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Rheology of dense anisotropic colloidal suspensions often exhibits unsteady flow at a constant
imposed shear stress/shear-rate. Using simultaneous high resolution confocal microscopy and rhe-
ology, we find that the temporal behavior arises due to a strong coupling between shear flow and
particle orientation. At smaller applied stresses, the orientation of rods fluctuates around the flow
direction. A transition to an intermittent disordered state is observed at higher stresses when the
angle between the flow and the rod orientation reaches a critical value. This disordered state is as-
sociated with transient drop in shear rate and an increase in viscosity. Simultaneous visualization of
boundary stresses and orientation shows that the disordered regions lead to heterogeneous stresses
and positive normal forces at the boundary indicating the formation of systems spanning disordered

particle contact networks.

When subjected to shear stresses beyond a material-
dependent threshold value, most dense suspensions
shear-thicken - their viscosity 1 increases with the stress
o [1-3]. Recent studies suggest that while the hydro-
cluster mechanism [4, 5] can account for a modest in-
crease in 7, a larger increase stems from particles form-
ing a stress-induced frictional contact network [6-13].
These studies are limited to mainly spherical or com-
pact particles, despite the fact that altering the par-
ticle shape greatly affects rheological response [14-16].
It has been shown that an increase in the particle as-
pect ratio, «, reduces the volume fraction (¢ = total
particle volume/total system volume) at which shear-
thickening sets in [16, 17]. Previous small angle neutron
scattering measurements of suspensions of elongated par-
ticles in the shear thickening regime indicated that par-
ticle flow-alignment was retained in the shear-thickened
state [15]. Since scattering approaches are inherently
ensemble-averaged measurements, these do not capture
changes in local orientational order. These concerns
notwithstanding, the strong coupling between flow and
particle shape anisotropy is known to result in rich time-
dependent flows [14, 18, 19]. A complex temporal be-
havior has in fact been observed during shear thicken-
ing in both Brownian and non-Brownian suspensions of
spherical [6, 13] or compact particles [20, 21] highlight-
ing the importance of investigating temporal dynamics
of orientable particles during shear-thickening.

In this Letter, we investigate the mechanism of shear
thickening in colloidal rod suspensions by direct imaging
of particle orientational order under shear and spatially-
resolved boundary stress measurements [22]. Our key
results are that shear-thickening in these systems is pri-
marily an outcome of the rich interplay between fluctua-
tions in particle orientational order and the formation of
gap spanning contact networks.

We synthesized colloidal silica rods following the pro-

cedure first developed by Kuijk et al. [23]. We obtained
the rods having a typical diameter d = 400nm and length
of | = 4pm (a = 1/d ~ 10) (SI, section S1). The par-
ticles were dispersed in a glycerol-water mixture (85%
glycerol by vol.) at different ¢s and 7 was measured
as a function of ¢ in a cone-plate geometry on a stress
controlled rheometer (AntonPaar, Austria). We varied
¢ from 0.19 to 0.45 where the suspensions form a ne-
matic phase in equilibrium and the flow response is typi-
cal of shear-thickening particulate suspensions (Fig. 1A)
[12]. On increasing o, the suspensions shear-thin and
reach a viscosity plateau, ny(¢). This plateau persists
up to an onset stress o. beyond which the suspensions
shear-thicken. Like in suspensions of spherical particles
[11, 12], and in a recent study on shear jamming in col-
loidal rods [25], we also found o, to be approximately
independent of volume fraction ¢ (Fig. 1A). At even
larger stresses, 1 almost plateaus to a constant value
that corresponds to the viscosity of the shear-thickened
state, ns7(¢). In the shear-thickening regime, n oc o,
where the shear-thickening exponent [ is positive and
steadily grows with ¢ but remains below unity (continu-
ous shear-thickening) for 0.19 < ¢ < 0.38. However, for
¢ > 0.38, B = 1 i.e. the suspension viscosity increases
at a fixed shear-rate, %, which is a characteristic of dis-
continuous shear-thickening (DST). Remarkably, our sus-
pensions show shear-thickening at particle loadings that
are substantially smaller than those required for isotropic
particles (8 > 0 even for ¢ = 0.19). This dependence on
B with ¢ is consistent with earlier reports on similar sys-
tem [25], which find that the larger effective excluded
volume of anisotropic particles [26-28] in comparison to
isotropic ones aid in achieving shear-thickening even at
low volume fractions. The behavior of Ni(o) at various
¢s is similar to that seen in [12] (Fig. 1B). For ¢ < 0.34,
N; hovers around zero for small applied stresses and turns
negative beyond o, indicating dominating hydrodynamic



FIG. 1: (A) Flow curves and (B) first Normal stress difference
N, at various ¢s, for colloidal rods of aspect ratio (a) = 1/d ~
10. The dotted lines in A are fit to 1(0, ¢) = (1 —¢/dc(0)) 72,
where ¢c(0) = fém + (1 — f)¢o, f is the fraction of frictional
contacts, ¢, and ¢,, corresponds to viscosity divergences for
purely frictionless and frictional contacts, respectively. Inset
(B) shows o vs 4 at ¢ = 0.45.

forces. However, at ¢ = 0.34, N; first becomes increas-
ingly negative above ., but abruptly changes sign and
becomes more positive for ¢ > 2000Pa, due to domi-
nating contact forces (Fig. 1B, open squares). On in-
creasing ¢, Nj becomes positive beyond o. (Fig. 1B,
open pentagons and open stars). While the observed be-
haviour of Ny with increasing ¢ is similar to suspensions
of spheres, we note that the algebraic sign of V; is not al-
ways directly indicative of the presence of frictional con-
tact networks. Experiments on non-Brownian particles,
where frictional interactions are known to be dominant
[29], have observed a negative N7 during shear-thickening
[30, 31].

Fluids that show DST often have an S-shaped flow
curve [32] with an intermediate region where do/dy < 0
(Figure 1B inset). Since homogeneous flow is impossi-
ble in these regions, the system behaves heterogeneously,
through the formation of shear bands. In many com-
plex fluids, the canonical example being shear-thinning
wormlike micellar gels [33-35], the bands themselves
can become unstable and can exhibit rheochaos - time-
dependent flows at fixed o or 4 at Reynold’s number
Re << 1 [36]. In dense Brownian as well as non-

Brownian suspensions the flow is unsteady [6, 13, 37] and
exhibits rheochaos in the DST regime [20, 21, 38, 39].
Such complex flow response is not captured by the mean
field WC model. Motivated by these findings, we set out
to ascertain if bulk flow in the DST regime (stars in Fig.
1A) was unstable.

Accordingly, we carried out shear rate relaxation mea-
surements at various imposed stresses. Figure 2A shows
forward (hollow symbols) and reverse (solid symbols)
flow curves for ¢ = 0.36 < ¢, (circles), ¢ = 0.4 = ¢y,
(squares) and ¢ = 0.42 > ¢, (triangles), respectively.
Figure 2B summarizes the complex dynamics observed
for few representative stresses. When o ~ 400 Pa, where
the flow curve is single-valued, ¥ is approximately con-
stant 2B (Panel). For regions of the flow curve where the
stress is multi-valued (Panels 2-5), 4 shows rich temporal
dynamics. At o = 2100 Pa, ¥ first increases and then sat-
urates before rapidly dropping close to its original value.
This behaviour is cyclic. On increasing o (Panels 3 -
5), not only does the cycle duration increase substan-
tially, we also see small amplitude oscillations preceding
the drop in 4. As the drop in %4 is approached, the am-
plitude of the oscillations grows, and their frequency in-
creases. Most remarkably, oscillations in ¥ are also well-
correlated with those in Ny (Fig. 2C). The time period
of the oscillations (= 25 s) is much larger than the rota-
tional time period of the cone (= 0.5s) and inertial time
period (= 0.2s), indicating these are not an outcome of
instrument imperfections [20]. At even larger os (Panel
6 in Fig. 2B), where the flow curve is once again single-
valued, the time-dependence entirely vanishes.

To gain microscopic insights into these observations,
we tracked the dynamics of rods using a confocal-
rheometer [40, 41]. The sample was doped with a small
amount of fluorescently labeled rods [42] for determin-
ing the local orientation. Under shear, we estimated the
angle § between the average orientation of rods, 7, in
the field of view with respect to the flow direction v, by
calculating the distribution of local orientation in each
image (see SI for details).

Owing to the very high particle velocities in the ST
regime for the ¢ = 0.36 sample, particles could not be
tracked. Thus we increased ¢ to 0.4, where o. ~ 10 Pa
and the 4 values during DST are substantially smaller
(Fig. 2A). We also observed hysteresis during the forward
and reverse stress sweeps (Fig. 2A, squares). For o = 30
Pa (> o0.), we observed stable oscillations in § with a
clear correlation between # and 4, where both quantities
fluctuate between two limiting values, as shown in Fig.
3A (SI, Movie S1). Surprisingly, when @ is positive, i.e.
when average orientation of the rods is towards the free
surface, 4 is higher. A gradual decrease in 6 towards
negative values (rod orientation towards —V x v) is ac-
companied by a decreases in . The correlation between
the orientation, which is determined from a small region
of the sample, and the average rheological response sug-
gests that the orientation oscillations occur coherently
throughout the sample. At 0 = 100 Pa, along with oscil-
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FIG. 2: (A) Flow curves for ¢ = 0.36 (blue circles), ¢ = 0.4
(red squares) and ¢ = 0.42 (green triangles) samples. For-
ward and reverse stress sweeps are shown by hollow and solid
symbols, respectively. The stress values at which shear-rate
relaxation measurements were carried out are indicated on the
flow curves. (B) Shear rate relaxation i.e. time-dependence
of shear-rate, 4, at various os for ¢ = 0.36. The panel num-
bers in (B) correspond to those indicated in flow curve ((blue
circles) in (A). (C) 4 (black line) and N: (dark pink line) for
o = 2450 Pa. The data corresponds to the highlighted region
in Panel 3 in Fig. 2B.

lations, we observed intermittent disordered regions rep-
resented by an instantaneous jump in 6 (Fig. 3B). A
representative snapshot corresponding to this state (Fig.
3F) shows a substantial number of rods oriented along
the Vo direction (seen as circles since the rod orienta-
tion is perpendicular to imaging plane) and many rods
also tilted towards the vorticity direction. The orien-
tation changes occur when an order-disorder transition
either takes place in the field-of-view or a disordered re-
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FIG. 3:

(A-D) Time-dependence of % (black symbols) and
the angle 6 between S and v (red symbols) at various os for
¢ =04. (A) 0 =30 Pa. (B) 0 =100 Pa. (C) o = 200 Pa.
(D) o0 = 1100 Pa. (A), (B) (C) and (D) correspond to points
labeled (i), (ii), (iii) and (iv) on the flow curve, respectively

(Fig. 2A) (red circles). Snapshots of tracer rods at o = 100
Pa (Fig. 3B) at times when @ is (E) small (and negative), (F)
large positive at the beginning of disordered region, (G) small
(and positive) when the order is restored again. (H) Simul-
taneous boundary stress microscopy and confocal imaging of
rod orientations during flow curve measurements at ¢ = 0.42.
The top panels are images of fluorescent colloids attached to
a elastic substrate (bottom plate) and correspond to differ-
ent stress values along the flow curve for ¢ = 0.42 (Fig. 24,
green triangles). Bottom panels are the corresponding im-
ages of tracer rods. (I) o = 5 Pa, (II) o = 50 Pa, and (III)
o = 400Pa. Black regions in (H) appears when the elastic
substrate is pushed down due to large normal stresses which
results in these regions going out-of-focus. Scale bar: 70 pm.
The inset shows a sketch of coordinate system in 3D.

gion is advected into the field of view. At ¢ = 200 Pa,
the oscillations in @ are more pronounced and occur for
longer duration. Remarkably, this abrupt transition oc-
curs when 6 reaches a critical negative angle (Fig. 3C,
SI, Movie S2). Also apparent in Movie S2, there is a cou-
pling between the rod orientation and non-affine flow,
with the rod orientation indicating the local flow direc-
tion. For ¢ = 1100 Pa, where the flow curve is almost



single-valued, the amplitude of oscillations in 4 are con-
siderably smaller, with the dynamics in 4 and 6 appearing
noisy (Fig. 3D, SI, Movie S3). However, before reaching
this steady state, @ first dropped to a negative value and
then jumped to a large positive value similar to o = 200
Pa. Note that in the disordered state, the determination
of 6 is not straight forward, but the algorithm produces
a robust positive value (Fig. 3B-D, and SI).

There are a number of surprising aspects to the behav-
ior described above. The existence of a positive angle at
low ¢ (SI, Fig. S5 and Movie S4) represents an asym-
metry that is not present in simple shear, where there
would be no preference for positive vs negative deflec-
tion. However, the shear geometry here has a free sur-
face and curved flow lines even for affine flow. It has
been observed that anisotropic particles under shear are
often tilted in the positive 7 direction as a result of shear
induced interparticle interactions [43-45] and some sim-
ilar mechanism may be at play here. At higher concen-
trations the tilt is suppressed and replaced by collective
oscillations about # = 0, that are accompanied by oscilla-
tions in 4 and 7 (Fig. 3A). As the angle varies from zero
in either direction, the degree of alignment reduces and
when orientations exceed a critical negative 6 it results
in unstable flow and the formation of disordered particle
clusters above o, (Fig. 3). In our case we do not ob-
serve unstable state if the angle is positive possibly due
to presence of free surface. Similar behavior is observed
in a parallel plate geometry for ¢ = 0.39 (DST regime)
and also for different background solvent viscosity, sug-
gesting that these findings are intrinsic to the suspension
rheology and do not depend on rheometer inertial time
as observed by Hermes et al. (SI and Figs. S6-S10) [20].

To determine if particle orientational disorder in the
DST regime results in a positive N7 and locally higher
shear stresses, we employed a technique known as Bound-
ary Stress Microscopy (BSM), which provides spatio-
temporal information of normal and shear forces [13,
46, 47). Here, we covalently attached fluorescent mi-
crospheres to a polydimethylsiloxane (PDMS) layer of
known elasticity bonded to a glass coverslip that serves as
bottom boundary of the sample in the confocal rheometer
(see SI). The out-of-plane motion of the beads, i.e. along
Vv, provides information about local normal stresses.
Regions of high N; generate out-of-plane motion of the
microspheres, resulting in dark patches in the images as
particles move out of the confocal imaging plane. Dur-
ing ST in suspensions of colloidal spheres, stress hetero-
geneities at the boundary indicate the existence of tran-
sient gap spanning particle contact networks [13]. The
top and bottom panels in Fig. 3H show images of the
spheres on bottom surface and tracer rods just above this
surface, respectively, for various applied os labeled (I)-

(IIT) on the flow curve for ¢ = 0.42 (triangles in Fig. 2A).
When o < o, the rods are flow aligned and stress het-
erogenities are absent (all beads appear in focus in panel
labeled (I)). For o = 50 Pa > o, the beads intermittently
appear slightly out-of-focus and the rod orientation above
this region appears slightly disordered (panel (IT) in Fig.
3H). At even larger stresses, the beads move completely
out of the imaging plane, as the orientationally disor-
dered region pushes down on the elastic substrate (panel
(III) of Fig. 3H, o = 400Pa, SI, Movie S5). As can be
seen in the movie, these disordered regions are associated
with a local increase in the flow velocity. With increasing
o, we observed a concomitant increase in the frequency of
these regions of large local displacement. The out of fo-
cus movement of beads is an indication of positive normal
forces (Fiv) and in cone-plate geometry N1 = Fi/(plate
area). An increased frequency and amplitude of hetero-
geneous stresses indicate that N; increases with applied
stress and is in good agreement with the increase in N;
observed in flow curve measurements in Fig. 1B. Further,
the combination of confocal-rheology and BS measure-
ments clearly show that the coupling of particle orienta-
tion to shear and normal stresses plays a prominent role
in the ST of anisotropic particles and stands in contrast
to findings from previous Rheo-SANS measurements [15].

The collective picture which emerges from our study is
that shear-thickening even in suspensions of anisotropic
particles has its origins in particles forming a disor-
dered contact network as evident in particle imaging and
boundary stress measurements. It seems surprising at
first that rods of large aspect ratio shear thickens at rela-
tively low volume fractions than spheres despite the fact
that these can pack more densely in a shear aligned state.
However it is known that anisotropic particles can from
more contacts in a disordered state, resulting in jam-
ming at a volume fraction that decreases with increasing
aspect ratio [27]. The coupled oscillations in average ori-
entation, suspension viscosity and normal stress that we
observe are similar to those observed in other rod sus-
pensions [14, 18, 19]. In general, the degree of orienta-
tional order is coupled with the flow alignment, and we
speculate that as the magnitude of § becomes large, the
degree of order decreases, resulting in an increase in high-
stress particle collisions, producing frictional interactions
and an instability to the fully disordered, shear jammed
state.
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