profile for sufficiently large shear rates. These
results are in accordance with those in [51] and [52] and
have been observed both close to the glass transition and
well within the glassy state.

In order to verify that the shear-banded profiles are indeed
connected to the classic gradient-banding scenario, measure-
ments of the shear stress as a function of the applied shear
rate were performed. As discussed in the Introduction, within
the classic gradient shear-banding scenario, banding is due to
very strong shear thinning of the homogeneously sheared
system such that the total shear stress decreases with an
increase in the shear rate. In the stationary state, where the
system is inhomogeneously sheared, a shear-stress plateau is
revealed, i.e., the shear stress is independent of the applied
shear rate (for relevant overviews on shear-banding, see, for
example, [5], [6], [7], and [12]). A slight inclination is some-
times observed due to different microstructural orders or con-
centrations within the two bands) [8,19]. Such a stress
plateau has been observed from measurements with a cone-
plate geometry in [51], with spatial dimensions that are less
than the average size of single domains (the domain size is in
the range sub-100-300 um) [33]. For such small volumes in
the cone-plate geometry, in which just a few domains can be
present, the texture stress arising from interactions between
domains is essentially absent. The observed gradient shear-
banding was attributed, in [51], to the strong shear thinning
behavior of the material inside single domains, that is, the
domain interior. However, for the optical Couette cell with a
gap width of 1 mm used for the velocity measurements, with
which the gradient shear-banded flows given in Fig. 2 are
observed, an orientational texture consisting of many
domains is present [31,32]. The question thus arises here is
what is the role the texture shear-stress plays in the mecha-
nism leading to the observed gradient shear-banded flow in
the Couette geometry.

Flow curves (shear stress under controlled shear-rate condi-
tions as a function of the externally applied shear rate) for a rel-
atively large concentration of 19 mg/ml are given in Fig. 3 [in
Fig. 3(a) on a log scale for the shear rate and in Fig. 3(b) on a
linear scale, in order to emphasize the small and large shear
rates regimes, respectively). The vertical red dashed lines mark
the region where the stress plateau is seen. The red dashed line
that marks the upper shear rate is smaller than the shear rate
where shear banding is seen in Fig. 2. This is most probably
due to a slip. The indicated shear rates relating to the flow
curves are hereafter the applied shear rates. The reason for the
differences in the slip between the shear cells is unclear. That
the stationary state is probed during measurements is supported
by the proximity of measured stress data upon decreasing and
increasing the applied shear rate (the open and solid symbols in
Fig. 3, respectively), as well as transient measurements during
which the stationary is reached. The blue symbols in Fig. 3 are
data obtained with the Couette cell and the red data points with
the cone-plate geometry. Since essentially no texture is present
in the cone-plate geometry, the significant difference between
the two sets of data points is attributed to the texture stress,
which measures, roughly, the product of the texture density
(the number of interfaces per unit area that cross the velocity-
gradient plane) multiplied by the stress due to a single texture
interface. Such an interpretation is only valid in case the flow
profiles in both geometries are the same in the sense that two
shear bands are present with the same relative spatial extent.
This is guaranteed by the observation that shear banding
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FIG. 3. Flow curves in terms of shear stress o as a function of shear rate 7 for
the fd-virus solution at 19 mg/ml at 22 °C obtained from experiments either with
the 1 mm gap width Couette geometry (blue diamonds) or roughened 25 mm
diameter cone-plate geometry (red triangles). Panel (a) is on linear-logarithmic
scale, whereas panel (b) on linear-linear scale, in order to emphasize the behavior
at small- and large shear-rates. The solid symbols are data obtained by sequen-
tially increasing the shear rate and the open symbols by decreasing the shear rate.
The vertical (red) dashed lines mark the region where the stress plateau is seen.

occurs in both geometries in the same shear rate range (as evi-
denced by the flow curves in Fig. 3), and the fact that the
extent of the bands is determined by the geometry-independent
stress-selection rule together with the van der Waals looplike
form of the constitutive relation for the homogeneously sheared
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FIG. 4. The texture stress o, for a large fd-concentration of 19 mg/ml as a
function of the shear rate. The dashed curve is the difference between the
blue and red curves in Fig. 3, on which the error bars as indicated are based.
Within the shear-rate region where gradient shear-banding is observed, the
texture stress is basically constant, independent of the shear rate within the
experimental error, as indicated by the thick (blue) line. The vertical (red)
dashed lines mark the region where the stress plateau is seen.

3t (b)
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Vis™]

FIG. 5. Flow curves in terms of shear stress o as a function of shear rate y
for the fd-virus solution with a concentration of 15mg/ml at 22°C with
symbols the same as in Fig. 3.
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system. Henceforth, we will, therefore, refer to the difference
between the stress obtained with the Couette cell and the cone-
plate geometry as “the texture stress” o;. It should be men-
tioned, however, that the texture stress thus defined is affected
by the domain-interior stress and vice versa, as will be seen
later. The thus obtained texture stress o, is plotted in Fig. 4.
The average of the data points upon increasing and decreasing
the shear is used here because the hysteresis is attributed to the
not fully adapted structural order on either increasing or
decreasing the shear rate. The true stress, corresponding to the
newly applied shear rate, is expected to lie in between the two
sets of open and solid data points. As can be seen, the data cor-
responding to the shear response of single domains (which
reproduces earlier measurements for a similar concentration in
[51]) show the expected stress plateau. However, the stress
arising from the domain texture is of the same order as that of
the domain-interior. In order to produce a stress plateau for the
total stress, the texture stress must, therefore, exhibit a stress
plateau by itself. Figure 4 shows that this is indeed the case.
The conclusion is that for this large concentration of 19 mg/ml,
well into the glass state, the shear stresses both from the
domain-interior as well as the texture stress are responsible for
the existence of gradient banded flows. There is thus a subtle
interplay between the shear response of the domain-interior
and that of the texture. The response of both is interrelated
since changes in the domain interior affect the interactions
between the domains, and vice versa, forces onto domains due
to domain interactions affect the domain-interior.
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FIG. 6. The texture stress o, for a fd-concentration of 15 mg/ml as a func-
tion of the shear rate. The symbols are the same as in Fig. 4. Within the
shear-rate region where gradient shear banding is observed, the texture stress
diminishes due to the coalescence of the domains, as indicated by the thick
(blue) curve.

The situation for an fd-concentration of 15 mg/ml (corre-
sponding to a weaker glass) is different, and revealing of this
subtle interplay, as shown in Fig. 5. As before, the red curve
corresponds to the total stress as obtained with the Couette
cell, while the red curve reflects the response of the
domain-interior as measured with the cone-plate geometry.
The difference between the curves thus reflects again the con-
tribution from the texture stress o,, which is plotted in Fig. 6.
The measured stresses with the Couette cell and the cone-plate
geometry coincide above an applied shear rate of about
50s~!, which is located within the shear-rate range where
banding occurs (see the two red dashed lines in Figs. 5 and 6).
This implies that in this case, the (majority of the) domains
have merged (coalesced) and, essentially, no distinct texture is
present as also inferred by the fact that there is a negligible
contribution from the texture stress. As can be seen from the
blue curve in Fig. 6, where the texture stress oy is plotted as a
function of the shear rate, the texture stress diminishes at first
due to the merging of the domains within the banding region,
and, subsequently, it vanishes to within experimental error. As
can be seen from Fig. 5, the coalescence of the domains leads
to an increase in the stress from the domain-interior, which
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compensates the concomitant diminishing texture stress such
that the total stress exhibits a stress plateau.

The existence of domain texture for 19 mg/ml and its
virtual disappearance at 15 mg/ml for a shear rate of 755!
(just beyond the shear rate where the texture stress for the
small fd-concentration vanishes, as can be seen in Fig. 6) is
verified by direct visual observation. The images in Fig. 7
are side-views of the optical Couette cell, where the vertical
direction is the vorticity direction and the horizontal direction
corresponds to the flow direction. The images show the full
extent of the Taylor-vorticity rolls of spatial extent 3.7 mm,
with which the gradient banded flows coexist. The much
more frequent spatial variation of the intensity of the image
for the large concentration due to the existence of a domain
texture as compared to the small concentration is confirmed
by the intensity profiles on the left and right in Fig. 7. Note
that the images are a superposition of the texture extending
throughout the cell gap in the gradient direction, which tends
to blur them to some extent.

The hysteresis of the stress in the Couette cell is systemati-
cally larger than in the cone-plate fixture, which implies that
the texture relaxes to the stationary state on a longer time
scale as compared to the domain interior. The most probable
reason for this is that changes of the texture require structural
rearrangements on a much larger length scale than for the
domain-interior. Note that within experimental error, there is
no hysteresis for large shear rates beyond the banding regime
for the low concentration of 15 mg/ml. The most probable
reason is that for this concentration, there is no texture
present anymore for these large shear rates. Note that there is
a switching of hysteresis in Fig. 3 for high concentrations at
the shear rate where on decreasing the shear rate, banding
ceases to occur. It is currently unclear what the mechanism
behind this switch is.

These experiments show that for large concentrations,
well inside the glassy regime, where domains are expected to
be relatively rigid, the texture stress contributes equally to the
total stress as compared to the stress due to the domain-
interior, contrary to what was conjectured in [51] where only
the latter contribution was considered. Both domain-interior
stress and texture stress exhibit a stress plateau within the
shear-rate range where gradient shear-banding occurs. For

19 mg/ml
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FIG. 7. Images of the morphology were taken from the side of the optical Couette cell for 15 mg/ml (left panel) and 19 mg/ml (right panel) at a shear rate of
755!, The two red dashed lines indicate the extent of a Taylor-vorticity band, the height of which is 3.7 mm. The intensity profiles on the left and right show
the recorded intensity of single camera pixels in the middle of the images as a function of the position along the vorticity direction (as indicated by the vertical

yellow lines in the two images). The images are processed from Fig. 12 in [52].
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small concentrations, however, the less rigid domains coa-
lesce within the shear-banding regime such that the total
stress exhibits a stress plateau.

V. SUMMARY AND CONCLUSIONS

We have performed velocity profile and shear rheology
measurements which, complemented by optical microscopy
imaging from the literature, elucidate the underlying complex
mechanism for the existence of nonuniform flow profiles in
soft glasses of long and thin, charged colloidal rods (fd-virus
particles) [51,52]. For these glasses, it is found that both
fd-particle dynamics inside domains and the dynamics of the
domain texture are arrested at the same glass-transition con-
centration of 11.7 + 0.6mg/ml, far above the isotropic-
nematic coexistence region [31,32]. The following distinct
flow profiles are observed: (i) plug flow and fracture at small
applied shear rates (which has been observed in [51] and
[52]), (ii) gradient shear-banding profiles at intermediate
shear rates, and (iii) a linear profile at sufficiently high shear
rates. It should be noted that these flow profiles coexist with
Taylor-vorticity bands [51,52].

One of the scenarios for gradient shear-banding is strong
shear thinning of the homogeneously sheared material at
hand, which leads to a stress plateau in the stationary state,
once an inhomogeneous shear-banded flow profile is fully
developed. The observed gradient shear-banding for the
charged colloidal rod-glass was attributed, in [51], to the
strong shear thinning behavior of the domain-interior. Here,
in addition to complementary velocimetry, the stress was
measured as a function of the applied shear rate in the sta-
tionary state (referred to as a flow curve). We used a cone-
plate geometry with sufficiently small spatial dimensions
such that at most a few domains are present within the shear
cell and a cylindrical Couette fixture whose gap encompasses
many domains. In the cone-plate shear cell, the stress
response of the domain-interior is probed. In the Couette
shear cell, the texture stress due to interactions between
domains contributes to the rheological response as well. On
the basis of the following observations, it is concluded in the
present study that both domain-interior and texture stress due
to interactions between domains are at the origin of the shear-
banded flow profiles.

* For large concentrations, well into the glassy regime, the
flow curve as obtained with the Couette cell shows the
expected stress plateau for the total stress. The flow curve
obtained with the cone-plate geometry shows that the
stress arising from the domain-interior also exhibits the
same stress plateau within the same shear-rate range. The
texture stress and the stress from the domain-interior are of
the same order of magnitude. This shows that both stress
contributions are responsible for the observed gradient
shear-banded flow profiles. For this large concentration,
the domain texture remains intact for all applied shear
rates.

 For the small concentration closer to the glass-transition
concentration, corresponding to a weaker glass, the texture
stress diminishes and, in fact, vanishes in the shear-rate
range where gradient shear-banding is observed, while the

stress of the domain-interior increases. Direct observation
of the texture confirms that the domains coalesce, leading
to the disappearance of the domain texture. The combina-
tion of the two stress contributions leads to a stress plateau
that is associated with shear-banding, as revealed by
velocity measurements.

Contrary to nonglassy systems of nematic fd-virus suspen-
sions, where the texture stress is negligible [50], the texture
stress in the glassy state is found to be of the same order of
magnitude as the domain-interior stress. Within the classic
banding scenario, the total stress (being equal to the sum of
the domain-interior stress and the texture stress) exhibits a
stress plateau in the stationary shear-banded state. Here, we
find that both of these separate contributions exhibit such a
stress plateau, which implies that there is a subtle interplay
between the interdomain- and texture-stress responses. The
interactions between the domains affect their internal struc-
ture, which, in turn, affects the interactions between the
domains.

The formation of glass depends critically on the ionic
strength: a glassy state does not exist for ionic strengths
larger than about 0.8 mM and lower than 0.1 mM. The rheo-
logical response of fd-rod glasses may, therefore, be quite
sensitive to the ionic strength, which is not addressed in the
present study. An equilibrium phase diagram for this system,
including the glass state, in the fd-concentration versus ionic-
strength plane, for low ionic strengths, can be found in [33].
Furthermore, it would be interesting to perform 3D-imaging
experiments under flow conditions to determine the domain-
size distribution within the shear bands. It might well be that
there is a different size distribution within the two shear
bands.
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