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ABSTRACT: Understanding the coupling between the dynamics
of microstructural deformation and the bulk flow behavior of
colloidal suspensions is crucial for both fundamental studies and
practical applications of this important class of soft matter systems.
In this study, we investigated the flow behavior of cellulose
nanofibril (CNF) suspensions—renewable, sustainable materials
with low environmental impact—using the “Rheo-Iris,” a rheo-
polarized imaging system we developed to visualize two-dimen-
sional microstructural changes in fluid under applied stress. Creep
tests under constant shear stress revealed an initial elastic material
response, a yield transition, followed by viscoplastic flow at long
times. Simultaneous polarized imaging identified three distinct retardation patterns, depending on the applied shear stress. At low
stresses (<10 Pa), or small strain immediately after stress application, the phase retardation remained uniformly low, and the
orientation axis of the microstructure was randomly distributed, indicating that the homogeneously dispersed CNFs form an
isotropic, entangled network structure. At a stress near the yield point (40 Pa), a spiral-shaped region of high retardation appeared,
and the orientation axis shifted to 60—85° away from the flow direction. This corresponds to the formation of rosary-like structures
aligned in the vorticity direction, exhibiting spatially nonuniform birefringence and an oriented microstructure. At higher stresses far
above the yield point (200 Pa), this “log-rolling” mesostructure collapsed, and smaller CNF aggregates became aligned in the flow
direction, leading to spatially uniform oriented birefringence across the entire field. Both cases represent distinct fiber orientation
phenomena, and our noninvasive rheo-polarization method clearly distinguishes how the spatial orientation distribution in the field
changes with applied stress. The Rheo-Iris system enables real-time, quantitative analysis of internal microstructural evolution under
imposed shear strain or stress and offers a powerful tool for exploring the orientation dynamics in soft matter systems, opening a new
eye on complex fluid rheology in colloidal dispersions.
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1. INTRODUCTION

Investigating the deformation and flow behavior of colloidal

suspensions exhibit pronounced shear-thinning behavior in
which the apparent viscosity decreases. This decrease in

suspensions when subjected to external forces is an extremely
important topic, not only for understanding the micro-
structural mechanisms that control their fundamental rheo-
logical behavior but also for tuning the material properties for
practical applications. For these reasons, they have been
intensively studied using a range of experimental and
numerical methods from various perspectives. The flow
properties of colloidal suspensions depend on such variables
as the particle concentration, shape, interparticle interactions,
and shear rate. For example, if the concentration of the
dispersed phase is low and there is no interaction between the
particles, the viscosity of the system is Newtonian and follows
Einstein’s viscosity formula. However, as the concentration
increases, interactions among the particles come into play,
causing the system’s viscosity to rise rapidly and ultimately
leading to gelation. In addition, when shear is applied, many
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viscosity can be interpreted as arising from the progressive
shear-driven destruction of the aggregated microstructure
formed by the electrostatic and depletion interactions between
individual dispersed particles."~ On the other hand, shear-
thickening behavior, in which the viscosity increases due to the
reaggregation of dispersed particles caused by the rate of
collisions between the clusters, has been observed in certain
systems®~” and this can lead to the formation of a shear-
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induced “shake gel”, in which gelation occurs by intense
shaking. """

Therefore, to clarify the flow behavior exhibited by colloidal
suspensions due to the applied shearing, it is important to
dynamically and quantitatively evaluate how the microstructure
formed by the dispersed particles breaks down and collapses
under shear or how the dispersed particles form an increasingly
aggregated structure under flowing conditions. The size of the
dispersed particles and the scale of the aggregated meso-
structures they form under flow also vary from nanometer to
millimeter scale. Therefore, evaluating the evolution of the
hierarchical microstructure at each scale is important, from
orientation of the primary microstructural constituents to the
higher-order mesoscale structure formed by aggregation.

Many attempts have been made to investigate the relation-
ships between rheological properties and their molecular
origins using combinations of bulk mechanical rheometry and
spatially localized optical measurements (rheo-optics). Con-
ventional rheo-optical measurements can be primarily classified
into two classes: rheo-microscopy and rheo-scattering
measurements. Rheo-microscopy directly observes the samples
under shear flow using olz)tical microscopes and confocal laser
microscope techniques."”™'® For example, the transitional
changes in the floc size of microfibril cellulose (MFC) in a
MEFC suspension have been directly observed using a CCD
camera attached to a rotational rheometer equipped with a
transparent coaxial double cylinder fixture.'”"> It has been
reported that the floc size of MFC suspensions decreases with
increasing shear rate, while the floc size progressively increases
in the low shear rate range over which a plateau viscosity
region appears. However, these measurements were analyzed
from still images taken after the shear was stopped, and the floc
size was not dynamically measured during shearing, because of
the difficulty in obtaining a clear unblurred image during
continuous shearing. In addition, observations with an optical
microscope were used to study microparticles undergoing
Brownian motion and suspensions flowing through micro-
channels. These methods mainly capture macroscopic features
of the flow, and it is difficult to dynamically capture the
processes of microstructural aggregation and destructuration
experienced by dispersed particles, as the aggregates form and
then collapse by the applied shearing. The biggest challenge in
using a rheomicroscope is the limited field of view. In regions
with high shear rates, focusing on multiple dispersed particles
becomes difficult, and the restricted observation area limits the
ability to obtain sufficient ensemble averaging. These
limitations make it challenging to characterize dynamic
behaviors under such conditions accurately.

On the other hand, scattering methods evaluate the flow
behavior of colloidal suspensions from nano- to micron size in
the Fourier domain using methods such as small-angle neutron
scattering (SANS) and small-angle X-ray scattering
(SAXS).'"7** Shibayama et al. carried out Rheo-SANS
experiments on an inorganic clay mineral and polyethylene
glycol system that exhibits a shear-thickening behavior and
reported that anisotropy appears in the SANS scattering
pattern in the shear rate regime corresponding to increasing
viscosity.'” They proposed that the long PEO chains that have
adsorbed on the individual clay platelets are progressively
peeled off when sufficiently strong shearing is applied, but that
they readsorb again and form interparticle cross-links with the
neighboring clay platelets. However, the weak intensity of the
SANS beam required 1—30 min of exposure to obtain a

complete scattering spectrum. Therefore, the results are not
time-resolved, and there is a possibility that the viscosity of the
system will gradually change due to irreversible shear-induced
damage to the sample during the measurement. Akada et al.'®
used SAXS and ultrasmall angle X-ray scattering (USAXS),
which is suitable for time-resolved measurements with short
exposure times, to observe the change from a liquid to gel in a
colloidal suspension comprised of silica particles and poly-
(ethylene oxide) polymer chains in real-time. SAXS can
evaluate structures on the order of tens of nanometers, while
USAXS can evaluate structures on the order of hundreds of
nanometers. According to their report, the system showed
shear-thickening behavior at around 10 s™', in which the
intensity in the USAXS spectrum in the direction of the
vorticity increased, although the scattering intensity obtained
using SAXS did not change. These results suggest that there is
no change in the distribution of the clusters of silica particles at
the scale of several tens of nanometers; however, larger
aggregates of several hundred nanometers formed by shear-
induced aggregation are oriented in broadly elliptical clusters
in the flow direction. All these studies examine the flow
behavior of colloidal suspensions based on nanoscale micro-
structural changes.

In addition, other rheo-optical studies at the micron size
have employed rheo-small angle light scattering (Rheo-SALS)
measurements.'~' Pignon et al. investigated the flow
behavior of thixotropic clay suspensions and reported that
the optical scattering resulting from the sample microstructure
was isotropic in the rest state, but as the shear rate increased,
the scattering pattern was enhanced in the direction of the
velocity, and above a critical shear rate, the scattering pattern
became isotropic again.'” They proposed the following
interpretation of these results: at low shear rates, the dispersed
network of clay platelets in the suspensions align and
consolidate under the action of hydrodynamic forces, and
the dispersed particles form a roller-shaped aggregate. These
roller-shaped aggregates are aligned in the direction
perpendicular to the flow direction (i.e,, the vorticity direction)
corresponding to a “log-rolling state”.””** Beyond a critical
shear rate, no further consolidation is possible, and the roller-
shaped aggregates are progressively broken down into smaller
pieces with an increasing shear rate. Such an interpretation is
consistent with theoretical studies performed on the
disaggregation process during flow.”*>” The formation of an
aggregated structure oriented in the vorticity direction of
dispersed particles with the applied shearing has also been
confirmed in a latex particle suspension containing associative
polymers by Belzung et al.”° Furthermore, the orientation
behavior in the vorticity direction has been observed not only
in thixotropic suspensions but also in clay mineral-surfactant
suspensions that exhibit shear-thickening behavior.'

It is expected that combining rheo-SALS, SAXS, and USAXS
measurements will enable structural observation across multi-
ple scales from the single constituent particle scale (primary
structure) to that of the spatial organization of the aggregates
(higher-order mesoscale structure). The integration of
mechanical bulk rheometry with time-resolved scattering
techniques offers a comprehensive view of the structural
dynamics under various flow conditions, enhancing our
understanding of the evolving microstructural dynamics and
rheological response of complex materials.”® However, while
these scattering techniques are pointwise measurements, the
microstructural information obtained is limited to the local
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interrogation area through which the incident beam (such as
the collimated light or X-ray source) is irradiated. This allows
us to locally evaluate the ensemble average information, but
spatial distribution of the microstructure on the scale of the
flow remains inaccessible. Therefore, it is extremely important
to perform two-dimensional time-resolved imaging to
quantitatively evaluate the flow behavior of colloidal
suspensions that form spatially heterogeneous structures
(described in the Materials and Methods section). We have,
therefore, used a new rheo-optical device that combines a
parallel plate rheometer configuration with a high-speed
polarization camera capable of two-dimensional dynamic
polarization analysis to examine the flow behavior of
suspensions of anisotropic colloidal particles and how the
microstructure evolves with applied shearing.

Sato et al.”” employed stress ramp tests using a rheo-optical
device equipped with a polarized high-speed camera to clarify
the relationship between vyield behavior and structural
evolution in 2,2,6,6-tetramethylpiperidine-1-oxyl radical
(TEMPO)-oxidized CNF suspensions. According to their
report, a two-step yield behavior was observed in the stress
ramp tests, and distributions of retardation and orientation
axes showed characteristic patterns in three regions. However,
spatial and temporal tracking of the retardation distribution in
the vicinity of the yield transition, and quantitative analysis of
the shear-induced changes in the microstructure, have not
been investigated in detail. In the present work, we employ
constant-stress (creep) using the aforementioned rheo-optical
device to explore the microstructural evolution of a CNF
suspension prepared by mechanical treatment. We follow the
shear-induced changes in the internal structure of the sample
by tracking the spatial and temporal changes in the retardation
distribution under progressively increasing values of the
imposed constant stress. Since the color annular images of
the shear-induced microstructure in the colloidal suspensions
resemble an iris, and the rheo-optical device combines a
rheometer and a high-speed polarization camera, we refer to
this device as a “Rheo-Iris” that opens a new eye on complex

fluid rheology.

2. MATERIALS AND METHODS

2.1. Sample. The CNF suspension is a commercially available
product, and we used the extra-long type (IMa-10002) made by
Sugino Machine Limited. The concentration of the CNF suspension
was 2 wt %. This suspension was manufactured by mechanical
fibrillation (water jet method) and used "as is" without any special
treatments.

2.2. Measurement of the CNF Size. To measure the size of the
CNFs, we used a SAXS device (SAXSpace, Anton Paar GmbH, Graz,
Austria) and a dynamic image analysis device (Litesizer DIA 500,
Anton Paar GmbH, Graz, Austria).

For the SAXS measurement, a Cu-Ka (wavelength 1 = 0.154 nm)
X-ray source and a capillary cell were used, and the measurement was
performed at 25 °C. In the dynamic image analysis method, 2 mL of a
CNF suspension was added to 18 mL of ultrapure water and
dispersed for 10 min under 200 W ultrasound excitation. The
ultrasonically dispersed sample was added in its entirety to a device
tank filled with 600 mL of ultrapure water, and the measurement was
repeated five times under 50 W ultrasound excitation.

2.3. Rheological Measurements. Rheological measurements
were carried out using a stress-controlled rheometer (MCR302e,
Anton Paar GmbH, Graz, Austria). Dynamic viscoelasticity measure-
ments (discrete frequency sweeps) were performed by using parallel
plate fixtures with a diameter of 40 mm and a 0.5 mm gap between
them. The same configuration was used for strain amplitude

measurements. For the creep tests, a quartz upper plate with a
diameter of 43 mm was used, and the gap was again set to 0.5 mm.
Stresses of 10, 40, 60, and 200 Pa were applied for 120 s, and the
evolution in the resulting sample strain y(t0,) with time was
measured. All rheological measurements were performed at 20 °C.
2.4. Rheo-Polarized Imaging (Rheo-PIl) Measurement. Figure
1 shows a schematic diagram of the experimental setup (Rheo-Iris).*’

. Ring light
;7“\ Circular

polarization film

L | Quartz plate
Sample \;‘/ P
] «—Glass plate
—
High-speed

polarization camera

Figure 1. Schematic diagram of the Rheo-Iris device.

This device is equipped with a high-speed polarization camera
(CRYSTA PI-SWP; Photonic Lattice Inc., Japan) that can measure
the spatial distribution of the optical retardation (birefringence) and
orientation axes in real time from the underside of the stress-
controlled rheometer. By combining the controlled stress rheometer
with a high-speed polarization camera, it is possible to simultaneously
measure the evolution of rheological properties and the micro-
structural dynamics of soft solids and complex fluid materials. The
head of the rheometer is equipped with a light source that combines a
ring LED and circular polarizing film. The circularly polarized light
emitted from the light source is irradiated onto the sample, and the
transmitted light is imaged by the high-speed camera at the bottom.
For optical measurements, the information obtained about the
internal microstructure of the sample differs, depending on the
transmission direction of the light. For example, for simple shear flows
(in which the 1-direction corresponds to the velocity (flow) direction,
the 2-direction represents the velocity gradient direction and the 3-
direction is the vorticity orientation), if the light propagates along the
vorticity direction, structural information on the 1—2 surfaces can be
obtained, and if the light is transmitted along the velocity gradient
direction, information on the 1—3 shearing surfaces can be obtained.
However, for the tests using plate—plate geometry, it is difficult to
transmit light along the shear or vorticity directions. Therefore, in this
study, we will consider changes in the internal structure of the sample
based on imaging of the 1—3 shearing plate information obtained by
transmitting light along the velocity gradient direction. The frame rate
for the video recording was set to 30 fps.

3. RESULTS AND DISCUSSION

3.1. Size of CNFs. The SAXS measurements can evaluate
the cross-sectional diameter of the CNFs. Figure 2a shows the
scattering curve of a CNF suspension. The actual measured
values are the black curve. On the other hand, when a fitting
was performed, assuming the shape of the CNFs to be
cylindrical (red dashed curve in Figure 2a), a good match was
obtained with the actual measured values. To determine the
fibril average cross-section diameter (27), we conducted data
evaluations based on the inverse Fourier transformation
(IFT).*°~* The pair distribution function (PDF) obtained
from the IFT method is shown in Figure 2b. As can be seen
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Figure 2. (a) SAXS profile and (b) diameter distribution of the CNFs.
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from the figure, the radius r of the CNF has a wide distribution
of 10—60 nm with a mean value around 7 = 31 nm. Since it has
been reported that the diameter of a single cellulose microfibril
is about 3 nm,” it is suggested that the CNFs used in this
study exist in bundles consisting of tens of microfibrils.

In the dynamic imaging analysis (DIA), fibrils, such as the
CNFs and particles, are directly photographed, and the size
and shape can be analyzed by capturing the outline of the
specimens.”®”” The scatter diagram of the diameter and length
of the CNFs calculated by DIA measurements is shown in
Figure 3, and the fibril diameter and length were distributed in
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107" 10° 10"
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Figure 3. Diameter and length of CNFs calculated from dynamic
image analysis.

the ranges of 2—6 and 4—100 pm, respectively. There is thus a
significant difference in the range of fibril diameter determined
by direct image analysis compared to the values obtained from
the SAXS measurements. This is due to the difference in the
scale of observation, with the SAXS and DIA measurements
corresponding to analyses on the nanoscale and micron-scale
ranges, respectively. In addition, since it can be assumed that
the CNFs produced by the mechanical fibrillation process will
show a hierarchical fibril diameter distribution, it is also
possible that the CNFs used in this study have a bimodal
distribution of diameters of 10—60 nm and 2—6 um.>*

3.2. Viscoelastic Behaviors of CNF Suspensions. Figure
4 shows the results of dynamic viscoelastic measurements of

29437

the CNF suspension. Figure 4a shows the strain sweep curve
measured with the angular frequency fixed at 10 rad/s. Both
the storage modulus (G’) and loss modulus (G”) were
constant at small strains up to a strain amplitude y, = 2.5 X
1072 (2.5%), and this value was judged to be the linear
viscoelastic limit. In the linear region, G’ was greater than G”.
Both components of the dynamic moduli decrease with
increasing o, and eventually, the values of G" and G” intersect
at a yield strain y, &~ 0.2. At larger applied strains y, > 0.2, the
viscous loss modulus exceeds the elastic storage modulus, and
the material flows like a viscoelastic liquid. Next, the strain
amplitude was fixed at y, = 1% (within the linear viscoelastic
region), and a frequency sweep test was performed (Figure
4b). The storage modulus G’ is greater than G” over the entire
measured frequency region, and since both elastic moduli are
almost independent of the frequency, the material can be
viewed as an elasticity-dominated colloidal gel close to
equilibrium conditions, and the elasticity is attributed to the
entanglements of the dispersed nanofibrils.””

In addition, when the stress (¢) and strain y (Figure S)
amplitudes determined during the strain sweep measurement
in Figure 4a are cross-plotted, it is evident that the stress
amplitude o initially increases linearly up to a stress of 6 ~ 10
Pa, but the curve begins to flatten and a plateau region is
evident over the range of stress from 40 to 60 Pa. This plateau
region was judged to be the apparent yield stress of the gel.”>*”

To evaluate the changes in the internal structure around the
yield point, we performed creep tests under a number of
different constant stress amplitudes. The applied stresses
considered were 10 Pa (below the yield region), 40 and 60 Pa
(in the vicinity of the yield region), and finally, 200 Pa, far
above the yield transition. We show the creep test results in
Figure 6. Under all stresses, strain y(t) rapidly increases
immediately after the measurement began, consistent with an
initial elastic response, followed by a slower linear increase at
long times, corresponding to viscoplastic flow. It is evident
from the ordinate scales in Figure 6 that a 4-fold increase in the
applied stress (from 10 to 40 Pa) results in a very large increase
in the accumulated deformation, and it is not helpful to replot
these measurements in the form of a linear viscoelastic
compliance. Instead, we compute the instantaneous rate of
shearing y(t; 6,), and in Figure 7, we show the evolution in the
apparent viscosity 77(t) = o,/7(t) of the gel with time during
the creep tests. When the applied stress was 10 Pa (lower than
the yield stress), the viscosity slightly increased over time and
reached a very large constant plateau value after about 20 s.
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Figure 6. Creep curves of the CNF suspension at stresses below and
above the yield transition.

When a stress of 40 and 60 Pa (near the yield stress) was
applied, the viscosity reaches a much lower plateau (over 3
orders of magnitude smaller) after passing through a local
maximum value. The reduction in viscosity is even more
pronounced at an applied stress of 60 Pa. In the case of 200 Pa
above the yield stress, the viscosity rapidly decreases after shear
application before reaching a low constant value of
approximately 100 mPa-s after around 30 s.
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Figure 7. Change in the viscosity of CNF during the creep test.

3.3. Rheo-Pl Measurements of the CNF Suspension.
The incident light emitted from the light source of the device
shown in Figure 1 passes through the polarizer (P) set at 0°
and the quarter-wave plate (Q) set at 45° to become circularly
polarized light. The circularly polarized light then passes
through the sample and emerges with a spatially varying phase
difference (A) and orientation axis (). It then passes through
the linear polarizer, which serves as the analyzer with a fast axis
orientation of 0°, 45°, 90° or 135° and the light intensity
distribution is finally measured by the photodetector (details
on the calculation of the retardation A and orientation axis ¢
of a sample under shear is provided in the Appendix'”*").
Notably, the raw polarization data are also influenced by the
retardation and orientation resulting from the test fixtures, i.e.,
the glass plate shearing the sample. To remove these
influences, we correct the measurements using reference data
obtained without the sample, allowing us to isolate the
retardance and local microstructural alignment axes originating
solely from the sample’s optical anisotropy (integrated through
the sample thickness).”” As a result, the optical data presented
in this paper reflect only the intrinsic properties of the sample,
free from external interferences.

Figure 8 shows the dynamic changes in the polarized images
of the sample during the creep tests. The image is observed
from the underside of the plate, ie., a planar image in the
velocity (flow) direction vs the vorticity direction (1-3
surface). A movie of the time-dependent change in the
polarized imaging with time at an applied stress of 40 Pa is
shown in Figure S1 of Supporting Information. All the images
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Figure 8. Time-resolved changes in the polarized images of the CNF colloidal suspensions obtained with the Rheo-Iris during creep tests at
different applied stresses. The group with light blue shaded background is characterized by a spiral pattern across the entire flow field. The green
shaded group is characterized by a low retardation near the outer circumference (where the sample has fully yielded) and a spiral pattern toward the
inner part of the plate. The group of images with red shaded background shows high retardation that is azimuthally uniform, but with a radial
increase toward the outer edge of the parallel plate fixture, the shear rate is highest.

feature a black mask covering an area with a radius of 12.7 mm
from the center of the parallel plate test fixture, which cannot
be resolved since light is not transmitted through this region.
In the measurement range, low and high retardations are
colored dark blue and yellow, respectively. In the rest state (0
s) before the applied stress, the entire sample shows low
retardation (dark blue). When a stress of 10 Pa (below the
yield stress) was applied, the color change is negligible
throughout the test, and low sample retardation persists. When
the applied stress increased to 40 Pa (near the yield stress), a
localized and linear distribution of retardation was observed
initially (20 s). At approximately 60 s, the entire flow field
develops a spiral-shaped high-retardation distribution. At a
slightly higher stress of 60 Pa (still in the yield region), a spiral-
shaped high-retardation region again appears around 20 s and
propagates throughout the entire flow field after 40 s.
However, after additional shearing for more than 60 s, the
retardation in the outermost radial regions of the sample
decreased.

When a stress of 200 Pa (far exceeding the yield stress) is
applied, a high retardation shift from green to yellow appears
across the entire measurement area. This shift propagates
radially inward from the start of the test and persists until the
test ends. Closer examination of the creep test images in Figure
8 shows both spatially uniform and nonuniform (spatially
localized) retardation distributions. The nonuniform distribu-
tions were further classified into three distinct types, which are
shown using light blue, green, and red backgrounds in Figure 8.
The images with light blue backgrounds exhibit a spiral pattern
across the entire flow field, indicating an inhomogeneous
retardation distribution. The group of images with a green-
shaded background shows low retardation near the outer
circumference at the radial edge of the parallel plate and high
retardation in a spiral pattern toward the inner part of the

plate. The red-shaded group (corresponding to high stresses
and long shearing times) displays an azimuthally uniform
retardation distribution but a strong variation with the radial
position.

In order to quantify the changes indicated by the polarized
images, the average value A, of the retardation over the entire
measurement area of each image was calculated, and the

change in A,,, with time is shown in Figure 9. When the
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Figure 9. Changes in the average retardation A,,, with time during
the creep tests.

applied stress was 10 Pa, A,, showed a low retardation of
around 10 nm, which hardly changed throughout the duration
of the test. The average retardance at an applied stress of 40 Pa
gradually increased from 10 to just under 20 nm immediately
after the start of the test and eventually became constant after
approximately 100 s. In the case of 60 Pa, A,,, increased from
10 to just under 20 nm until around 30 s, after which it slightly
decreased and gradually approached a constant of around 15
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nm. The slight decrease in the average retardance A, results
from the decreasing retardation near the outer circumference
at long times mentioned above. Finally, when a stress of 200 Pa
was applied, A, rapidly increased to 30 nm soon after the
start of the test as the sample yielded and flowed before
gradually approaching a constant value of 35 nm. These results
support the qualitative evaluation of the polarized images
mentioned above.

Next, we evaluated the change in angle A@ (hereinafter
defined between the flow direction and the orientation axis)
during the creep tests. Figure 10a shows the definition of Ag
(the local orientation axis of the microstructure ¢ is indicated
by a black bar), and Figure 10b—d shows the spatial
distribution of the local orientation axis ¢ when a stress of
40 and 200 Pa is applied. At O s, just before the test started, the
orientation axis ¢ is randomly oriented for both values of the
applied stress (Figure 10b,d); however, ¢ is strongly oriented
in the flow direction after 120 s when a shear stress of 200 Pa
was applied (Figure 10e). On the other hand, when a lower
stress of 40 Pa was applied, the orientation axis was oriented
primarily in the vorticity direction (60°—90° with respect to
the velocity (flow) direction) (Figure 10c). To summarize, we
find that after 120 s, the microstructural orientation ¢ changes
from a disordered to an ordered state and that the degree of
orientation differs depending on the applied stress.

To quantitatively evaluate the orientation axis at an applied
stress of 40 Pa and an elapsed time of 120 s, we evaluated the
change in the average angle (AgoAvg) on a series of circular
rings spanning from close to the center of the plate to the
outermost circumference (Figure 11). The average micro-
structural orientation Ay, on the circumference at a radial
distance of 13—15 mm, which is close to the center of the
plate, was 85°, close to alignment with the vorticity direction
(at 90°, i.e., orthogonal to the flow direction). However, as we
move radially outward and approach the outermost circum-
ference, A@y,, gradually decreases. From r = 19 mm to the
outermost circumference, it gradually approaches 60°. These
results indicate that the orientation axis, under an applied
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Figure 11. Change in the angle Ag,,, with applied 40 Pa at 120 s.

stress of 40 Pa and a duration of 120 s, is nearly perpendicular
(90°) to the vorticity direction at the center and gradually
shifts to align more closely with the velocity (flow) direction
(0°) in the region of the highest shearing deformation near the
outermost edge.

Finally, to investigate the spatiotemporal changes in the high
retardation region, we converted the polarized images into 8
bit black-and-white images using the open-source software Fiji-
Image] ver. 1.54p and performed image binarization with a
threshold value of 123. Figure 12 shows the binarized forms of
the polarized images at 0, 40, 80, and 120 s with an applied
stress of 40 Pa shown in Figure 8. The shapes of the local high
retardation regions in the contour image after binarization
were assumed to be circular or elliptical, and their boundaries
were detected using the “Analyze Particles” command in
Image]. The average values of the major axis (length) and
minor axis (width) were then calculated, and finally the change
in the aspect ratio, which is the ratio of the major axis to the
minor axis, was investigated (Figure 13). It is clear that the
aspect ratio of the local highly oriented regions increases with

https://doi.org/10.1021/acs.langmuir.5c04628
Langmuir 2025, 41, 29434—29445


https://pubs.acs.org/doi/10.1021/acs.langmuir.5c04628?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.5c04628?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.5c04628?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.5c04628?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.5c04628?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.5c04628?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.5c04628?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.5c04628?fig=fig11&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.5c04628?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Langmuir

pubs.acs.org/Langmuir

(a) Os

(b) 40s

Figure 12. Binarized versions of the polarized images at an applied stress of 40 Pa. (a) 0's, (b) 40s, (c) 80 s, (d) 120 s.

time and gradually approaches a constant value after
approximately 100 s. This behavior is similar to the change
in Ay, shown in Figure 9, and therefore, when the applied
stress is close to the yield value, the high retardation regions
develop and align along the major axis (length) direction with
time.

3.4. Structural Evolution and Orientation Behavior of
CNF Fibril Aggregates under Shear Stress. The temporal
evolution in the integrated retardation obtained under a
constant shearing stress is a measure of the anisotropy in the
molecular ordering within the colloidal material, and the
orientation axis indicates the average molecular orientation.*”
In the CNF suspensions, the degree of orientation and
direction of the CNF aggregates can be estimated from
measurements of the retardation and orientation axis.

Below the yield stress, or immediately after applying a larger
shear stress, the retardation was uniformly low across the entire
measurement area, and the orientation axis was found to be
aligned in a random direction. This implies the initial existence
of an isotropic fibril network with extensive fibrillar
entanglement when the sample is at rest or under a very
small straining deformation.

Above the yield stress transition changes in the retardation
and orientation axes appear progressively with time. Spiral-
shaped regions with high-order and retardation evolve at an
applied stress of 40 Pa. The spatial inhomogeneity of this local
retardation distribution indicates that a microstructure with a
locally high anisotropy was formed. The time-resolved images
show that local regions with both highly ordered and
disordered microstructures within the sample coexist. In
addition, the orientation axis gradually changes from 90° to

https://doi.org/10.1021/acs.langmuir.5c04628
Langmuir 2025, 41, 29434—29445


https://pubs.acs.org/doi/10.1021/acs.langmuir.5c04628?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.5c04628?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.5c04628?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.5c04628?fig=fig12&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.5c04628?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

pubs.acs.org/Langmuir

Langmuir
2.5 Y T Y T d
D :
2.0} .
8=
=
1S
k3]
2 1.57 .
S
Lob—— .
0 40 80 120
timez [s]

Figure 13. Changes in the aspect ratio of the local highly oriented
regions with time at an applied stress of 40 Pa.

60° as one moves radially outward from close to the center of
the plate to the outermost circumference. This corresponds to
a progressive evolution from vorticity alignment to alignment
in the velocity (flow) direction, and it was found to be linked
to the high anisotropy of the local spiral shape. When a large
shear stress is applied to the sample, the interactions among
the CNF aggregates and/or fibrils that are strongly aligned in
the flow direction are progressively disrupted, and spatial
inhomogeneities propagate from the regions of highest-
deformation near the outer edge toward the center, causing
the shear-aligned microstructure to gradually collapse.
Ultimately, only the aligned microstructure in the vorticity
direction remains, resulting in regions of high retardation in
the form of a spiral. In other words, the optical retardation in
the gel that develops when a shear stress is applied in the
vicinity of the yield region is thought to be caused by the
spatially nonuniform arrangement and orientation of multiple
CNF aggregates connected in a spiral-like structure in the
vorticity direction. In addition, the local orientation axis is not
completely orthogonal to the flow direction, and the angle
decreases toward the outermost circumference of the plate.
This occurs because the accumulated strain generated by the
shearing motion of the parallel plate increases radially outward,
and the shear rate is also greater at the outer circumference

than near the center, so the CNF aggregates near the outer
edge of the plate are more quickly oriented in the flow
direction. Such spiral polarized images were not observed in a
previous study.”” The CNFs used in the previous study were of
the TEMPO-oxidized type, with a fibril thickness of several
nanometers and a length of less than 1 pm," making them
very thin and short compared to those used in this study.
Although it wa not stated explicitly in this previous paper, clear
spiral-shaped images were not observed for CNFs with short
fibril lengths produced by a mechanical fibrillation treatment.
The concentration and length of the CNF fibrils in the
suspension are probably a major factor, and it is thought that
an aligned microstructure perpendicular to the flow direction is
unlikely to form unless the fibrils exceed a certain length and
entangle.

When a stress of 60 Pa was applied, a spiral-shaped
retardation pattern with high orientational order similar to that
observed at an applied stress of 40 Pa initially appeared;
however, the retardation near the outer edge of the plate
decreased with time during the shearing. This possibly occurs
because the CNF fibrils or aggregates that are oriented
perpendicular to the flow direction become smaller and
ultimately collapse due to greater accumulated strain and
higher local shear rates.

Finally, when a stress of 200 Pa, far exceeding the yield
stress, was applied, the retardation increased across the entire
measurement area after 20 s, and the increase in the
retardation was localized toward the center, where the local
shear rate is small. In addition, the orientation axis was
oriented in the flow direction throughout the entire area. Based
on these results, it is thought that the “log-rolling” states™*~*°
corresponding to the vorticity-aligned microstructure that
forms during the yielding transition collapses into progressively
smaller aggregated clusters, and that these structural units are
then oriented in the flow direction by the strong shearing flow.
Therefore, it can be inferred that the higher average retardation
that we observe at the higher shear stress reflects an integral
average of the spatially nonuniform oriented birefringence
resulting from the collective orientation of many smaller
individual CNF aggregate units aligned in the flow direction
rather than larger macroscopic structures formed by multiple
CNF aggregates. In addition, since the shear rate is higher at
the periphery than at the center, these smaller CNF aggregate
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Figure 14. Schematic diagram of the changes in the internal structure of the CNF suspension with the applied stress.
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units are expected to be more significantly oriented in the flow
direction near the outer circumference.

Figure 14 shows a conceptual diagram summarizing the
results of this studiy. When the sample is at rest or under very
small strain deformation, the CNF fibrils form an isotropic
percolated network structure with extensive entanglement
(Figure 14a). With an increase in the applied stress, the
percolated network structure of the dispersed CNF aggregates
becomes unstable, and spatial inhomogeneities gradually
nucleate and propagate from the outer edge (where the
accumulated strain is largest) to the center (Figure 14b). When
a stress value close to the yield stress is applied, the sample
deformation increases rapidly, and the inhomogeneities
between the CNF aggregates propagate further, destroying
the percolated network structure, and “log-rolling” states of
aggregated CNF aligned in the vorticity direction are formed,
resulting in the appearance of the local anisotropy in the
oriented birefringence (Figure 14c). Subsequently, when a
larger stress exceeding the yield stress is applied, these log-
rolling states are disrupted, the alignment in the vorticity
direction collapses, and the smaller CNF aggregates elongate
and orient in the flow direction due to the strong shear flow,
resulting in the anisotropy that develops from the spatially
uniform oriented birefringence (Figure 14d). Therefore, this
new imaging methodology has revealed for the first time that in
the yielding transition of a viscoelastic colloidal gel, the spatial
orientation distribution differs significantly depending on the
applied stress.

The “Rheo-Iris” allows us to evaluate in real time the
spatiotemporal changes in internal mesoscopic heterogeneities
and microstructural alignment of a complex gelled material
when an external shear stress is applied, which is useful for
elucidating the fundamental mechanisms associated with
yielding and subsequent flow. The optical configuration of
the present device measures the retardation in the 1-3 plane
(the velocity—vorticity plane). In the future, we would like to
further develop the available test fixtures using a coaxial double
cylinder to enable imaging of the retardation in the 1—2 plane
(i.e., in the velocity—velocity gradient plane).

4. CONCLUSIONS

We performed polarized light imaging measurements of CNF
suspensions produced by a mechanical fibrillation treatment
and evaluated in real time the spatiotemporal changes in the
internal microstructure of these elastoviscoplastic colloidal
suspensions under different levels of shear stress.

Based on the frequency sweep measurement of the CNF
suspension, it was found that the storage modulus G’ was
greater than the loss modulus G” over the entire measurement
frequency range and that both moduli were almost
independent of the angular frequency, indicating that this
colloidal suspension is in an elastic gel-state under equilibrium
conditions. It was also speculated that this elasticity arises from
the entanglement of the long nanofibrils.

During creep tests of the CNF suspension, there is initially a
large (elastic) strain response, followed by the onset and
development of steady creeping flow. The polarized images in
the velocity—vorticity plane show three characteristic patterns.
Below the yield stress, or immediately after the initial
application of a larger stress, the retardation exhibits a
uniformly low value across the entire measurement area, and
the orientation axis is random and disordered. In other words,
it is thought that the elastic deformation of the CNF
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suspension initially retains an isotropic network structure
with extensive entanglements. When a stress of 40—60 Pa near
the yield stress is applied, spiral-shaped regions of high
retardation appear, and the orientation axis changes from
disordered to vorticity-aligned. This is consistent with the
CNF aggregates forming log-rolling meso-structures aligned in
the vorticity direction, and anisotropy derived from the
spatially nonuniform oriented birefringence appears. Finally,
when the applied stress is far above the yield stress, the
retardation increases throughout the entire measurement area,
and the local microstructural orientation axis ¢ becomes
strongly oriented in the flow direction. Thus, it can be
considered that the log-rolling structures, which initially
develop in the vorticity direction during the yield transition,
are disrupted, and the smaller CNF aggregates are elongated
and oriented in the flow direction, finally expressing the
anisotropy derived from the spatially uniform oriented
birefringence.

These new insights into the complexities of the yield
transition in an elastoviscoplastic gel strongly suggest that the
rheo-polarized imaging technique (“Rheo-Iris”) coupled with
direct time-resolved mechanical measurements of the stress/
strain/deformation rate relationship in the sheared sample will
shine new light on the relationships between the nonlinear
rheology and local microstructural evolution of a wide range of
complex fluids, not just attractive colloidal suspensions.
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