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Abstract

Using microscopy imaging techniques, X-ray scattering, and nonlinear rheological
measurements, we have examined microstructural changes, and phase behavior of cellulose
nanocrystals (CNC)/montmorillonite (MMT) composite colloidal systems. Fourier-transform
(FT) rheology-stress decomposition methods, Lissajous-Bowditch plots, and other techniques
are used to both qualitatively and quantitatively determine the various phases that the
suspensions exhibit. In the MAOS (medium amplitude oscillatory shear) region, multiple
scaling regions, as well as quadratic scaling regions are obtained. The dependence of the
normalized third relative intensity (l3;1) values on angular frequency (w) also provided new
insights into how nonlinear parameters depend on the various CNC/MMT phases. These
findings allow us to differentiate various phases exhibited by the composite system, including
the isotropic, biphasic, and chiral nematic liquid crystalline (LC) phases. The CNC/MMT
nanocomposite system exhibits a variety of liquid crystalline phases, which may contribute to
improved mechanical properties for the system, including increased mixture strength,
stiffness, and toughness because of the particle alignment in the LC phase. Additionally, the
field of optics and photonics may find use for this nanocomposite system in the fabrication of
sensors, polarizers, and optical films; energy storage applications where the aligned structures
facilitate ion transport; and the formulation of paints and coatings where the strain stiffening

and shear thinning behavior of the CNC/MMT composite system are critical.
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1. Introduction

Due to their ubiquitous ability to display a wide variety of phase states with captivating
macroscopic properties, colloidal suspensions are of great interest. Transitions between these
phase states are permitted when applying stresses or deformations, changing the chemical
composition, or both [1]. Inter-particle interactions play a crucial role in determining the
macroscopic behavior of a suspension as the concentration of colloidal particles increases.
This can ultimately result in the formation of distinct phase states, such as gel [2,3], glass
[2,4], liquid crystals [5-8] or viscoelastic fluids [9,10]. To comprehend the stability, gelation,
and aggregation behavior of the colloids that are significant to the food [11,12],
pharmaceutical [13] and cosmetic [14] industries, it is imperative to comprehend their
microstructural and rheological characteristics. Colloidal suspensions exhibit fascinating
transitions between liquid, gel, and liquid crystalline phases that have been the subject of
decades' worth of research and study. These phase transitions in complex fluids can be
investigated using a variety of techniques, such as imaging and scattering methods. Neutron
scattering method is one such technique to probe the internal structure and phase transitions
happening in complex fluids [15-17]. Characterization of nanocellulose and the structural
details of the modified CNCs has been revealed by Small angle neutron scattering (SANS)
technique [18-20]. In order to determine the phase behaviors and microstructural changes
occurring in the systems under deformation, rheological measurements are also crucial. The
large amplitude oscillatory shear (LAOS) test is crucial in this regard since it is one of the
primary techniques used to identify the phase behaviors and microstructural modifications
exhibited by complex fluids. During processing, the polymeric materials used in biological
and industrial applications must experience rapid deformations. Nonlinear tests (LAOS) are
required to simulate the large deformations on these materials because the small amplitude
(linear) oscillatory shear tests (SAQS) used to measure the viscoelastic properties of samples
would be insufficient in this situation [21,22]. A non-sinusoidal stress response is observed in
this instance, corresponding to a sinusoidal input strain. The degree of nonlinearity observed
can be quantified through the application of Fourier transform (FT) rheology [23-25], stress
decomposition techniques [26,27] Lissajous-Bowditch plots [28] and Chebyshev polynomials
[23].

The polymer derivative of cellulose called cellulose nanocrystals (CNC) has special qualities
that make them appealing, like a large aspect ratio, surface area, biodegradability, and self-

assembly behavior.



Because of these advantageous qualities, CNC has become one of the most promising
materials among other solid stabilizers for use in Pickering emulsions [29]. In order to control
the dispersion of droplets within formulations, Saidane et al. investigated changing the
surface chemistry of CNCs for emulsion processing and were able to create functional
emulsions without the need of surfactants [30]. The morphology (size and shape) of the CNC,
surface charge [31,32], wettability [33,34], and crystalline allomorph of CNC [35] affect how

well it performs in the emulsification process [36].

At higher concentrations, as in the case of cellulose microfibrils, these nanoparticles self-
assemble to form different liquid crystalline phases because of the large aspect ratio of CNC
[37-39]. Shafiei et al. have used polarized optical microscopy imaging techniques and
rheological studies to investigate the microstructural and rheological characteristics of
nanocrystalline cellulose [40-42]. The fingerprint texture from polarized optical microscopy
(POM) imaging techniques confirms that at higher concentrations, nanocrystalline cellulose
exhibits a transition from isotropic to chiral nematic liquid crystalline phase [40,43,44]. At
higher concentrations, the presence of a liquid crystalline phase in CNC suspensions was also
demonstrated by the three-region viscosity profile obtained from rheological observations
[40,43-45]. Using LAOS measurements, Wojno et al. investigated the phase transitions and
microstructural changes occurring to the system. Since different liquid crystalline phases
displayed by CNC suspensions could not be distinguished by the viscosity profile derived
from linear rheological measurements, LAOS could offer this information through its FT
rheology and stress decomposition techniques. Rheo-PLI experiments could be used to
determine the impact of various CNC phases on the nonlinear parameters [46]. Wojno et al.
postulated that the various phases displayed by CNC aqueous suspensions could be explained
by the dependence of the nonlinear parameter 13;; on angular frequency « and the multiple
scaling regions observed on the l3; vs shear strain plot in the middle amplitude oscillatory
shear region (MAQOS) and LAOS. When the concentration rises above 5 w/v%, pure CNC
aqueous suspensions exhibit a complete liquid crystalline phase as they show quadratic
scaling in the MAOS region [46].

The viscoelastic properties of the CNC/composite systems have been improved by a variety
of additives added to CNC aqueous suspensions [47-52]. Its gelation qualities have improved
with the addition of inorganic clay materials, and it may be utilized to create functional
nanocomposites [3,53-56]. In order to improve the elastic modulus and viscosity of CNC

aqueous suspensions, Laponite, a synthetic inorganic clay with a disc-shaped morphology,



has been added [3]. It has also been used as a model binary system to examine the intricate
relationships between 1D and 2D systems. Research on CNC/clay systems is crucial because
the binary mixture may be utilized to create functional nanocomposites and the clay minerals
may improve the gelation behavior of pure CNC aqueous suspensions. The naturally
occurring inorganic clay mineral montmorillonite (MMT) has a diameter of 250 nm and a
plate-like morphology [57,58]. MMT could readily form interactions with CNC particles
because of its shape and charge anisotropy, which would improve the viscoelastic properties
of the CNC/MMT composite system [54,59,60]. The identification of different phases
exhibited by CNC/composite systems using LAOS measurements is still in its infancy,
despite the fact that numerous studies on their rheological behavior have been conducted thus
far. The present study has used LAOS measurements to systematically investigate the phase
behaviors displayed by CNC/Montmorillonite (MMT) systems as well as the microstructural
changes during deformation. The MITlaos framework, a MATLAB version designed to
characterize nonlinear viscoelasticity, facilitates the analysis of LAOS data and makes it
possible to identify the intra-cycle nonlinearities that the CNC-MMT suspensions exhibit,
such as strain softening/stiffening and shear thickening/thinning behavior. The
microstructural ~ changes, and phase behavior of cellulose  nanocrystals
(CNC)/montmorillonite (MMT) composite colloidal systems have been investigated in detail
using microscopy imaging techniques, X-ray scattering, and nonlinear rheological
measurements. Many improvements could be made in a variety of industrial fields by
comprehending and adjusting the LC phases as well as the strain stiffening and shear thinning

behavior of CNC/MMT composite systems at higher strain amplitudes.
2. Material and methods
2.1. Sample preparation

Na'-MMT was bought from Southern Clay Products in the US and CNC powder was bought
from Celluforce in Canada. Both products were used as originally supplied, requiring no
additional processing. CNC particles have a zetapotential of -31.6 mV and a size range of
100-300 nm, while MMT particles have a zetapotential of -37.5 mV and a size range of 250-
330 nm, respectively. CNC/MMT composite suspensions were prepared using Milli-Q water
as the solvent. The sample solution was stirred with a magnetic stirrer to ensure that all of the

particles had dispersed well.

2.2. Optical observations



Using a Panasonic DMC-FZ18 camera, images of CNC/MMT composite samples in 5 ml
glass vials were taken between two polaroid sheets that are kept perpendicular to one another
(cross polarizers). Using a polarising microscope (Nikon LV100N-POL), the microscopy
images were captured both with and without the quarter wavelength retardation plate (A/4
plate, A= 546 nm) inserted between the cross polarizers. This plate aids in enhancing the

birefringence that is obtained from the preferential orientation of the particle domains.
2.3 X-ray Scattering Experiments

X-ray scattering experiments were performed on the MORPHEUS platform at Laboratoire de
Physique des Solides. Small-angle X-ray scattering (SAXS) measurements were carried out
on a sealed tube micro source GeniX3D equipped with FOX3D single reflection optics and
motorized scatterless slits (Xenocs) delivering a monochromatic beam (A = 1.542 A). SAXS
patterns were collected on a Pilatus 200K hybrid pixel array detector (pixel size = 172 pym,
Dectris Ltd., Switzerland,) placed at a sample-to-detector distance of around 1.7 m. The
variation of the scattering intensity (I) with the scattering vector modulus (Q = 4z sinb/A,
where A is the wavelength and 20 is the scattering angle) was obtained from azimuthal
angular integration of the scattering patterns using standard procedures implemented in Igor

software.
2.4. Rheological measurements

Rheological experiments of CNC/MMT composite suspensions were performed on Anton
paar MCR 302 rheometer using a cone-plate geometry having a nominal angle of 2°. Every
test was conducted at room temperature. To prevent the solvent from evaporating, the sample
was covered with a solvent trap. The samples were subjected to both rotational and
oscillatory tests in the linear viscoelastic region.

2.5. Nonlinear rheological measurements

The rheological measurements performed on the nonlinear region to investigate the
microstructural changes and phase behaviours of the system are termed Large amplitude
oscillatory shear (LAOS) measurements where the strain amplitude y, exceeds the frequency-
dependent limit of the material. LAOS measurements were performed using Anton paar
MCR 302 rheometer at room temperature. MITlaos framework was used in the analysis of
LAOS data. The shear strain used in nonlinear tests ranges from 0.01 to 1000% and the
regions could be classified into SAOS (0.01 — 10%), MAOS (10-100%) and LAOS (100-



1000%) regions. FT-rheology stress decomposition method [27] is used to obtain the
nonlinear viscoelastic properties of the system at higher deformations quantitatively. The
ratio of the third harmonic intensity over the fundamental intensity (ls;1) is investigated as it
contains the major information about the nonlinearities [22,61]. In the MAOS region, a
quadratic scaling of 131 o y2 could be observed [22,24,46]. Usually at lower strain
amplitudes, the viscoelastic materials exhibit an ellipsoidal shape and a distorted ellipsoidal
shape indicates a transition from linear to nonlinear region and the appearance of higher odd
harmonics at higher deformations [62-64]. The intra-cycle strain stiffening/softening and
shear thickening/thinning behaviours of the composite systems are identified using strain

stiffening (S) and shear thickening (T) ratios respectively and are given by equations (1) and

(2).

_GL— Gy
S - GIC (1)
T= IIL;IIIM (2)
L

The large strain and minimum strain modulus are represented by G’ and Gy’ respectively.
Also 7.’ and #u’ are the large shear rate and minimum shear rate viscosities respectively. In
the linear viscoelastic region, Gy’ = G.” = G’ which implies that both S and T values are zero
in the linear regime [65]. The values of S > 0 and S < 0 indicate strain stiffening and strain
softening behaviours respectively. Similarly, for T > 0and T < 0, the values indicate the shear
thickening and shear thinning behaviour of the suspensions.

3. Results and discussion
3.1. Optical studies

Fig. S1 (Supporting Information) presents polarized optical microscopy images of pure MMT
and CNC aqueous suspensions with and without A/4 plate. The suspensions of MMT are
isotropic for all MMT concentrations used in this work (0.1 to 3 w/v%), indicating that no
specific LC domains are present in these suspensions. In contrast, at concentrations greater
than 3 w/v%, pure suspensions of CNC exhibit birefringent domains (Fig. S1). It is possible
to identify the pristine 3 w/v% CNC as an isotropic phase because the POM image displays
an entirely dark background and no signs of birefringence [40,66]. Fig. 1 displays polarized

optical microscopy images of 3 w/v% CNC with different MMT concentrations.
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Fig. 1. Polarized optical microscopy images of 3 w/v% CNC with a) 0 b) 0.7 c) 1 and d) 3
w/v % MMT on a glass micro slide covered with a coverslip. POM images obtained by
inserting A/4 plate between the cross polarizers of 3 w/v% CNC with e) 0 f) 0.7 g) 1 and h) 3
w/v% MMT. i) Enlarged view of the POM images of 3 w/v% CNC with 3 w/v% MMT
suspensions with 50X using a A/4 retardation plate. j) Visual observations of vials filled with

CNC/MMT composite suspensions placed in between cross-polaroid sheets.

When MMT is added to CNC suspensions, birefringent droplets, also known as tactoid, form
into the isotropic phase at low concentrations of MMT (0.3 and 0.7 w/v%). We could
categorize this as biphasic since it shows the beginning of the liquid crystalline (LC) phase
formation in the obtained POM images. A fingerprint pattern is seen when MMT
concentration is further raised (1-2 w/v%), suggesting the existence of a chiral nematic LC
phase in which each line corresponds to half the pitch of the particles' helical orientation [37].
Fig. 1i displays an enlarged view of the fingerprint patterns found in CNC/MMT systems.
The fully spread fingerprint texture on the gel confirms the formation of a fully birefringent
gel with chiral nematic texture as the concentration of MMT rises to 3 w/v%. The orientation
of the domains with respect to the polarizers can be determined by using the A/4 retardation

plate (Fig. 1). As the concentration of MMT in CNC suspension rises, birefringence is seen to



improve. In the POM images displayed in Fig. 1, the red and blue colors, respectively, denote
the alignment of particle domains parallel and perpendicular to the polarization axis. Fig. 1(j)
depicts observations of CNC/MMT composite suspensions made with the naked eye between
cross-polaroid sheets. The increased concentration of MMT in the CNC suspensions makes

birefringence very evident.
3.2. Microstructural investigation

Using Small-Angle X-ray Scattering (SAXS), the impact of MMT incorporation on the
structural organization of CNC is investigated. Fig. 2 shows the evolution of the SAXS
profiles and compares them with the scattering patterns obtained for suspensions made of
pure CNC and MMT. The scattering data of these two pure suspensions were also fitted as
shown in Fig. S2. For MMT, a power-law with an exponent of 2 was obtained, in agreement
with the two-dimensional feature of the nanoobjects. TEM image of MMT particles having
platelet morphology which were characterized in our previous work [57]. In case of CNC, we
used an elliptical cylinder model, allowing obtaining the average diameter (23 nm) and length

(470 nm) of the scattering objects in good agreement with the previous AFM observations.

—— MMT (3wi%)
CNC (3wt%)

3% CNC + 0.3% MMT
3% CNC + 0.7% MMT
3% CNC + 1% MMT
3% CNC + 2% MMT
—— 3% CNC + 3% MMT
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T T T T
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Fig. 2. SAXS profiles for CNC/MMT binary mixtures prepared with 3.0 wt % CNCs and

varying concentrations of MMT. The curves have been shifted for the sake of clarity.



For MMT concentration below 1 wt%, the curves are similar to those obtained with CNC
suspension. MMT concentration is relatively low to modify the structural organization as
observed by optical microscopy (Fig. 1). However, the slope of the SAXS profiles changes
progressively with increasing the MMT fraction of the binary suspension to reach a g power
law dependence for the highest concentration. This exponent relates the bidimensional nature
of the scattering objects. This is not very surprising given that the MMT proportions are
equivalent to those of the CNCs. The electronic density contrast is therefore dominated by the
clay fraction in this g-range. It can also be noted that the evolution of the SAXS profiles with
the clay content is different from that previously observed in CNC/Laponite mixtures [3],
probably due to the larger size of MMT nanosheets. However, as in the previous study, we
are unable to identify any correlation peaks due to short-range positional ordering of the
particles for distances lower than 63 nm. In order to gain further insights into the mechanical
characteristics of the binary mixtures and the part that the clay particles played, we conducted

a thorough rheological characterization.
3.3. Linear oscillatory shear tests

Small amplitude oscillatory shear (SAOS) tests are used to quantify a material's linear
rheological response [21]. A sinusoidal stress output is produced corresponding to a
sinusoidal strain amplitude as input with a phase angle o. The storage modulus G ’(w) and the
loss modulus G ’(w) are the linear rheological material parameters obtained using SAOS tests
and are dependent upon the angular frequency w of deformation alone. Amplitude sweeps,
frequency sweeps and flow curves are performed on CNC/MMT samples to investigate the
viscoelastic responses on the suspension. Amplitude sweeps were performed with a fixed
angular frequency of @ = 1 rad/s and are shown in Fig. 3a. Pristine 3 w/v% CNC suspension
shows a liquid behaviour which is evident from the amplitude sweep plots as G’ is
dominating over G’. By contrast, the elastic modulus G’ is always higher than G’ for all
binary suspensions, signifying a gel-like behaviour. There is an increase in the elastic
modulus (G’) values with concentration of MMT (Fig. S3). At higher concentrations of
MMT, G’ suddenly increases at its transition in the nonlinear region and it decreases further
showing a weak strain overshoot behaviour. At a concentration of 3 w/v% CNC 1 w/v%
MMT onwards weak strain overshoot behaviour is shown by the samples and could be due to
the structural network formation taking place between the particles [46,48]. The overshoot in
G’ is due to the stronger associations taking place between the particles as a result of an

increase in the concentration which leads to the resistance offered by these particle



associations towards restructuring of the samples after larger deformations. The yield stress
values are obtained from the amplitude sweep by plotting shear stress versus G’ and G’
graph (Fig. S4). The shear stress values corresponding to the limit of linear viscoelastic
region are considered as the yield stress values. An increase in the yield stress values
corresponding to an increase in the concentration of MMT in CNC aqueous suspension could
be observed. Fig. 3b represents the dynamic frequency sweep plot of 3 w/v% CNC with
different concentrations of MMT. For pure 3 w/v% CNC, G’ is dominating over G’ over the
entire investigated frequency range indicating the viscoelastic liquid-like behaviour of the
sample. For all other cases, G’ is dominating over G’ indicating the gel-like behaviour

exhibited by the samples.

The viscosity profiles (Fig. 4a) of the CNC/MMT composite suspensions show that, as the
concentration of MMT rises, various phase transitions occur within the system. A shear
thinning region and a Newtonian plateau are seen for pristine 3 w/v% CNC suspension. This
is a definite indication of the suspension’s viscoelastic fluid-like behavior and its transition
towards the liquid crystalline phase, where the flow curve displays a three-region profile. It is

caused by the alignment of randomly oriented particles along the shear direction.
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Fig. 3. a) Amplitude sweep and b) frequency sweep of 3 w/v% of CNC with varying
concentrations of MMT. Solid and hollow symbols represent the G’ and G’ respectively.

When MMT is added to CNC suspensions, a three-region profile is seen. At lower shear
rates, this is because the particles are aligned along the shear direction; at mid-shear rate
regions, on the other hand, a Newtonian plateau is seen, signifying that all of the particles are
aligned along the shear direction and the viscosity stays constant [40,67]. Higher shear rates

resulted in the appearance of a shear thinning region once more. This is because the networks



that had formed between the particles broke, causing individual particles to begin aligning
along the shear direction. The linear fit of each of the 3 w/v% CNC flow curves at different
MMT concentrations is displayed in Fig. S5. Table S1 displays the slopes that resulted from
the linear fit of flow curves. The three-region profile of CNC/MMT reveals the liquid
crystalline phase exhibited by the composite. Plotted as a function of shear rate in Fig. 4b, the
shear stress values increase with the concentration of MMT in CNC aqueous suspension.
Herschel Bulkley (HB) model is used to obtain the fitting parameters from the curves and
could be described by Equation 3 in which 7 and 7o represents the shear stress and the yield
stress respectively.

T=10+ Ky' ©)

K,y and n represents the consistency factor, shear rate and flow index respectively [68]. Table
1 displays the yield stress values that correspond to various MMT concentrations in
CNC/MMT binary mixtures, which were obtained through HB model fitting on shear stress
versus shear rate curves. At extremely low to intermediate shear rates, the influence of wall
slip becomes predominant, creating challenges in accurately determining the yield stress
values. A strong correlation between measurements and HB equation was observed only at
higher shear rates [69-71]. With an increase in MMT concentration from 0 to 3 w/v% in

aqueous CNC suspensions, yield stress values rise from 0.554 Pa to 68.84 Pa.
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Fig. 4. a) The viscosity profile and b) shear stress versus shear rate plot of 3 w/v% CNC with
varying concentrations of MMT. The red line indicates the Herschel Bulkley model fitting on

the curves.



Table 1

The parameters derived from the Herschel-Bulkley model fitting shear stress vs. shear rate
plot of 3 w/v% CNC at different MMT concentrations.

S. no Sample Yield stress [Pa] n Adj.R?
1 3 CNC 0 MMT 0.554 +0.24 0.558+0.01 0.9977
2 3 CNC 0.3 MMT 3.26+0.87 0.435+0.03 0.9903
3 3 CNC 0.7 MMT 18.39+0.07 0.679+0.05 0.9866
4 3CNC 1 MMT 23.93+0.90 0.745+0.07 0.9796
5 3 CNC 2 MMT 31.41+1.19 0.695+0.05 0.9859
6 3 CNC 3 MMT 68.84+2.20 0.85940.11 0.9607

Creep tests can be used to obtain the time-dependent viscosity (transient viscosity) evolution.
In creep tests, a continuous shear stress is applied in order to measure the transient viscosity.
On the viscosity versus time plot, a viscosity bifurcation could be observed around the
material's critical shear stress depending on the applied shear stress, whether it is above or
below the yield stress of the material [72—74]. We have used shear stresses in the 5-100 Pa
range in this work. True yield stress is the shear stress that can be identified in creep tests
based on the viscosity bifurcation [68]. The creep tests, which are depicted in Fig. 5, were
carried out on 3 w/v% CNC with different MMT concentrations and shear stress applied
between 5 and 100 Pa. The creep test results show a distinct viscosity bifurcation around the
yield stress value. The transient viscosity in the case of a 3 w/v% pristine CNC suspension
decreases over time for all applied shear stresses (5 - 100 Pa). When MMT is added to CNC
suspension, the yield stress value rises and, in the case of 3 CNC 0.7 MMT, is between 10
and 20 Pa. The viscosity increases with time below 20 Pa and falls with time above that
value, indicating a distinct bifurcation in viscosity. Table 2 lists the yield stress values
derived from the creep test. When conducting a creep test, transient viscosity increases if the
applied shear stress values are less than the material's yield stress value. This is because
microstructural restructuring predominates over its destruction. As the applied shear stress is

greater than the material's yield stress, the transient viscosity decreases, suggesting that



microstructure destruction (network breakage) predominates over restructuring. The range of
true yield stress values is nearly identical to the values of yield stress obtained using HB
model fitting parameters on the shear stress versus shear rate plot (Fig. 4b and Table 1). The
rheometer may introduce noise or have limitations in sensitivity which could contribute to
data dispersion at shorter time points. The yield stress values increase with an increase in
MMT concentration in CNC/MMT binary mixtures. A similar trend of viscosity bifurcation
as seen in the case of the transient viscosity versus time plot could be seen here as well and is
shown in Sl (Fig. S6) when shear strain is plotted as a function of time for CNC/MMT binary

mixtures.
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Fig. 5. Creep tests on 3 w/v% CNC with a) 0 b) 0.7 ¢) 2 and d) 3 w/v% MMT with varying
shear stress ranging from 5 to 100 Pa.

Table 2

Yield stress obtained for 3 w/v% CNC at different concentrations of MMT by creep tests.

Sample Yield stress range

3CNC O MMT <5Pa




3 CNC 0.3 MMT

3CNC 0.7 MMT 10-20 Pa
3CNC 2 MMT 30-40 Pa
3CNC 3 MMT 60-100 Pa

Three interval thixotropy test (3ITT) is used to ascertain the microstructural restructuring and
deformation occurring in CNC/MMT binary mixtures [72,75,76]. A constant shear rate of 1
s™is applied during the first and third intervals and 100 s and 1000 s™ are applied during the
second interval and the corresponding viscosity is measured and is plotted as a function of
time and is shown in Fig. 6 a) and b) respectively. Viscosity drops suddenly to lower values
as the higher shear rate of 100 s™ and 1000 s™ is applied during the second interval and is
recovered as the higher shear rates are removed. The recovery degree equation (Eq. 4) is used
to determine the sample's structural recovery after a higher shear rate is removed. The
recovery viscosity and initial viscosity are represented by n; and n,, respectively [76]. n, is
measured at 60 s and n; is measured at both 85 s and 125 s and the recovery degree of the
samples is calculated. The rate of viscosity recovery percentage was reported by Fazilati et al.
and is in the range of 42-194 % for pristine CNC suspensions in the concentration range of 4-
8 wt% [72]. The anhydrous form of Kaolinite clay, metakaolin was added to calcium
sulfoaluminate cement composites to improve the thixotropy behaviour and the viscosity
recovery degree was in the 66-74 % as the concentration of Metakaolin increases from 0-3
wt% [76]. The recovery degree of the CNC/MMT binary mixtures is shown in Table S2 and
the plot of the recovery degree of the samples with concentration at different times is shown
in SI (Fig. S7). The samples recovery degree is in between 55-65% and 25-45% for shear
rates 100 s™* and 1000 s™ respectively as MMT is added to CNC aqueous suspensions, which

shows slow ageing of the composites.
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Fig. 6. Three interval thixotropy test (3ITT) of 3 w/v% CNC at a shear rate of a) 100 s™ and
b) 1000 s™ with varying concentrations of MMT.

3.4. Large amplitude oscillatory shear (LAOS) measurements

The polymeric materials used for biological and industrial applications have to undergo rapid
deformations during their processing. The linear oscillatory shear tests (SAOS) used for
measuring the viscoelastic properties of samples would be inadequate in this context and
need nonlinear tests (LAOS) to simulate the large deformations on these materials [21]. The
nonlinear region is divided into two, the middle amplitude oscillatory shear (MAQOS) and
LAQOS region where the strain amplitude of MAOS ranges from 10% to 100% [22]. Different
methods are available nowadays to interpret LAOS data both qualitatively and quantitatively.
Lissajous-Bowditch plots, FT-Rheology-stress decomposition methods and Chebyshev
polynomials are some of the methods available to analyse the nonlinear viscoelastic
properties of the system.

The linear rheological measurements showed the existence of isotropic phase of pristine 3
w/v% CNC suspensions and the presence of liquid crystalline phases on the addition of MMT
particles to CNC aqueous suspensions. But only LAOS studies provided in detail which LC
phase (nematic or chiral LC) is present at a particular concentration of the sample and
discussed about the microstructural changes happening to the system at higher deformations
which cannot be provided by linear rheological measurements. The instantaneous stress
versus strain plots at different strain amplitudes carried out to observe the network structure
response followed by the system at different loading cycles of oscillatory shear tests are

usually called as Lissajous-Bowditch (LB) plots [47]. These are actually a visual



representation of the linear to nonlinear transition of the system at higher deformations. LB
plots show a straight line for purely elastic materials and a circular shape for perfect viscous
materials in their elastic projection and vice versa in their viscous projection [62,63]. The
response of a viscoelastic material is in between a straight line and a circular shape. Usually
at lower strain amplitudes, the viscoelastic materials exhibit an ellipsoidal shape and a
distorted ellipsoidal shape indicates a transition from linear to nonlinear region and the
appearance of higher odd harmonics at higher deformations [46,62—64]. The area of the stress
vs strain loops (LB plots) is a measure of the dissipated energy of the system. LB plots
obtained from stress-strain data analysed using the MITlaos framework of 3 w/v% CNC with
varying concentrations of MMT are shown in Fig. 7 and Fig. 8.
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Fig. 7. Elastic LB plots of a) 3 w/v% CNC and b) 3 w/v% CNC with 3 w/v% MMT arranged
in the order of increasing w values from 0.1 to 1 rad/s.

Due to the ellipsoidal shapes that both 3 CNC and 3 CNC 3 MMT exhibit in the elastic LB
plots at lower strains—a sign of the linear region—the output stress signal is solely dependent
on the fundamental intensity (first harmonic coefficients) of the Fourier series. Higher strain
amplitudes distort the ellipse shape and produce a curvilinear parallelogram shape, which is
indicative of the sample's nonlinearity and results from the output stress signal's dependence

on the higher odd harmonics in the Fourier series expansion [47]. In the linear viscoelastic



(LVE) region, the ellipse shape in the case of 3 CNC 3 MMT is narrower than in the pristine
CNC suspension, indicating that adding MMT to CNC aqueous suspensions improves the
gelation of the CNC/MMT composite system. [46,65].

In the viscous projection of LB plots, the ellipses are much wider at lower strains which
indicates the elastic dominant response of the suspension in the LVE region. At ©=0.1 rad/s,
the viscous projection of LB plots exhibits self-intersection loops at higher strain amplitudes
and this could be considered as an overshoot in the shear stress response due to the network
rupture occurring at higher deformations. The narrowing of the ellipsoidal shapes in the
viscous projection and the broadening of these shapes in the elastic projection at higher
deformations confirms the network rupture and the liquid-like flow behaviour exhibited by
the suspensions in the non-LVE regions. Above a strain of yo = 40% (at w = 0.1 rad/s) in the
elastic LB plots, from a point of zero stress, a linear increase in stress could be observed with

an increase in strain which indicates the elastic behaviour of the suspension.
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Fig. 8. Viscous LB plots of a) 3 w/v% CNC and b) 3 w/v% CNC with 3 w/v% MMT

arranged in the order of increasing w values from 0.1 to 1 rad/s.

At a certain strain amplitude, the stress value reaches a local maximum (yield stress) and then

it slightly decreases and then becomes almost constant (plateau region) as the strain



amplitude increases which indicates the yielding of the sample followed by a decrease in
stress values indicating the rupture of the network formed between the particles [77]. The
flow of the sample continues as the shear strain increases till it reaches the point of maximum
deformation where the sample starts reforming [78]. Then the cycle reverses and then we
could see a regeneration of the network taking place at negative strain values thus completing
an intra-cycle in the oscillatory shear tests. The structure recovery of the sample is time-
dependent (as we can see from the creep and thixotropic tests from Fig. 5 and 6 respectively)
and at higher deformations, the stress accumulation would be more and at a particular time
the sample has more stress to relax and hence there is no sign of yield stress at higher strain
amplitudes yo = 1000%. So here as there is not enough time for the structural regeneration,
the sample loses its viscoelastic character and it behaves more as a viscous fluid. The reason
for the absence of secondary or self-intersecting loops in the viscous LB plots at higher
frequencies (w > 0.6 rad/s) is that the relaxation time will be less at higher frequencies and
during the time of a particular shear, the sample does not get much time to relax from the
stress before the next cycle of strain loading takes place [79]. In the nonlinear regime, the
dependence of G’ on shear strain is evident from the deviation of slopes of elastic stress from
a straight line to a curved one. From Fig. 9, it is obvious that the concavity is upward for the
elastic stress in the region of y > 0 (positive domain) which indicates the intra-cycle strain
stiffening behaviour exhibited by CNC/MMT binary mixtures in the nonlinear regime. Also,
the concavity of viscous stress is downward in the nonlinear region indicating the shear
thinning behaviour shown by these samples at higher deformations [63]. Even though
Lissajous-Bowditch plots are visual representations of linear to nonlinear transitions
happening to the system at higher deformations, they do not provide much quantitative

information about the nonlinear behaviour.
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Fig. 9. a) Elastic and b) viscous Lissajous-Bowditch plots with normalized total shear stress
(blue solid line) and their corresponding normalized elastic and viscous stresses (red dotted

line) obtained using MITlaos framework.

FT-Rheology-stress decomposition methods could serve as a quantitative method available to
analyse the nonlinear viscoelastic properties of the system. The purpose of FT rheology is to
convert stress signals in the time domain to intensities in the frequency domain where the
nonlinearities appear as odd higher harmonics [80]. The output stress response of the LVE
region contains only the fundamental intensity contribution of Fourier series expansion in
contrast to that of the non-LVE region where higher order odd harmonics terms are also
present along with the fundamental intensity values representing the nonlinear regime. The
normalised third relative intensities (l31) are plotted against strain amplitude of 3 w/v% CNC
with 0, 0.7, 2 and 3 w/v% of MMT and are shown in Fig. 10. The I3, vs shear strain plots of
0.3 and 1 w/v% concentrations of MMT added in CNC aqueous suspensions are shown in Sl
(Fig. S8). For each strain amplitude, three different angular frequencies (w = 0.1, 0.6 and 1

rad/s) are considered.

In the case of pristine 3 w/v% CNC aqueous suspensions, I3 values are dependent on angular
frequency w on both MAOS (strain = 10 to 100%) and LAOS (strain = 100 to 1000%)

regions and two scaling regions are identified according to the scaling law of I3 o y§. For @



= 0.1 rad/s, n value is found to be n = 1.41 in the shear strain range of 10 to 25% and n = 0.48
in the range of 40 to 100% and is shown in Fig. 10. For @ = 0.6 rad/s, n value is found to be n
= 1.64 in the shear strain range of 15 to 40% and n = 0.82 in the range of 65 to 150% and also
in the case of w = 1 rad/s, n value is found to be n = 1.36 in the shear strain range of 25 to
150%. Thus two scaling regions with a strong « dependence in the MAOS and LAOS
regions indicate the isotropic behaviour of 3 w/v% CNC suspension [46]. The scattered data
points at lower deformations could be treated as instrumentation noise produced due to the
low torque of the rheometer geometry as a result of the low viscosity of the samples. The
slight dependence of I3, values on w in the MAQOS region and its independency in the LAOS
region of 3w/v% CNC with 0.3 and 0.7 w/v% MMT, along with its two scaling regions
indicate the biphasic behaviour exhibited by the sample which includes both the isotropic and
nematic liquid crystalline phase which is consistent with the literature of pristine CNC
systems [46]. For 3 w/v% CNC with 0.3 w/v% MMT, n = 1.15 for the shear strain range of 3
to 7% and n = 0.81 for y, ranging from 10 to 70%. Also, for 3 w/v% CNC with 0.7 w/v%
MMT, n = 2 for y, from 7 to 16% and n = 0.99 for y, ranging from 25 to 70% and is shown in
Fig. 10.
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Fig. 10. I3 vs shear strain plots of 3 w/v% CNC with a) 0 b) 0.7 ¢) 2 and d) 3 w/v% MMT
with different w values. The red line in the plot is the power law fit of the data points.

The slight dependence of I3, values on w in the MAOS region and its large dependence in the
LAOS region, in the case of 3 w/v% CNC with 1 and 2 w/v% MMT with multiple scaling
regions on the curve indicate the suspensions are biphasic which is consistent with the
literature for pristine CNC systems [46]. Since the n values are 1.64 and 1.99 respectively for
3 CNC 1 MMT and 3 CNC 2 MMT respectively, in the MAOS region it shows the initiation
of chiral nematic LC behaviour exhibited by the suspensions as the n values are really close
to 2. At a concentration of 3 w/v% CNC with 3 w/v% MMT, l3; values are nearly
independent in the MAQOS region and highly dependent in the LAOS region accompanied by
a quadratic scaling of n = 2 in the MAQOS region. This indicates the chiral nematic texture
exhibited by this fully birefringent gel, which agrees with the POM images obtained. The w
dependence of the I3, value could be attributed to the gel formation/percolation threshold.
Thus, from LAOS measurements and FT rheology-stress decomposition methods, different

phase behaviours exhibited by the CNC/MMT composite suspensions have been revealed.



FT-Rheology analysis method helps to identify the contributions of higher order odd
harmonics such as Iz, Is1, 171, los1, l111 etc. The third relative harmonic intensity (ls1) values
are often given the utmost importance since they provide major information on the
nonlinearities of the system and the higher order harmonics decays fast. The Is; values of
CNC/MMT composite systems are obtained using MITlaos software and are plotted as a
function of strain amplitude in Fig. 11. For pristine 3 w/v% CNC, Is;; values are dependent
on angular frequency @ on both MAOS (strain = 10 to 100%) and LAQOS (strain = 100 to
1000%) regions and two scaling regions are identified according to the scaling law of Is; o
v&. The n values are found to be 1.62 and 0.31 respectively in the shear strain range of 25 to
65 % and 100 to 250% for w = 0.1 rad/s. For w = 0.6 rad/s and w = 1 rad/s, the n values are
found to be 0.41 and 1.08 respectively in the shear strain range of 25 to 65 % and n = 0.71
and 0.69 in the shear strain range of 100 to 250 %.

Thus, as in the case of third-order relative harmonic I3, here also we could find out two
scaling regions with a strong « dependence in the MAOS and LAOS regions. The Is; values
of 3 w/v% CNC with 0.3 w/v% MMT also exhibit similar behaviour to that of its l3; values
with two scaling regions and a slight dependence of 13, values on w in the MAOS region and
independence in the LAOS region. The n values in the MAQOS region of 3 CNC 2 MMT and
3 CNC 3 MMT are 1.46 and 1.97 respectively. The n values corresponding to the scaling law
of Isn o y§ and Is;; a y§ are tabulated corresponding to their w values in Table S3 in Sl.
Higher order intensity values show a similar trend towards « values as shown by I3 values
and are not reported elsewhere for CNC/MMT binary mixtures. The I3 s, I71and lg;; values
are compared for a particular value of w to investigate more on the rapid decay behaviour of
higher order odd harmonics and are shown in Fig. 12. There is a decrease in the intensities of
higher order odd harmonics for a specific angular frequency value as the n"™ harmonic value

increases [78].
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The microstructural changes happening to the system at higher deformations and the
intracycle shear thinning/thickening and strain stiffening/softening behaviour of the samples
could be investigated using the shear thinning (S) and shear thickening (T) ratios. At lower
deformations, S and T values are zero indicating the linear viscoelastic region. The values of
S >0 and S < 0 indicate strain stiffening and strain softening behaviours respectively.
Similarly, for T > 0 and T < 0, the values indicate the shear thickening and shear thinning
behaviour of the suspensions. Fig. 13 represents the strain stiffening ratio S vs shear strain
plots of CNC/MMT composite systems. The scattered data points at lower strain amplitude
are due to the instrumentation noise. In the non-LVE region, S > 0 for all the suspensions in
the investigated range of concentrations which emphasizes the intra-cycle strain stiffening
behaviour exhibited by the samples at higher deformations. For pristine 3 w/v% CNC
suspensions, S values are » dependent in both MAOS and LAOS regions indicating its
isotropic behaviour. For 3 w/v% CNC 0.1 and 0.7 w/v% MMT, S values are not a function of
o or slightly depending on it, in both MAOS and LAOS region which indicates its biphasic
behaviour. In the case of 3 w/v% CNC with 1, 2 and 3 w/v% MMT, S values are w
independent at lower strains (SAOS region) and at very higher strains (LAOS region) and is
dependent on the MAOS region which indicates its liquid crystalline behaviour. The large
and minimum strain modulus represented by G,’ and Gy’ respectively from which S values
could be obtained are plotted as a function of shear strain in Fig. S9 (SI). The G_’ and Gy’
values are the same in the linear region and it decreases with strain amplitude in the nonlinear
regime. The Gy’ and G|’ softens at higher strain amplitudes which leads to the apparent
strain stiffening behaviour exhibited by the suspensions in MAQOS and LAOS region [46]. At
lower concentrations of MMT, G’ and Gy’ values are almost independent of w and the G’
values decrease with an increase in w values as the concentration of MMT in CNC aqueous

suspension increases.
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Fig. 13. Strain stiffening ratio (S) vs shear strain of 3 w/v% CNC with a) 0b) 0.3¢) 0.7d) 1
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Shear thickening ratio T is plotted as a function of strain amplitude in Fig. 14. T values are
zero at lower deformations for all CNC/MMT suspensions which shows the LVE region. All
the suspensions exhibited nonlinear intracycle shear thinning behaviour (T<0) at large strain



amplitudes which may be due to the orientation of particles along the shear direction. At
higher concentrations of MMT, a shear thickening behaviour (T>0) is observed for samples
in the MAOS region and could be due to the jamming of the gel structure. At MAOS and
LAOS regions of pristine 3 w/v% CNC, shear thickening ratio T values are independent of w
and T=0 at the MAQOS region and T<0 at the LAOS region which indicates the isotropic
behaviour exhibited by this suspension. For 3 w/v% CNC with 0.1 and 0.3 w/v% MMT, T
values are not a function of w and T<O at higher deformations indicating the biphasic
behaviour of these samples. At higher concentrations of MMT, in the MAOS region T values
are independent of w (except in w =0.1 rad/s for 3 CNC 3 MMT) and a large shift in T value
above zero could be observed in the MAOS region and T<0 at LAOS region and the T values
are a function of @ which shows the liquid crystalline phase exhibited by these suspensions
[46].
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Fig. 14. Shear thickening ratio (T) vs shear strain of 3 w/v% CNC witha) 0 b) 0.3¢) 0.7d) 1
e) 2 and f) 3 w/v% MMT.

According to Wojno et al. [46] pristine CNC suspensions exhibit LC behaviour at higher
concentrations (C > 5 w/v%). However, when MMT, an inorganic clay material, is added to
an isotropic 3 w/v% CNC suspension, the resulting CNC/MMT composite suspensions
showed LC behavior at lower CNC concentrations. This might be because of the CNC
suspensions' MMT-induced self-assembly behavior. Given that CNC nanorods are negatively
charged and MMT has positively charged edges, there may be an electrostatic attraction that

draws MMT and CNC particles closer together. Additionally, the hydroxyl groups on CNC



may interact with MMT through hydrogen bonding, causing CNC particles to self-assemble
and display a range of phase behaviors. We were able to distinguish between the biphasic and
isotropic behaviors based on linear rheological measurements. The LAOS measurements
showed that the suspensions were fully birefringent gel with chiral nematic liquid crystalline
texture at higher concentrations, biphasic at intermediate concentrations, and isotropic at
lower concentrations. We hypothesize that 3 CNC with 0 MMT will behave as an isotropic
liquid, while 3 CNC with 0.3 and 0.7 MMT will behave as a biphasic system (i.e., both
nematic and isotropic liquid behavior). Furthermore, biphasic (isotropic and chiral nematic
LC) behavior is displayed by 3 CNC with 1 and 2 MMT and fully birefringent gel with chiral
nematic LC texture is displayed by 3 CNC with 3 MMT.

4. Conclusion

To conclude, this study used polarizing microscopy, large amplitude oscillatory shear
measurements, and X-ray scattering to examine the phase behaviors of complex colloidal
systems of 1D and 2D mixtures. In this work, we used LAOS analysis to identify different
phases in cellulose nanocrystal/Montmorillonite systems, such as isotropic, biphasic, or liquid
crystalline phases. The CNC-MMT suspensions' intra-cycle nonlinearities, such as strain
softening/stiffening and shear thickening/thinning behavior, can be identified with the help of
the MITlaos framework, which facilitates the analysis of LAOS data. Lissajous-Bowditch
plots, Fourier-transform (FT) rheology, and stress decomposition techniques are also utilized
to analyze the nonlinear data in a qualitative and quantitative manner in order to determine
the phases that the suspensions at different concentrations displayed. The presence of liquid
crystalline phases above 1 w/v% MMT loading to CNC suspensions was confirmed by the
three-region viscosity profile and the weak strain overshoot behavior in the amplitude sweep
measurements. Both the clear fingerprint texture obtained in the case of 3 w/v% MMT in
CNC suspensions and the completely dark background of pristine 3 w/v% CNC suspension
without any birefringence in the POM image indicated a transition from an isotropic to a
chiral nematic LC phase formation. The linear to nonlinear transition of the composite

systems at larger deformations can be seen visually with LB plots.

The dependence of the I3, value on w, the multiple scaling regions, and the quadratic scaling
regions found in the MAOS region may shed some light on how nonlinear parameters relate
to the various phases of CNC/MMT composite systems that are formed. Furthermore, it is

clear that all of the suspensions showed shear thinning and nonlinear intra-cycle strain



stiffening behaviours at higher strain amplitudes, indicating that the CNC/MMT composite
system is a good choice for coating and paint formulation. These suspensions' strain
stiffening behaviours prevents sagging and ensures uniform coverage on vertical surfaces,
while their shear thinning behaviour makes application simple and encourages even coating
distribution. By utilizing their shear thinning and strain stiffening behaviours, better methods

and tools can be developed for handling and processing suspensions.
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