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Shear-induced Orientation and Yielding behavior of Cellulose nanocrystals
VIHANGI VINODYA

Department of Industrial and Materials Science

Chalmers University of Technology

Abstract

This thesis presents an investigation of the shear-induced orientation and yielding
behavior of CNC water suspensions by employing a Rheo-PLI technique. Cellulose
is a structural protein found in plants and algae and plants produce them through
synthesis. CNC has demonstrated potential in numerous applications due to its prop-
erties such as high mechanical strength, higher crystallinity, high aspect ratio, and
optical properties. They are usually using in automotive industries,pharmaceutical
industry, reinforcements in fillers and much more.The orientation and its microstruc-
ture highly impact to optical and mechanical properties. This study includes the
preparation of CNC suspensions and analyze their rheological properties from rheo-
logical tests combined with polarized light imaging. In this study we combined the
rheological tests with the polarized light imaging technique inorder to examine the
yielding and shear-induced orientation of CNC structures in their suspension. We
have performed hysteresis loop tests to investigate the thixotropic behavior, oscilla-
tory tests to analyze the viscoelastic behavior, creep tests to examine the stability
of CNC suspensions, and Yield stress to determine yielding behavior.

Keywords:CNC, Rheo- PLI, Shear Orientation, Yielding behavior of CNC,Viscoelasticity
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List of Acronyms

Below is the list of acronyms that have been used throughout this thesis listed in
alphabetical order:

PLI Polarized Light Imaging

POM Polarized Optical Microscopy

CNC Cellulose Nano Crsytals

LC Liquid Crystalline

SAOS Simple Amplitude Oscillatory Shear
MAOS Medium Amplitude Oscillatory Shear
LAOS Large Amplitude Oscillatory Shear
fps frames per second

f frequency

RPM Revolutions per minute
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Nomenclature

Below is the nomenclature of parameters that have been used throughout this thesis.

Parameters
o Shear stress
0 Shear rate
n Shear Viscosity
Liyoa Radial distance of observation region
Lare Distance of arc A-B
t Time in seconds
G’ Storage Modulus
G" Loss Modulus
(%) Shear strain amplitude
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1

Introduction

Cellulose nanocrystals are characterized as stiff rod-like particles possessing crys-
talline structures, demonstrating specific liquid crystalline properties,higher mechan-
ical strength, and storage modulus.[2] Combining rheology with optical techniques
allows the analysis of rheological measurements and simultaneous observation of
CNC structure development in their suspensions. The study focuses on the inves-
tigation of rheological properties of Cellulose nanocrystal suspensions in combined
observation of shear-induced orientation and yielding behavior.

1.1 Cellulose nanocrystal structure and phase be-
havior in suspensions

Cellulose nanocrystals are obtained from cellulose microfibrils by employing a combi-
nation of chemical, mechanical, and enzymatic treatments leading to the extraction
of high crystalline areas.[1]. The source of the cellulose microfibrils and the hydroly-
sis parameters impact the variations of the dimensions of CNC including length and
width. The dimensions of CNCs are typically available within the range of about 3
— 5 nm in diameter and 100 — 300 nm in length.[3] Furthermore, individual particles
form larger clusters in suspensions due to the formation of interparticle attrac-
tions with water suspensions through hydrogen bonding.[4] Strong acid hydrolysis
is commonly used to eliminate amorphous regions from, leading to the formation of
rod-shaped CNCs with high crystallinity. CNCs forms hierarchical structures that
exhibit optical active properties in water suspensions ranging from nano to micro
scale.[1]

Cellulose Nanocrystals (CNC) self-assemble into a cholesteric liquid crystal (LC)
phase, forming a spiral structure with layers oriented in the xy plane.[5] CNCs have
the ability to form numerous structures in their suspensions, isotropic, biphasic,
chiral nematic, and liquid crystalline phases. The isotropic phase is observed at low
CNC concentrations where CNCs shows a random arrangement in the suspension. [6,
7] The isotropic phase forms a biphasic phase when it reaches a specific concentra-
tion. With the increase of CNC concentration leads to the formation of chiral
nematic structures in the liquid crystalline phase which has the ability to polarize
light through its helical structure. The chiral nematic structures loses their stabil-
ity, leading to the formation of a gel phase once high concentrations are reached.[8, 9]
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The helical pitch (P) of CNC liquid crystal structure determines the wavelength
of reflected light, influencing color changes. This P can be controlled by factors
like concentration of nanocrystals and external conditions. The cholesteric phase
demonstrates birefringence and optical activity as a result of its chiral structure
along its helix axis, with helical pith (P) directly impacting the color of reflected
light. The birefringence, chiral structure and templating potentials observed in CNC
suspensions are preserved even after the suspensions dried to form CNC films. This
property is essential for applications that require unique optical characteristics of
CNC-based liquid crystals.[6, 10, 11]

1.2 Rheo-PLI technique

Combination of optical visualization techniques and rheological analysis helps in un-
derstanding how the phase transitions, microstructure and rheological properties are
interrelated.Polarized light Imaging (PLI) is one of the most commonly used meth-
ods to analyze the rheo - optical properties of optically active suspensions.[12, 13]
Rheology can be referred as a comprehensive measurement tool that capture and
analyze the behavior of materials at all levels of their material hierarchy. Combin-
ing rheological methods with other analytical technique provides a comprehensive
understanding of the dynamics of material flow.[14]

Polarized light imaging identifies orientation changes by visualizing polarizing pat-
ters which evolve in cellulose nanocrystal suspensions in bulk low. When the CNC
suspensions are placed in between an analyzer and a polarizer, a colorful pattern
can be observed in the observable length scale. Displayed colors are identified as the
birefringence pattern or polarization and demonstrates the organizational arrange-
ment in the suspension.[15, 16]

Chiral periodicity is defined as the repeating pattern in materials with twisted struc-
ture that can be validated by fingerprint pattern with lines which implies the pitch
of chiral order. Here pitch denotes the distance over the twisted structure that reoc-
curs. The chiral periodicity forms a layered pattern in CNC material where layers are
made on the basis of chiral order indicating the periodicity of the layers.[17, 18] The
presence of fingerprint patterns and chiral periodicity provides valuable insights into
the structural arrangement of CNC suspension. It helps to understand the align-
ment and orientation of CNC in material. The patterns of birefringence observed in
PLI experiments occurs due to the presence of mesogens distributed unidirection-
ally in a polydomain structure which aligns towards a nematic alignment under the
influence of sufficiently high shear rates.[19]

Haywood et al.(2017) investigated the flow alignments, microstructural relaxation,
and liquid crystalline behavior of CNC using Rheo—optics and microspectrophotometry.[20]
Recently Kadar et al.(2023) examined the effect of surface charge on percolation,
phase behavior, and gel point of cellulose nanocrystal (CNC) relevant to their non-
linear rheological responses using polarized light imaging(PLI).[21] The results high-
lighted that microstructural changes occur with nano-linear changes in CNC sus-
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pensions, emphasizing the sensitivity of nonlinear parameters in different phases of
CNC. Kadar et al.(2022) also examined the nonlinear rheological analysis employing
polarized light imaging, which can differentiate between CNC phases like isotropic,
biphasic, and liquid crystalline phases.[22] In another study, kadar et al.(2021) high-
lighted that Rheology coupled with spectroscopy, scattering, and optical techniques
plays a pivotal role in the characterization of CNC hierarchical levels that span from
nano to micro scale.[23] In his other study, he has investigated the thixotropic be-
havior of CNC suspensions by combining rheology tests with rheo-PLI.[24]Several
rheological tests like Creep, ramped hysteresis loop, dynamic sweep, and thixotropy
with rheo — PLI have been employed to examine the distinct contributions of various
hierarchical levels of CNC on their thixotropy

1.3 Rhelogical Measurements

The thixotropy behavior of materials is characterized as an increase of viscosity un-
der static conditions and a decrease of viscosity when subjected to constant shear
stress or rate.[25] The evaluation of thixotropy in rheology involves assessing the
structural destruction and recovery of materials under shear stress or rate.[26] Simi-
lar to the yield stress scenario, researchers have believed that the thixotropic nature
is caused due to the presence of material structure. In these kinds of materials,
the material takes time for the structure to break down under shear stress(rate),
similarly, it takes time to rebuild the initial structure upon the release of shear
stress(rate).[27] Because of this similarity, Most of the researchers have considered
thixotropy and yield stress as two phenomena with same origin and they are in-
terconnected. The microstructural origins of thixotropic behavior depend on the
Brownian motion, intermolecular forces, and hydrodynamic interactions. Hysteresis
behavior in thixotropy is characterized by material exhibiting distinct properties
when exposed to increasing and decreasing shear rates resulting in loop-like config-
urations in rheological experiments.[28, 29]

Creep tests in rheology entail applying constant stress or load to materials over
time to examine their deformation characteristics. These tests provide insights
about the mechanical properties and long-term stability of materials when they
are subjected to understanding how materials make deformations when subjected
to constant stress over a long time.[30, 31, 32] Mohsin Jaber Jaweej et al.(2014)
examined the creep behavior of Carbon Nanotube composite columns and the re-
sults showed that the higher fiber concentrations exhibit higher creep resistance.[33]
Yi Luen Li et al.(2011) investigate the impact of surface modification of carbon
nanotubes (CNT) on its electrical conductivities and mechanical properties. The
research focused on analyzing the creep behaviors of CNTs/epoxy resins/CF un-
der different stresses, temperatures, orientations of fiber, and humidities. Viscosity
increases for stresses below yield stress promoting restructuring outweighs over de-
struction. On the other hand, Viscosity decreases when applied stress is higher than
yield stress due to the destruction of the microstructure.[34, 24]

Oscillatory shear experiments are widely employed in rheology to study the linear
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and non-linear responses of fluids during cyclic deformation.[35] Large Amplitude
Oscillatory shear(LAOS), Medium Amplitude Oscillatory Shear (MAOS), and Small
Amplitude Oscillatory Shear (SAOS) are tests used to analyze viscoelastic materials
and provide perspectives about materials under varying strains.[36] LAOS tests are
employed to analyze and characterize the nonlinear viscoelastic nature of complex
fluids.[37] On the other hand, SAOS is usually used to analyze the linear viscoelastic-
ity of complex fluids. It provides convenient and useful rheological characterization
since the SAOS test assumes that the response of material remains within the lin-
ear range. Furthermore, MAOS is a subset of SAOS and provides valuable insights
about materials and intrinsic nonlinearities.[38, 39] Recently several researches have
been conducted on oscillatory tests of carbon nanocrystals. Danesh et al.(2020)
conducted a rheological study of the behavior of CNC employing an oscillatory test,
identifying two different yield stresses.[40] Wonjo et al.(2019) examined the behavior
of CNC with a focus on fundamental characteristics of rod-shaped suspensions that
orient themselves underflow and display liquid crystal properties at rest, even for a
certain range of concentration.[41] This research illustrates the importance of per-
forming oscillatory tests in understanding the rheological properties and behavior
of CNC under numerous conditions.

Yield stress is the stress necessary to apply on a sample to initiate a deformation. If
the applied stress is below the yield stress, the sample undergoes elastic deformation,
while above the yield stress sample flows like a liquid.[42, 43] Many researchers have
conducted studies on the yield stress of CNC based on different methodologies and
conditions. Behzad Zakani Grecov et al.(2020) investigated the yielding behavior
of highly concentrated CNC suspensions using different rheological experiments and
they obtained clear viscosity bifurcation and the true yield stress.[44] One of the
easiest and widely used methods for determining the yield stress of a material is to
conduct a shear stress ramp test and identify the corresponding stress that viscos-
ity reaches the peak point. The material is subject to elastic deformation before it
reaches the viscosity peak where the sample undergoes stretching. When the mate-
rial reaches the peak point elastic structure breaks down and the material starts to
flow[40, 43].

1.4 Aim of the study

The aim of the study is to investigate the shear-induced orientation and yielding be-
havior of CNC water suspensions by employing a Rheo-PLI technique. This includes
the preparation of CNC suspensions and analyze their rheological properties from
rheological tests combined with polarized light imaging. POM was used to analyse
the structure of CNC in suspensions. Here we have performed hysteresis loop tests
to investigate the thixotropic behavior, oscillatory tests to analyze the viscoelastic
behavior, creep tests to examine the stability of CNC suspensions, and Yield stress
to determine yielding behavior.
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Theory

This chapter includes the theoretical aspects related to rheological measurements
involved in this study, the polarization technique, and the CNC structure devel-
opment in their suspensions. Under rheological measurements, we have discussed
linear viscoelasticity, Dynamic Oscillatory test, thixotropy, and yield stress. In addi-
tion types of polarization and a brief discussion about linear cross-polarization.Also
the structure development in CNC suspensions, length scales involved in structures,
and how shear affects on structures.

2.1 Rheological Measurements

2.1.1 Linear viscoelasticity

Viscoelasticity is a rheological property of materials that demonstrates both viscous
and elastic properties. Viscoelasticity is also referred to as elasticity when undergo-
ing deformation. Viscous substances such as honey show resistance to shear flow.[45]
The viscous component refers to the dissipation ability while the elastic component
refers to the material’s ability to experience reversible elastic deformation. The dy-
namic oscillatory test is one of the most common rheological method to measure the
linear viscoeslaticity of materials. The storage modulus (G’) measures the defor-
mation energy retained while the loss modulus (G”) measures the energy dissipated
from the material[46].

2.1.1.1 Dynamic Oscillatory test

The dynamic oscillatory test involves applying a sinusoidal deformation on a ma-
terial and measuring the subsequent mechanical response over time. This test is
the most common method to measure the viscoelasticity of a material[47]. The
viscoelastic behavior of a material can be quantified by two measures, viscous loss
modulus G” and the elastic storage modulus G’ If the storage modulus is higher
than the loss modulus (G’ > G”) of the material, it shows a gel-like behavior; con-
versely, if G” > G’ material shows a liquid-like behavior.[48]. Oscillatory tests can
be categorized into two main regions according to their linearity of response. As
shown in Figure 2.1 the region with linear viscoelastic behavior, where both dynamic
responses remain independent of applied strain amplitude is defined as SAOS (small
amplitude oscillatory shear),while the non-linear region is defined as LAOS(large
amplitude oscillatory shear).[49, 50].



2. Theory

Oscillatory test 6%

100.0 5 ]
© _. DO00000000000000Co00C000G0N © G
D__.. bt ST w'».-()GGI” e G"
Eﬁ Oo.oo.ooooouooo-loono-noooo\.ﬁ%

o 10.0 - e
O] SAOS/LVE LAOS

-_:—; o]
g ®
= 1.0

L 3

£
o
=
> o
3 D

0.1
-- ' il ! T T
0.01 0.10 1.00 10.00

Strain Amplitude, y [%]

Figure 2.1: Oscillatory shear strain sweep

2.1.2 Thixotropy Test

The thixotropy phenomenon plays an important role as a quality aspect in various
materials, for example, coatings and paints. It affects the spreading of paint and en-
sures a uniform thickness. Thixotropy yield stress materials exhibit a behavior that
depends on the flow history[51]. Upon the application of shear rate on thixotropic
material, a continuous reduction of viscosity with time followed by a recovery of vis-
cosity can be observed. Numerous test methods are used to measure the thixotropic
behavior of a material. Some of the test methods are mentioned below.[52]

2.1.2.1 Hysteresis Loop Test

The most simplest test method to determine thixotropic behavior is the so-called
Hysterius Loop Test’. It involves when the material is subjected to a cyclic shear
process, usually a series of ramp up and downward of shear rate in stepwise[53].
When the induced shear stress is plotted with the applied shear rate, the loading
and unloading curves do not overlap as shown in the figure 2.2. The structure of
the material destructs and builds up with the increase and decrease of shear rate
respectively[54]. The area enclosed between the upward and downward provides a
quantification of thixotropy. The amplitude of hysteresis provides insights into the
significance of dependence on the shear history of the material. The induced shear
stress and magnitude vary based on the time step size at different shear rates[55].

6
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Figure 2.2: Hysteresis loop curve

2.1.3 Yield Stress Test

The yield stress is the minimum shear stress value below which a material shows
fluid-like behavior and above behaves as a fluid. Multiple methods are used to
determine the yield stress of a material, some of which are explained below[56].

2.1.3.1 Shear rate Controlled steady shear test

The conventional approach for determining the yield stress of material was fitting
shear stress vs shear rate data for theoretical models and extrapolating to zero shear
rates. The shear rate is increased in this test and shear stress is measured for each
shear rate(shear rate controlled steady shear stress). In this method, a shear rate
is applied to the material. Among these models, the simplest one is the Bingham
model, commonly used to characterize the flow behavior of Newtonian fluids[57].

Herschel — Bulkley model is another yield stress model, that characterizes non-
Newtonian behavior exhibited after yielding. This model elucidates the rheological
behavior of a material with yield stress as well as shear thinning or thickening
behavior[58].

n is the shear thinning index and K is the consistency. The second term denotes the
extent to which the material exhibits shear thinning (n<1) or shear thickening(n >
1). There are two distinct yield stresses for any fluid. The stress required to over-
come plastic deformation is known as static yield stress while the stress required to
sustain the plastic deformation is known as dynamic yield stress. The static yield
stress of the flow curve is where it intersects the y-axis when the curve is generated
by gradually increasing the shear rate, while the dynamic shear rate is acquired by
decreasing the shear rate[59, 60].
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Figure 2.3: Shear controlled steady shear stress

2.1.4 Stress controlled steady shear stress

Stress-controlled steady shear stress test is another method to measure static stress
where viscosity is measured with an increase of shear stress. Viscosity reduces due to
the plastic deformation that occurs in the material. Yield stress can be determined
by locating the intersection point of the tangents of viscosity function[61].

2.2 CNC Structure and Phase behavior

CNC has the ability to self-assemble into various structures in their aqueous suspen-
sions. At lower concentrations, isotropic domains can be observed with a random
arrangement of CNC rods. With the increase in CNC concentrations,it leads to the
formation of concentrated isotropic, biphasic and liquid crystalline domains. Due
to the presence of hydroxyl groups on the surface of CNC rods, form interparticle
attractions in water suspensions via hydrogen bonding[62, 63]. These interactions is
a result of the attraction of hydrogen bonding and repulsion of electrostatic forces.
These interactions result in multiple length scales of CN structures which span from
nm to m length scales. CNC rods make liquid crystalline domains of micrometer range
which consists of multiple rods. Application of shear leads the CNC structures to
align towards the shear flow direction as shows in figure 2.4[64].

Shear
Induced
orientation

Self
Asscmbly

Isotropic Congentrated Biphasic Phase Liquid Crystalline Phase
o

Adapted from kadar et al{2021)., ACS Publications

Figure 2.4: CNC structure and Phase behavior
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2.3 Polarization

Light can be characterized as an electromagnetic wave with its electrical field oscillat-
ing perpendicular to the propagation direction. When the direction of the electrical
field oscillates randomly with time, it is referred as unpolarized light. Most of the
common light sources such as sunlight, halogen lighting, and incandescent lights
emit unpolarized light. In contrast, when the direction of the light is well-defined it
is referred to as polarized light[65, 66].

Polarized light can be mainly classified into three main types according to the ori-
entation of the electric field. They are,

» Linear polarization: When the electric field of the light is directed towards the
same plane of propagation direction

o Circular polarization: The electric field of light comprises of two perpendicular
light components of equal magnitude, differing in phase by 90°. Consequently,
the resultant electric field rotates around the propagation direction and it can
be termed a right-hand or left-hand circular motion based on the direction of
rotation

« Elliptical polarization: The elliptical path traced by the electric field of light
occurs due to the combination of two linear components with varying ampli-
tudes and phase differences that are not 90°[67, 68].

2.3.1 Linear Polarization

A linear polarizer allows the transmission of light with uniform vibration along a
single plane and absorbs light that oscillates in the perpendicular plane. The charac-
terization of a single plane or polarized light typically involves defining the vibration
pattern. If the vibration occurs in a specific direction, the light can be referred as
linearly polarized light.

A polarizer consists of two axes: The transmitting axis and the absorbing axis.
The transmitting axis is commonly known as the ‘polarization axis’ The light that
passes through a single polarizer typically loses a minimum of 50% during trans-
mission, which varies based on the quality and grade of the polarizer used and the
requirements of polarization[69, 70].

When two linear polarizers cross at 90° with one another,it can result in blocking
of light. This phenomenon is termed extinction. The ratio of transmission between
two polarizers with axes parallel to the crossed axes is identified as the polarizer’s
efficiency. It is important to note that enhancing transmission does not necessar-
ily result in increased efficiency due to the subsequent rise in extinction transmission.

When the isotropic region is viewed through the cross polarizers dark region can
be observed since the light emitted from isotropic domains retains the polarizer it
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has on entering. This light does not passes through the upper polarizer which re-
sults in a dark region. In contrast, anisotropic domains of chiral nematic structures
exhibit colors due to the randomly oriented structures in the domains. The random
orientation directions of chiral nematic structures are normally not perpendicular
to the upper polarizer. Therefore, some rays pass through the upper polarizer and
appear as different shades of colors.

@ — o e
//////////.._ Polarizer
R

Unpolarized
light

Figure 2.5: Cross Polarization
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Methods

This chapter focuses on steps involved with sample preparation of 4 and 6wt% of
CNC concentrations, Rheo - PLI, and POM setup used for this study followed by
the details on parameters and conditions involved with rheological tests|72].

3.1 Sample preparation and Experimental proce-
dures

3.1.1 Sample Preparation

The required CNC powder(CelluForce NCC Montreal, Canada) to make CNC sus-
pensions of 4 and 6wt% weight was measured and dispersed in tap water. Then
mix the samples using an overhead mixer for 30 min at 2000 RPM. Samples were
prepared within 48 hrs before the measurement and the mentioned preparation steps
were followed similarly for all the samples because the preparation procedure can
be affected by the rheological properties of the sample. These two suspensions were
chosen to represent different phases of CNC suspensions. We hypothesize that the
4wt% represents the biphasic phase while 6wt% represents the liquid crystalline
phase.

Figure 3.1: Sample of 4wt% Figure 3.2: Sample of 6wt%

3.1.2 Experimental Setup of Rheo-PLI

Rheological experiments were carried out using the Anton Paar MCR, 702 space
rheometer featuring a glass parallel plate geometry (diameter 43 mm) with a mea-
surement gap of Imm. The tests were conducted in a single motor—transducer
configuration. The setup includes a parallel plate geometry of (2R =) 43mm di-
ameter with a measurement gap of lmm. The outer area of the upper geometry
and lower geometry were transparent(made of glass). An optical camera was placed
below the lower plate as shown in figure 3.1. Two linear polarizers were positioned

11
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below the lower plate and above the upper plate oriented at a relative angle of 90°.
Two light sources were placed above the geometry on opposite sides as shown in the
diagram(figure 3.1). To get a better light for the videos the intensities were adjusted
as 25% and 50% for light A and B respectively.

Video recordings of rheo tests were conducted in HD format (1920 x 1080 pi) at
30fps (frames per second) using a 100mm macro lens together with a 25mm ex-
tension tube(Canon, Japan). The experimental area encompasses the 2nd half of a
circle as shown in figure 3.1. All tests were performed at 23°C with the measurement
plate temperature regulated by a Peltier system. An optical representation of the
observation region with a sample at rest shown in Figure 3.1, and a corresponding
representation of the observation region when a shear rate of 100 sample subjected
to the thixotropy test is shown in Figure 3.1. The optical visualization was trans-
formed into a space-time diagram using MATLAB in order to highlight the influence
of deformation over arc A-B and radial deformation over line L with time on the
material flow. The arc A — B and line L in optical visualization correspond to the
verticle axis of the space-time diagrams as shown in Figure 3.1, which depicts the
number of points over the arc[72].
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Figure 3.4: Rheo-PLI setup used for the study
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3.1.3 Experimental Setup of Polarized Light Imaging

In this setup, the sample was placed in between two linear polarizers with a relative
angle of 90°. A light source was placed below the lower polarizer and a dino-Lite
optical camera was placed above the upper polarizers shown in figure 3.5. CNC
structure of suspensions observed through the optical camera.

Optical
Microscope

Cross ——

Polari:
° arl.c:V Sample

Figure 3.5: POM Setup

3.1.4 Methods

Four experimental techniques were used to study the rheological properties of CNC
suspensions, hysteresis loop tests (to measure thixotropy), oscillatory tests, creep
tests and yield stress tests.

The thixotropic behavior of CNC samples was measured through hysteresis loop
tests. The shear rate was ramped upward and then ramped down. The applied
shear rate increases in the range from 0.1 to 100 and decreases within the same
range with a step size of 30s and 45s at each shear rate over 29 equal size time
intervals. Both 4% and 6% CNC samples were tested with a time step size of the
30s and 45s at each shera rate, over the same shear rate range of 0.1 to 100. The
shear stress was measured at each shear rate.

During creep tests, constant shear stresses of five values were imposed and tran-
sient viscosity was measured over 1000s. In this study, we applied the shear stresses
that are greater than, less than,and near the yield stress. For 4% and 6% CNC
concentration samples, we imposed constant shear stresses in the range of 0.1 — 10
Pa and 5 — 30 Pa respectively.

In dynamic oscillatory tests, storage and loss modulus were measured in time at
a constant angular frequency of 1 Hz and shear strain amplitude range of 0.001% to

1000%. The visco-elastic behavior of CNC can be determined through this test.
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Yield stress tests involved the application of stress-controlled steady shear stress
to measure the viscosity function of the material. The measured yield stress of the
samples was used to select the constant shear stresses for the creep tests.

Space-time diagrams were generated from the video recordings by extracting a sin-
gle line pixel at a fixed position from each frame and assembling them into a new
image. The created image has an x-axis aligned with the experimental time where
the time interval between two pixels is t=1/f,.q=0.033s and the y—axis denotes the
number of points in arc A — B as shown in Figure 3.1.
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Results

This chapter presents the results and findings of this study.At the beginning, CNC
phase behavior of 4wt and 6wt% has been discussed relative to the images obtained
from POM. Detailed discussion on Rheo-PLI results of tests is discussed in the
following section of the chapter.

4.1 Results and Discussion

4.1.1 CNC Phase behavior

POM images of 4 wt% and 6wt% CNC concentration samples at rest is shown in
figure 4.1 and 4.2 respectively. Both suspensions show fingerprint patterns of chiral
nematic structures. 4% shows lower fingerprint patterns when compared with 6%
4% sample also exhibits dark regions which is an indication of presence of isotropic
domains as shows in figure 4.1. Therefore, it can concluded that 4% has a bipha-
sic phase of CNC structure comprised of both isotropic and liquid crystalline do-
mains. Furthermore, 6% micrograph(Figure 4.2) shows crosshatch patterns of CNC
structures which is a indication of the liquid crystalline phase. The patterns form
by a combination of several chiral nematic structures. According to the literature,
crosshatch patterns form due to the repulsive interactions that cause immobilization
of the system. Usually, these patterns can be observed at higher concentrations of
CNC suspensions. Therefore, it can be concluded that 6wt% has a liquid crystalline
phase comprised of chiral nematic structures|73].

Figure 4.1: Yield Stress 4wt% Figure 4.2: Yield Stress 6wt%
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4.1.2 Rheo-PLI Results

4.1.2.1 Yield Stress Tests

Yield stress tests were performed by applying shear stress in the stress range 0.1
— 100Pa at a constant time interval of 30s. The effect of shear stress at constant
time can be evaluated by performing this test. All Rheo—PLI results obtained from
the study are indicated as shown figure 4.3 and 4.4. Rheological responses and
their corresponding PLI diagrams are indicated. The PLI diagram at the middle
corresponds to the deformation over arc A-B while the PLI diagram at the bottom
corresponds to the radial deformation[73].

10-! 1
o[Pa] o[Pa]

Figure 4.3: Yield Stress 6wt% Figure 4.4: Yield Stress 4wt%

Figures 4.3 and 4.4 show the yield stress test results for 6wt% and 4wt% respec-
tively. Yield stress is the stress at which viscosity begins to drop. Therefore yield
stress of 6wt% is 6Pa. Below yield stress, no birefrigence patterns can be observed
since the viscosity function is constant in this range. However, color changes can be
seen slightly earlier than the yielding point of 6%. This could be due to rheometer
is unable to capture the structural rearrangements occurs below yield stress. This
could be attributed the Yielding can be clearly observed in both PLI diagrams of
6wt%. After yielding, significant birefringence can be observed due to the transition
of random orientation of the CNC structure into flow-induced orientation. Since
6wt% consists of chiral nematic structures, during orientation these chiral nematic
structures align towards the shear flow direction. However, very low extent of color
changes can be seen slightly earlier than the yielding point of 6%. This could be
due to the rheomter is unable to capture the structural rearrangements occurs below
the yield stress. In both concentrations, at higher shear stress Maltese —Maltese-
cross patterns were observed which is an indication of the predominant orientation
of CNC structures towards shear flow.
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Figure 4.4 shows the yielding behavior of 4wt% under the application of shear
stress with constant time intervals. In PLI diagrams corresponding to 4wt%, equal
time intervals can be clearly seen with different color distortions. Birefringence ob-
served from the beginning of the test implies that the material has already yielded.
In the rheological curve, two distinct regions of viscosity functions can be clearly
observed. This behavior relates to the three-region viscosity behavior that has been
mentioned in the literature. Kadar et al.(2023) has mentioned the three regions be-
havior of CNC structures in their suspensions|73]. According to the literature, three
region viscosity functions are evidenced from biphasic and liquid crystalline systems.
In region I, color patterns remain unchanged indicating that shear thinning during
this region is associated to structural rearrangement below the observation scale.In
contrast, with the increase of shear significant birefringence patterns observed in
Region II due to orientation of structures.Therefore,the structural rearrangement
associated with these two viscosity regions is attributed to orientation changes of
two different length scales. Since 4% comprises both isotropic and liquid crystalline
domains during the orientation at lower shear stresses CNC rods inside isotropic
domains will align first and chiral nematic structures of liquid crystalline domains
will start to align towards the shear flow direction with the increase of shear.
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4.1.2.2 Creep tests

Creep tests were performed by applying five different constant shear stresses over
1000s of time and viscosity function was measured. In this study, imposed shear
stresses are larger, smaller, and near the yield stress of the respective CNC concne-
tration. The yield stress range was determined based on the yield stress test. Since
4wt% does not show yield stress at a given shear stress range we decided to choose
2.2Pa as the yield stress(Stress corresponds to separating line of two regions of yield
stress test 4wt% as shown in Figure 4.4) to determine the yield stress range for the
creep test. Yield stress range is higher than in liquid crystalline CNC suspensions
(6wt%) compared with biphasic suspensions(4wt%). For 6wt% CNC suspensions,
applied constant shear stresses are 5Pa,7Pa,15Pa,18Pa and 30Pa. For 4wt%, applied
shear stresses are 0.1Pa,1Pa,3Pa,6Pa, and 10Pa.

As shown in Figure 4.5, in 6wt% CNC suspension, at 5Pa which is below yield
stress, viscosity increases with observation time due to material build-up. CNC
structures forms interactions with surrounding structures resulting viscosity an in-
crease. Birefrigence observed within the time scale at this shear stress perhaps due
to orientation towards shear flow. At 7Pa(near yield stress), color patterns remain
unchanged which corresponds to constant viscosity function with time. Above yield
stress(at 15Pa,18Pa, and 30pa), viscosity decreases over time due to material break-
down. Significant birefringence observed above yield stress since the material has
started moving and they highly orients towards the shear flow. Considerable color
transitions were observed and the transition region reduced with the increase of
shear. The time required to achieve the steady state has decreased over the increase
of shear stress. Increased shear stress first shifts the color from brown to violet then
finally returns to green which is a lower wavelength color to higher wavelength col-
ors. The increase in wavelengths could be attributed to the increase of the distance
between the nematic structures|74].

As shown in Figure 4.6, in 4% CNC suspension, at 0.1Pa and 1Pa which is be-
low yield stress, viscosity increases with time due to material restructure dominating
over breakdown. Shear viscosity increases rapidly with time at 0.1Pa, but birefrin-
gence cannot be observed might be due to structural changes associated with the
restructuring mainly involving CNC particles which can be captured by only rheol-
ogy, not by the PLI patterns at the observation scale. Birefringence is observed in
other shear stresses and the color transforms from lower wavelength colors to higher
wavelength colors that provides an indication increase in the spacing between CNC
structures with the increase of shear stress. Color transitions are not observed in
this concentration hence structures do not experience yielding and any movement.
4wt% reaches the steady state earlier compared with 6wt%.As similar with 6wt%,
the above yield stress viscosity increases with time due to material breakdown. With
the increase in CNC concentration, shear viscosity shows higher values and more
birefrigence is observed.
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Figure 4.5: Creep test results 6 wt%(a)5Pa (b)7Pa (c)15Pa (d)18Pa (e)30Pa
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Creep test 4% 0.1Pa Creep test 4% 1Pa
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4.1.2.3 Thixotropy Test

Effect of Concentration

Thixotropy behavior of CNC suspensions measured by performing hysterias loop
test. The shear rate was ramped up and down in the range of 0.1 to 100 s-1 with a
time step size of the 30s.
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Figure 4.8: Hysteresis Curves

In this test, induced shear stress is measured with respect to the applied shear
rate. During the upward sweep, the microstructure of the material disrupts at a
higher shear rate and recovers back during the downward sweep. The area within
the loop is the relative measure of thixotropy. This area can be calculated by
integrating the stress in relation to the shear rate during the increase of the shear
rate and subtracting the integrated stress in relation to the shear rate during the
decrease of the shear rate.

t1/2 tend
A= ody — ody (4.1)

to t/2

The computed areas of hysterias loops of 4wt % and 6wt % are 212.38 and 364.26
suggesting that thixotropy increases with CNC concentration due to enhanced in-
teractions. Domains uniformly orient towards the shear flow evidenced by Maltese
cross patterns. Although 4wt% suspension does not consist of yield stress at a given
shear rate range, it exhibits thixotropy behavior(Figure 4.9). As the shear rate and
induced shear stress increase, CNC domains transition from random orientation to
flow-induced orientation which corresponds to significant color transitions. Color
transfers from violet to blue suggest that the distance between nematic structures
increases with the increase of shear.
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Figure 4.9: Thixotropy test 4wt% Figure 4.10: Thixotropy test 6wt%

In 6wt% suspension(Figure 4.10), yielding is clearly observed at the beginning
of the test and more color patterns show with the increase of shear rate.More color
distortions were observed due to the presence of more chiral nematic structures.
Color patterns change from blue to green which is lower to higher wavelength colors.
During the downward ramp, color transformation in 4% is almost the same as the
upward ramp except for the fact that the color patterns do not return to the initiate
state. In contrast,6wt% suspensions show a considerable difference in color transition
during the downward ramp highlighting the fact that it has higher thixotropy.
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Effect of Time

To examine the effect of time on thixotropic behavior, the time step size was in-
creased to 45s. In figure 4.11, the rheological state corresponds to the time at 350s
has reached earlier in 45s. In contrast, 6wt% does not show any notable time effect
as it has almost the same curves and PLI diagrams. The reason for that might be
that 6wt% has reached the steady state at 30s.

4% CNC 30s 4% CNC 45s
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Figure 4.11: Thixotropy test at 30s and 45s 4wt%
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Figure 4.12: Thixotropy test at 30s and 45s 6wt%
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4.1.2.4 Oscillatory Shear Test

The viscoelastic behavior of CNC suspensions was determined by performing the
oscillatory shear tests. In this analysis, shear strain was applied in the range of
0.001% to 1000% with a constant angular frequency of 1Hz. Figures 4.13 and 4.14
show the dynamic response of CNC suspensions 4wt% and 6wt% respectively. Curve
is mainly divided into two main regions SAOS(Simple Amplitude Oscillatory Shear)
and LAOS(Large Amplitude Oscillatory Shear).

G'& G"[Pa)

-
=)
]

Ll

104

10' 10°
Y% yI%]

Figure 4.13: Oscillatory test 4wt% Figure 4.14: Oscillatory test 6wt%

As shown in Figure 4.13, 4wt% CNC suspension exhibits a fluid like behavior
since G” > G’ over the entire applied shear strain range. The dynamic response has
a constant function during SAOS region might be due to the applied shear strain
amplitude is not sufficient to rearrange the CNC structures. Nonlinear response of
dynamic moduli observed in LAOS region which is corresponds to sudden change of
birefrigence from SAOS to LAOS. At higher shear strains, more color patterns are
observed in PLI diagram that depicts the occurrence of flow-induced orientation of
CNC structures.

6wt% CNC suspension exhibits a gel-like behavior since G’ > G” over the entire
experiment time and G” increases at the transition to a nonlinear region(Figure
4.14). Birefringence is not observed until the material is subjected to higher shear
strain. Towards very higher shear strains significant color transitions occurs which
depicts the CNC structures align towards the shear flow and form higher spac-
ings between nematic structures. When compared with 4wt% dynamic response, it
shows a considerable reduction of dynamic moduli that might be due to the hydro-
gen bondings and networking in chiral nematic structures of 6 wt% which restricts
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the angular movement.
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Conclusion

In this study, rheological measurements were performed by combining polarized
light imaging to analyze the flow dynamics of CNC suspensions and simultaneous
observation of the structure development of CNC assembly. In a yield stress test,
we found out that 4wt% CNC suspensions do not show any yield stress in the given
stress range. This finding highlights the importance of using polarized light imaging
in combine with rheological measurements.

In creep tests, below yield stress material build-up dominates over break showing
an increase of shear viscosity with time. In both cases, color patterns not observed
below the yield stress. This could be attributed to the restruction being mostly
associated with CNC particles rather than mesogens which cannot to make influ-
ence for bulk flow. In biphasic phase suspension(4wt%) this might be happen with
the isotropic phase while in liquid crystalline phase(6wt%) might occur between
the interface of mesogens. Above yield stress, destrution dominates over restruc-
tion showing a decrease of viscosity with time. The time required to achieve the
steady state for 6wt% of the liquid crystalline phase is larger compared with 4wt%.
Therefore, 4wt% has a higher stability with time compared to 6wt%.

Biphasic phase suspension of 4wt% has a fluid-like behavior and liquid crystalline
phase of 6wt% shows a gel-like behavior with higher interactions and hydrogen bond-
ing. Therefore, 6wt% exhibits a lower response of dynamic moduli than 4wt%. In
both suspensions, significant color progressions were observed at higher shear strain
amplitudes due to the orientation of CNC structures at higher strains. Thixotropy
and material recovery proportional to the CNC concentration. 4wt% suspension
shows an almost symmetrical PLI diagram that implies it has a higher material
recovery. In contrast 6wt%, has a lower material recovery. Time has a considerable
effect on the thixotropic behavior of 4wt% CNC suspension while 6wt% has a less
effect.

The viscoelastic behavior of CNC suspensions was determined by performing
oscillatory shear tests. 4wt% shows a liquid-like behavior where the medium (tap
water in this project) predominantly influences the deformation under oscillation
conditions, given the low particle content, which limits interactions between par-
ticles. In contrast, 6wt% shows a gel-like behavior where it consists of physical
networking with higher interactions. Lower shear strain amplitude is not sufficient
to rearrange the CNC structures in both suspensions. 6wt% shows birefrigence to-
wards higher shear strain although dynamic moduli shows a reduction around middle
shear strain values. This could be due to the CNC structure arrangement mostly
associated with CNC particles rather than mesogens that can only be detected by
rheological properties, not observable using polarized light imaging. By considering
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5. Conclusion

all the promising results obtained from this study, we can conclude that rheo- PLI
is a suitable method to analyze the rheological measurements and simultaneous ob-
servation of the development of CNC structures in their suspensions. This study
includes valuable information about CNC rheological properties in their suspensions
especially useful for applications such as 3D printing using CNC materials.
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